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ABSTRACT 

Transmission lines make one of the significant parts of power systems; faults or 

disturbances along any of the transmission medium often transcend to both the generating 

ends and the loads' end. Besides, the strength of any particular grid depends solely on the 

impedance of the tie-lines of that grid. Therefore, in this thesis, the line commutated converter 

(LCC) multiterminal high voltage direct current (MTDC) system is modelled and improved 

for the stability of an AC network. The converter control architecture and modelling are 

emphasized and explained. The effective short circuits ratio (ESCR) of the interconnecting 

AC lines is first described and analyzed as well. The existing CIGRE control techniques for 

a point-to-point LCC HVDC system have been enhanced and adapted for this study. The 

control and the filter parameters have also been calculated to generate a better and efficient 

result during a steady-state and dynamic analysis of the study.  

The work carried out in this study is divided into four sections, with each section 

focusing on each of the research objectives. In the first section, dynamic modelling and 

control of LCC MTDC systems were carried out with consideration to the ESCR of the 

inverter side of the AC substation. The impact of large-disturbance at the inverter is 

investigated. This analysis has been proposed to study the impact of AC short circuit fault on 

the three substations. The results from this study, which are shown on a subplot, show that 

the system experienced a large transient overcurrent and non-severe commutation failures. 

Also, a voltage dip at the faulted inverter station was recorded; however, the efficacy of the 

converter controller disallowed the transfer of such voltage dip to the other two converters. 

The second section of this study focuses on the application of MTDC system. We have 

carried out a comparative analysis of MTDC and AC transmission line on a single machine 

infinite bus (SMIB) network. The main focus of the investigation was on the transient and 

rotor angle stability of the SMIB network with or without MTDC link. The study also carried 

out a power-angle curve with the use of equal area criterion. 

The third section focuses on the interarea oscillation reduction in a power system. 

Kundur's two-area four-machine network was adapted to suit the scenarios of this study. 

Different fault analysis was carried out, and the response of the generator active power, 

frequencies, and DC-bus voltages are recorded. The results in this study show the better 

performance of the MTDC implemented in this study over the other well-known method of AC 
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transmission medium. Also, the integration of the MTDC link is constrained by the variation 

of the current order of the overall power controller. The result is observed in the damping 

rate of the interarea oscillation of the network.  

The final section of this study carried out dynamic modelling of the South African grid, 

and detailed dynamic response to different stability studies was carried out. An auxiliary 

controller for the MTDC system capable of reducing the active power oscillation by 

generating a new current order is proposed. This secondary control for the MTDC system is 

based upon dynamic sensitivity analysis of the oscillations, and thereby generate a DC current 

compensation for the reduction of active power oscillations in the MTDC converters' station. 

Two network configurations were considered in this section. System disturbance during the 

first configuration shows a loss of synchronizing effect from both the AVR and PSS, which 

causes the generator to lose synchronism with subsequent oscillations. A negative damping 

torque for the rotor angle and negative synchronizing torque for the interarea oscillations was 

also observed. Meanwhile, the results during the second configuration recorded quick 

damping of the interarea oscillations with a significant improvement to the voltage profile. 

Among all of these benefits, the power carrying capacity at a reduced loss and cost stood out. 

The conclusion from this section is that the implementation of the MTDC link on the South 

African grid provided a better system performance. Therefore, the adoption of this research 

into South African transmission network will surely help enhance the stability margin of the 

grid. The proposed secondary controller also provided potential mitigation of excessive 

active power dip of the MTDC link during the system disturbance. 
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CHAPTER 1: INTRODUCTION 

 

In recent years, electricity demand has significantly increased, especially in many parts of Africa’s 

urban area. These areas are mostly situated several kilometres from the generation, thus requiring long 

transmission lines to be used in transmitting the electric power to the load. In this situation, safe, stable, 

and economical transmission is the utmost priority of power utilities [1]. Stability is of critical concern 

in all African countries as almost all these countries experience either under-voltage transmission, load 

shedding, or total/partial system collapse on their main electric grid on a frequent basis. The power 

systems are continually subject to disturbances and faults. The power utilities are always constrained to 

operate close to the stability limit of their network, thereby reducing the allowance needed for the power 

system to recover from any system disturbances. Another challenge faced by power utilities is the 

different variation in consumer loads. As these load changes, the synchronised generator speed of the 

entire grid changes continuously in response to the continuous change in the load demand. Therefore, 

the power system operators will always plan for the foreseeable future to meet possible problems 

associated with load increase, transmission planning, and stability margin. The need for this evaluation 

is to maintain uninterrupted power supply from the generating end to the consumer end and to avoid a 

blackout, or systems collapse originated from loss of generation or an overload of the transmission 

system caused by congestion. These disturbances increase the loading of other lines, and in the end, 

leads to a voltage collapses due to the high impedance in the weakened transmission line [2-8]. 

High Voltage Direct Current (HVDC) technology has been widely used for its inherent benefits 

in long-distance transmission application. HVDC systems were first commercially used in 1954 for the 

interconnection of Gotland and Sweden. Moreover, since, it has been widely embraced by different 

power manufacturers and different power utilities. The technology has since undergone various 

developments and is mainly favoured for its control capabilities as well as providing efficient and stable 

transmission. Bulk power transmission over long distances at a reduced right of way (ROW), 

asynchronous systems, long submarine transmission, and renewable energy integration are another edge 

over AC systems [9]. 

The two dominant methods used in converting AC to DC are the line commutated converter 

(LCC) and the voltage source converter (VSC). The success of these two technologies became possible 

with the development of power electronics devices [10, 11]. Before the development of power electronic 

technology, the transverter, electrolytic and the atmospheric converter, were all part of the several 

attempts made for AC/DC conversion. These entire attempts failed due to technical reasons and safety 
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measures inherent in using them [12]. However, continuous progress in the power electronics 

technologies to fabricate highly efficient semiconductor devices for HVDC converter topology makes 

the HVDC system a better means for long-distance bulk power transmission [13]. These advancements 

in the converter technology also usher in the era of multiterminal HVDC (MTDC). The potentials of 

this technology have significantly increased, especially in the integration of renewable energy such as 

wind farm and solar PV. The topology can utilise either thyristor-based converters or IGBT based 

converters or both to become a hybrid system [14, 15]. MTDC systems utilise a multiple converter 

configuration that is commonly referred to as ‘DC Grids’. The power flow into, or out of, each converter 

can be dynamically changed without any reconfiguration of the DC grid. One of the major challenges 

of the MTDC grid is the complexity of the control architecture, the higher the number of converters, the 

higher the control measures needed to maintain how the power is channelled [16].  

Series of stability issues may occur in an AC/DC network due to the interaction of MTDC system 

on AC network, most especially when connected to weak AC networks. The critical questions that this 

thesis seek to answer are: 

• In the event of fault or disturbance, how will the converter controller of the MTDC system 

be modelled to mitigate the complete loss of the master control station? 

• How can the system stability level be improved, considering the network Effective Short 

Circuits Ratio (ESCR) during normal operation and AC/DC fault conditions?  

• What is the impact of the MTDC system on the generator rotor angle, busbar voltage angle 

during a loss of load or tripping of the generator? This analysis includes investigating the 

damping out of oscillations during the power swings angle. 

• Which of the control architecture for MTDC systems on the South Africa network will bring 

about high network performance? 

 

 

This study investigates the operation performance of the LCC MTDC system in the reduction of 

small-signal and transient stability.  

The objectives were: 

• To develop a detailed model of multiterminal LCC HVDC system with consideration to the 

short circuit ratio problem and with consideration to the control architectures. 
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• To investigate the dynamic transient stability analysis of a single machine infinite bus 

network during the implementation of the MTDC network. 

• To investigate the equal-area criterion of SMIB network with MTDC network. 

• To examine the impact of the MTDC system on the interarea power transfer of a two-area 

four-machine network. 

• To investigate the effect of integrating MTDC systems on South Africa’s 765kV AC 

network, taking into consideration the generator stability and performance. 

 

1.3 HYPOTHESIS 

Below are the hypothesises which this thesis seeks to prove.  

• Transient overcurrent caused by short circuits fault could be reduced with the 

implementation of a robust controller in a MTDC network. 

• The voltage-dependent current order limiter could be upgraded to reduce the impact of DC 

overcurrent during a fault, which is higher in MTDC system than in a bipolar system due to 

the contributed impact of each converter station. 

• An increase in the current order level of MTDC network above a certain point could result 

in an unstable operation of the converter network due to the saturation level of the converter 

rating. 

• Additional controller implemented on each converter station should reduce and damp the 

interarea oscillation caused by a system fault. 

• The design of an enhanced controller on MTDC system implemented on a modified SA grid 

could give an improved performance with reduced transmission loss due to a robust 

controller design and additional current order support.  

 

1.4 CONTRIBUTION OF THE STUDY 

This research work was carried out to investigate the LCC MTDC interaction on the AC network, 

especially inside a grid network with high impedance. One of the main contributions of this thesis is the 

integration of the LCC MTDC network on the South African (SA) grid, comprising of the Northern grid 

to the Western grid, and it was interlinked mainly by 765kV and 400kV transmission line. This 

transmission corridor has the longest transmission network connecting the most crucial location. 

Therefore, interruptions due to systems faults and disturbances are so expensive. Besides, the analysis 
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of this corridor utilizing a multiterminal LCC HVDC system has never been reported in the literature. 

Therefore, the thesis seeks to contribute further by evaluating the performance of the South African grid 

when the 600kV MTDC line was used in the replacement of the 765kV lines. This analysis was done 

to make a detailed comparison of both AC and DC systems, especially the enhancements of fault 

clearing time and the reduction of interarea oscillations. Other contributions of this study are: 

• Design of LCC MTDC overall power controller.  

• Transient stability analysis of AC/DC utilizing equal area criterion. 

• The variation of the MTDC current order and the impact on the active power of the DC link.  

• The development of auxiliary power controller for the MTDC link.  

 

1.5 LAYOUT OF THE STUDY 

Chapter 1: The aims and objectives of the study are discussed. The section also introduces the 

background of the research and the vital contribution, and the organization of the thesis. 

Chapter 2: Paper No. 1, a conference paper on the modelling and control of the MTDC network, was 

described. This chapter addressed the first objective of this study on the methodology in the modelling 

of the LCC MTDC system. The control architecture was first introduced in this study, and the 

performance of the final design model was examined. 

Chapter 3: This chapter addressed objective No. 2. It describes the performance evaluation of the 

modelled MTDC system inside a single machine infinite bus (SMIB) network. In this study, the transient 

stability analysis of the SMIB network was investigated using the equal-area criterion. The final design 

compared two scenarios using the power angle curve. 

Chapter 4: This chapter is structured according to paper No. 4. The efficiency of the proposed method 

has been verified over two IEEE benchmarks, where results confirmed the applicability of the solutions. 

Chapter 5: A modified South African utility network was introduced in this chapter. It was based on 

paper No. 8. The various scenarios and test cases have been considered. The study focuses on LCC 

MTDC systems for stability enhancement, taking into consideration the ESCR strength of the South 

Africa grid. It also discusses the control co-ordination of the modelled system. The generator rotor 

angle, automatic voltage regulator, as well as the voltage profile of the network was considered to 

ascertain their compliance with the South Africa grid code.  
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Chapter 6: In this chapter, the conclusions of the study and some recommendations for future work have 

been presented. 
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Modelling and Control of Multiterminal LCC HVDC 

Abstract—Recent advances in the development and availability of multiple manufacturers for power 

electronics industries have made multiterminal-High Voltage Direct Current (HVDC) links possible and 

feasible. The multiterminal HVDC (MTDC) configuration is commonly referred to as ‘HVDC Grids.’ 

The power flow into or out of each converter can be dynamically changed without any reconfiguration 

of the HVDC grid. This configuration can pose a threat to the stability of the system if channelled 

ineffectively. Another factor that also determines the stability margin of the conventional thyristor 

HVDC converter is the Effective Short Circuit Ratio (ESCR) of the AC grid. This paper investigates 

the fault current contribution of each converter of three-terminal systems with respect to the 

interconnected AC grid. Line Commutated Converter technology was used to model a three-terminal 

HVDC network on PSCAD. The dynamic modelling and fault contribution to the MTDC network with 

consideration to AC grid strength was also considered. The results show that disturbances on the AC 

side of the inverter would cause the system to experience large transient overcurrent and non-severe 

commutation failures. 

 

Keywords—Short Circuit Ratio (SCR), commutation failure, multiterminal network, HVDC system, 

transient stability. 

 

2.1 INTRODUCTION 

The reduction in the cost of power electronics devices and operational benefits of HVDC systems, 

and the almost constant cost of DC terminal equipment have paved the way for the increase in the 

number of multiterminal HVDC (MTDC) systems [1]. Examples of the MTDC are the Sardinia-

Corsica-Italy connection, the Quebec-New England connection, and the recently commissioned India 

North-East Agra interconnection. Apart from interconnecting multiple urban regions with a minimum 

usage of transmission right of way (ROW), it also aids in the transmission of bulk power with the 

capability of reinforcing such networks. This has prompted much interest in extending existing HVDC 

links into MTDC systems and plans in constructing a new MTDC system as seen in 8 GW of North 

East Agra that comprises of four terminals in three converter stations [2]. 

In MTDC systems, the converter substations can be configured as either parallel or series-

connected. In parallel or constant voltage systems, a substation, either rectifier with firing angle α≈0 or 
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inverter with extinction angle γ=γo, is assigned the task of controlling and defining the voltage level of 

the entire network while all other substations are current-controlled. Such a system requires reversing 

switches for power reversal capability. Series or constant current systems operate close to a two-terminal 

HVDC concept with some unique characteristics of one converter operating at current control while the 

other substations control their voltage [3]. This gives the series configuration an edge of controlling the 

direction of power flow using the source voltage sign since all substation has common current. However, 

it has low efficiency at partial load and full current [4], [5]. Most realised, planned, or constructed 

MTDC systems are generally parallel types with current margin control and current reference balancer 

[6]. 

References [5], [7]-10] have undertaken studies on two terminals systems utilising either Voltage 

Source converters (VSC) or Line Commutated Converters (LCC) technologies. VSC provides AC 

networks with robustness and full controllability of AC power but requires specially configured DC 

breakers to isolate the converter during a DC line fault. Unlike VSC HVDC, research studies have 

shown that the LCC HVDC system is immune to DC line fault with the use of conventional DC line 

protection equipment.  

Research work has been carried out on the dynamic modelling and control response of MTDC 

systems, but little has been done in considering AC network strength using short circuit capacity (Ssc) 

[2], [4], [5], [11]. In power system analysis, the system strength is normally measured by the ratio of 

SSC to installed capacity to give the Short Circuit Ratio (SCR) of the network. Effective Short Circuit 

Ratio (ESCR) is used to indicate system strength when considering a multi-infeed HVDC system [12], 

[13]. Reactive power generators such as synchronous condensers, harmonic filters, and shunt capacitors 

are a few of the network elements that affect ESCR. A synchronous condenser increases the ESCR 

value while capacitor banks and filters reduce its value [13], [14]. A system that is prone to commutation 

failure requires proper consideration in the control setup during fault conditions by understanding the 

low SCR value during the system analysis and modelling stage.  

One master station controlling the DC voltage on the link and all other converters operating in 

current control is one of the best methods proposed in the literature [4], [5], [15]. A fault in the voltage 

controlling station can eventually lead to a total collapse of the MTDC link. This paper has made an 

improvement by incorporating a voltage controller into two of the converter’s stations, preferably the 

inverters.  

The objective of this paper is to present a simple approach to modelling a three-terminal LCC 

converter system when considering different grid strengths of the AC network using short circuits ratio 
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(SCR) evaluation. 

 

2.2 MODELLING AND CONTROL OF PARALLEL MTDC 

The MTDC network used was of parallel three-terminal thyristor converter configuration shown 

in Figure 2.1. Converter ratings and line specifications are shown in Table 2.1. The basic MTDC 

controller models resembled that of the conventional point-to-point system discussed in [8], [9], [16]. 

A modification was made to the Iord, and PI controller setpoint to obtain the desired performance of the 

V-I characteristics of the converters. The rectifier was equipped with a current controller while the 

inverters were operated in voltage control mode. A central master controller was used for power sharing 

and current balancing between all the converters. The converter stations were similar to that of the 

CIGRE benchmark model, with little adjustment made to the rectifier station to account for the power 

transfer to both inverters 

 

2.2.1 Current Control 

The rectifier controls DC current by varying the firing angle α or by controlling AC commutation 

voltage using the on-load tap changers (OLTC). The DC current order (Iord) is an input to the rectifier, 

which then compares (Iord) with the filtered measure current (Idcfilt) to generate the current error (Ierr). 

This error current (Ierr) is used as an input to a PI controller for amplification and regulation, which in 

turn determines the firing angle order (α_order) for the rectifier. This controller, shown in Figure 2.2, 

also uses Voltage-Dependent Current Order Limiter (VDCOL). This helps to readjust the current order 

value during a disturbance in the AC network, to initiate a fast and controlled restart after AC or DC 

fault clearance, and to avoid stress on the thyristor valve during continual commutation failure and 

prevent its reoccurrence. 
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Figure 2.1: Three-terminal LCC-HVDC system 

 

 

Table 2.1: MTDC RATING 

 Converter data 

 Rect. Inv-1 Inv-2 

Rating (MW) 2000 1000 1000 

DC current (kA) 2 1 1 

SCR 2.5 3 2.5 

AC voltage (kV) 450 450 500 

γ0 (inverter)  15 15 

 Transformer per 6 pulse thyristor 

Rating (MVA) 1200 700 600 

Voltage (kV) 500/250 500/250 500/250 

Leakage reactance (pu) 0.18 0.18 0.18 

 PI Controller 

Proportional Gain 1.0989 1.5363 1.5363 

Integral time constant (s) 0.01092 0.01524 0.01524 

 VDCOL 

Threshold input 0.4-1.0 0.4-0.9 0.4-0.9 

Threshold output 0.55-1.5 0.55-1.0 0.55-1.0 

 Transmission line (T-model) 

 Line 1 Line 2 

R(Ω) 1.5 2.5 

Reactor (H) 0.5968 0.5968 

DC filter (uF) 26 26 
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Figure 2.2: Current controller 

 

2.2.2 Voltage/gamma Control  

The voltage or constant extinction angle (CEA) control generates the firing angle for the inverter. 

As shown in Figure 2.3, pre-set extinction angle (γo) is compared with the measured (γmeas) to give a 

desired value which is kept as minimum as possible to minimise the cost incurred from high reactive 

power demand and high converter losses. An increase in commutation failure could arise when γo 

becomes too small. Therefore, the value is to be maintained in the range of 150 to 180.  

The two inverters are both equipped with voltage controllers (VC). During normal operation, one 

of the inverters controls the voltage while the other inverter is in current control (CC) mode. However, 

during a severe fault condition at the inverter in CC mode, the significant drop of voltage will switch 

this inverter into VC mode while the inverter that was initially set to operate in VC mode will switch to 

CC mode. This helps to withstand fault in case one of the inverters loses its voltage controllability. 

 

2.2.3 Master Controller 

The master controller, as shown in Figure 2.4, uses measured DC voltage at each converter with 

a pre-set power order to generate the current order for each of the converter systems. This controller 

helps to balance the power and current order of the entire converter by ensuring that DC current 

summation equals zero (∑Idc=0). This has to be maintained according to each converter's current 

saturation value (Imin-Imax). It compensates for DC line losses by using the weighting factor (kq) while 
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(kp) weighting factor is used for power order compensation. Sharing of excess power order value to 

avoid overloading any of the substations is done using the weighting factor to fulfill ∑Kq=1. 

 

Figure 2.3: Voltage controller 

 

Figure 2.4: Master controller with current balancer 

 

The parallel MTDC system has a fixed voltage polarity. The direction of power flow for each 

substation depends solely on the current polarity. In order to avoid a change in the voltage polarity, the 

sum of the inverter reference current is slightly lower than the rectifier reference current. This controller 

performs the task of assigning this imbalance into one substation with an effective reference current 

balancer. This, in turn, defines the entire system voltage level [5]. 
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2.3 ESCR ANALYSIS 

ESCR analysis is used in the AC/DC system interaction to determine the strength of the AC 

network SCR to the DC power rating (Pdc) of a converter. A weak AC system can be termed as one that 

has high short circuit impedance with low mechanical inertia. 

Equation (2.1) – (2.2) from Figure 2.5 use Thevenin equivalent impedance to calculate the short 

circuit level of an AC system. This, when divided with rated DC power, gives the short circuit ratio of 

AC/DC system. 

When the reactive power generator and harmonic filters connected to the AC side of the HVDC 

links are considered, the ESCR of the entire AC/DC line governed by (2.3) is obtained. The harmonic 

filters behave like shunt capacitors at a fundamental frequency, thereby reducing the grid strength by 

injecting too much reactive power into the AC network during a disturbance. This tends to increase the 

Thevenin equivalent impedance at the fundamental frequency of the AC system. 

 

Figure 2.5: AC/DC system interconnection 
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Where Qf (in MVAR) is the reactive power contribution from the harmonic filters at a fundamental 

frequency, and Qa (in MVAR) is the reactive power of any additional shunt capacitors connected to the 

converter station.  

Using the active power (MW) rating of HVDC link, a power utility can estimate the SCR value 

of their networks at the initial stage of planning. The worst case of SCR has to be used in implementing 

the AC/DC network converters. AC system strength in relative to DC power transmitted is indicated in 

Table 2.2 [17].  

 

Table 2.2: SCR Indicator For AC/DC Networks Strength 

SCR value Effect on AC/DC network 

SCR > 3 Strong grid with little or no fault occurrence 

2 < SCR < 3 Intermediate  grid strength require voltage control ability 

like functional OLTC or static VAR compensator 

SCR < 2 A weak network that requires a strong VAR generator, 

like synchronous condenser or STATCOM 

 

Most MTDC schemes that are currently in service are designed to operate normally at a point 

lower than the MAP, say at point (in), due to their constant extinction angle (γ), though can be varied 

between 15o to 18o.   

HVDC operation is better understood using the quasi-steady-state curve. The converter valve 

rating is used in limiting the current rating of the converter. At constant voltage, by varying DC current 

(id) in Figure 2.6, the steady-state characteristics are calculated using this quasi curve. Any change in 

the DC current will bring about a corresponding change in the active power of the converter valve.   

Unless changes are made to the system condition, increasing extinction angle (γ) can bring about 

an increase in active power. However, it will be below the maximum power curve and not above. Thus, 

for a given system impedance, system voltage, or any other network data in Figure 2.7, there will be a 

unique Pd–Id characteristic which will represent the maximum power curve [17], [18]. 

 



32 

 

 

Figure 2.6: Active power – DC current characteristic with respect to SCR level 

 

 

Figure 2.7: Maximum Available Power based on Pd-Id characteristics 

 

2.4 SIMULATION RESULT 

In order to test the MTDC network under transient conditions, a three-phase short circuit to ground 

fault was applied on the AC side of Inv-1, (the inverter with the highest rating, yet with a low SCR of 

2.5) for 100 ms. The simulation results show the DC voltage, current, and mode switch of the MTDC 

converter systems during the fault condition. The simulation results were plotted using MATLAB. 

DC voltage for the three converters (Rect., Inv1, Inv2) is presented in Figure 2.8; the fault was 

applied at 1 s of simulation time, DC voltage for the three converter dips down to -350 kV, a situation 

which caused a change in the direction of power flow as seen in the active power plot of Figure 2.10. 

Being a parallel MTDC configuration, on constant DC voltage operation, only a change in the direction 

of current flow can permanently lead to a change in the direction of power flow. The system was able 
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to regain its healthy steady-state condition after the fault had been cleared, with less impact of 

commutation failure on the AC side. Figure 2.9 shows the DC current for the three MTDC converter 

that has been used, although less than each converter rated current (Imax). This was done to avoid 

overloading the converters above the maximum power curve. The rectifier is capable of handling 4 kA 

current while Inverter 1 and Inverter 2 can handle 2.2 kA and 1.8 kA respectively. A few oscillations 

can be observed on active power flow in Figure 2.10; this is a result of the VDCOL trying to readjust 

the system condition to allow minimum current to pass through each converter during fault time. These 

oscillations were quickly damped out with the help of smoothening reactors and filters on the DC side 

of the converter. The current order (Idc/2) has been used to control the power transfer.  

 

 

Figure 2.8: DC voltage (kV) 

 

 

Figure 2.9: DC current (kV) 
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Figure 2.10: Active power (MW) 

 

Per-unit value of the RMS voltage of this network is shown in Figure 2.11. The results show that 

when the fault is applied at the AC terminal of INV-1, the terminal voltage of INV-1 dipped to 0.03pu. 

The terminal voltages of RECT and INV-2 substation were slightly affected as the former experience a 

small increase while the latter decrease (though within an acceptable range) in RMS voltage during fault 

period. The results thus show the ability of this MTDC system control to withstand the effect of fault in 

transferring into the AC side of the healthy system. 

 

 

Figure 2.11: Per-unit RMS voltage 

 

2.4.1 Effect of AC Fault on Converter 1 (Rect) 

Three-phase voltage for the rectifier station can be seen in Figure 2.12. In the RMS voltage, a 

slight increase can be seen when the fault is applied. The system maintained a stable steady-state value 

after the fault. Rectifier firing angle (α≈15.17o) is represented in Figure 2.13, showing a slight increase 
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during the fault period.  

 

2.4.2 Effect of AC Fault on Converter 2 (Inv-1)  

The three-phase voltage for inverter 1 can be seen in Figure 2.14, showing that the voltage 

collapsed during a fault, but after the fault has been cleared, the three-phase voltage was restored to its 

original value. This change in the three-phase voltage following the fault has been achieved with the 

help of the VC mode of the Inverter 1. The extinction angle, showing the switching mode at 1 sec 

simulation time, can be seen in Figure 2.15. 

 

 

Figure 2.12: Rectifier AC voltage (kV) 

 

 

Figure 2.13: Rectifier firing angle (α) 
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Figure 2.14: Inverter-1 AC voltage (kV) 

 

 

Figure 2.15: Extinction angle for Inverter 1 

 

The ignition angle generated in Figure 2.16 can be obtained either from the voltage control (VC) 

or current control (CC) mode of the inverter controller. The controller is modelled to select the highest 

value coming from these two and then subtracted from π, which was fed as the firing angle for the 

inverter. This value, as seen in Figure 2.16, is kept at a minimum to reduce reactive power consumption 

by this inverter and also to fasten system recovery from fault. 

 

2.4.3 Effect of AC fault on converter 3 (Inv-2)  

Figures 2.17 and 2.18 show the extinction angle and the firing angle for inverter 2 experiences a 

few oscillations during the fault. However, the control system was able to return both angles to steady-

state condition after the fault has been cleared.  
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Due to the low impact of fault, the results have shown that inverter 2 has remained in current 

control mode, as shown in Figure 2.19. However, if a three-phase fault to the ground is applied to one 

of the AC terminals, this would have caused the voltage to drop, and the controller would have switched 

to VC mode. 

 

 

Figure 2.16: Inverter 1 ignition angle 

 

 

Figure 2.17: Inverter 2 Extinction angle (γ) 
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Figure 2.18: Inverter 2 firing angle (α) 

 

 

Figure 2.19: Inverter 2 ignition angle 

 

2.5 CONCLUSION  

This paper has presented the modelling of a MTDC system on PSCAD. In order to validate this 

MTDC model under transient conditions, a fault was applied on the AC side of Inv-1. The results have 

shown that when a disturbance is applied on the AC side of Inv-1, the MTDC system experiences large 

transient overcurrent and non-severe commutation failures. This has caused the DC voltage at the 

faulted inverter station 1 to experience voltage dip, and the DC current diverted to inverter 2. The large 

overcurrent observed in this research study was due to the fault contribution from all the converters in 

the MTDC system, which was lower than in the two-terminal configurations. Such types of fault require 

more clearing time in other to prevent the system from subsequent commutation failure due to adverse 

transient mode shift of the inverter controller. 
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As applicable to two-terminal HVDC links, the same DC line protection can be used to detect DC 

line fault and clear it. The MTDC system's robustness from fault conditions requires careful design and 

control as it requires smooth and quick recovery, and the converter valves must not be blocked for faster 

recovery unless such recovery causes a cascading effect on the connected AC system. 

AC system fault levels need to be incorporated into the system planning and design of the MTDC 

network. With proper planning, advances in semiconductor devices, and reduce the cost of HVDC 

networks, LCC MTDC can be used for bulk power transmission and multiple points of connection. 
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CHAPTER 3: IMPACT OF LCC–HVDC MULTITERMINAL ON 

GENERATOR ROTOR ANGLE STABILITY 

 

PAPER FIVE 

This chapter addresses objective two and is presented in a manuscript format. It has been 

published in the International Journal of Electrical and Computer Engineering; Feb 2020: 

Vol. 10 (1), pp. 22-34. DOI:10.11591/ijece.v10i1.pp22-34. 
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Impact of LCC–HVDC multiterminal on generator rotor angle stability 

Abstract: Multiterminal High Voltage Direct Current (HVDC) transmission utilising Line 

Commutated Converter (LCC-HVDC) technology is on the increase in interconnecting a 

remote generating station to any urban centre via long-distance DC lines. This Multiterminal-

HVDC (MTDC) system offers reduced right-of-way benefits, reduction in transmission 

losses, as well as robust power controllability with enhanced stability margin. However, 

utilising the MTDC system in an AC network bring about a new area of associated fault 

analysis as well as the effect on the entire AC system during a transient fault condition. This 

paper analyses the fault current contribution of an MTDC system during transient fault to the 

rotor angle of a synchronous generator. The results show a high rotor angle swing during a 

transient fault and the effectiveness of fast power system stabiliser connected to the generator 

automatic voltage regulator in damping the system oscillations. The MTDC link improved 

the system performance by providing an alternative path of power transfer and quick system 

recovery during transient fault, thus increasing the rate at which the system oscillations were 

damped out. The results show a significant improvement compared to when power was being 

transmitted via AC lines. 

 

Keyword: Short circuit Ratio, Transient stability, MTDC system, Thyristor converters, 

Voltage-Dependent Current Order Limiter (VDCOL) 

 

3.1 INTRODUCTION 

An increase in demand for electricity has brought Southern African power utilities into 

planning to expand their transmission corridor utilising Multiterminal High Voltage Direct 

Current (HVDC) Transmission. This Multiterminal–HVDC (MTDC) is not only key in the 

integration of renewable energy such as wind farms and solar parks, but also the deployment 

of distributed generators into the grid. It is also important for large-scale interregional power 

transmission [1]. This will help bring about a smart, eco-friendly, and decentralised power 

system. Being a region with relatively weak interconnections and high susceptibility to a 

transient fault, the proper analysis needs to be made to give power system planners and 

engineers seeking to utilise this MTDC system more understanding of the impact on 
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generator rotor angle stability. Major setbacks of excessive usage of HVDC systems are the 

concern associated with the reliability and interaction with AC networks, in which the 

generator is a major recipient [2, 3]. During a system fault, the generator loses a large amount 

of power, and this impacts the entire interconnected system as well as other connected 

synchronous machines. 

MTDC system can adopt either thyristor converter technology (LCC-HVDC) or the 

Insulated Bipolar Junction (IGBTs) Voltage Source Converter (VSC-HVDC) technology [4, 

5]. While VSC provides AC networks with robustness and full controllability of AC active 

and reactive power, but the capacity of the available solid-state devices with turn-off 

capability is limited and still requires specially configure Direct Current (DC) breakers to 

isolate the converter during a DC line fault [6]. Unlike VSC HVDC, research studies have 

shown that the LCC HVDC system is less susceptible to DC line fault with the use of 

conventional DC line protection and rugged controller [7-9]. This converter technology has 

the capabilities of withstanding high power and voltage ratings for bulk power transmission. 

Although with obstacles such as; reactive power consumption and cases of commutation 

failure during a fault, however, this technology still has the largest footprint with many point-

to-point installations and three MTDC links around the globe. An example is the 1920 MW, 

±533 kV Cahora Bassa point to point interconnection linking Mozambique and South Africa; 

while that of MTDC are the 8 GW North-East Agra system (four terminals in three converter 

stations), 300 MW, 200 kV Sardinia-Corsica-Italy system, and the 2,000 MW, ±450 kV 

Hydro Québec–New England system [10-13]. 

Research on LCC HVDC shows that the stability level depends predominantly on the 

Effective Short Circuit Ratio (ESCR) of the AC grid [14-16]. The first impact is seen in the 

frequent occurrence of commutation failure at the inverter station during any system 

disturbances leading to power oscillations of the synchronous generator, which can further 

lead to total system collapse due to the inability of the converter station to recover from the 

disturbances. Power systems are often subjected to different degrees and severities of faults 

as a result of occurrences such as; adverse weather conditions leading to loss of transmission 

line, flashover discharge, or sudden loss of load, etc. There is a need for power system 

planners to carry out a selected set of contingencies analysis on the system for proper design 

and smooth-running operation of the system. The entire system is said to be transiently stable 

when it has the ability to maintain synchronism when subjected to a transient disturbance 
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[17, 18].  

The long-established method of addressing transient stability has been by using an 

Automatic Voltage Regulator (AVR), which helps in controlling the electromagnetic torque 

of the synchronous generator. The excitation system with Power System Stabilizers is also 

added to offer a quick response in adjusting the field current supplied during fault to match 

the generator capability [19, 20]. Different FACTS devices such as Static Synchronous 

Compensator (STATCOM), Static Var Compensator (SVC), Thyristor Controlled Series 

Compensator (TCSC), capacitor banks, etc. were discussed in [21, 22] as other means of 

enhancing power system stability. Kenné et al. in [23] proposed an adaptive nonlinear 

excitation control for fast response and damping out of oscillations during a transient 

disturbance on the synchronous generator. Also, Oni and Mbangula in [2, 8, 24] observed 

that a point-to-point HVDC scheme gives an enhanced critical clearing time when integrated 

into an AC network, which in turn improves the generator rotor angle as well as the entire 

voltage profile. A report on MTDC state of the art control strategy and converter architecture 

was given in [25]. Jiang and Ekstrom in [26] gave an analysis of LCC MTDC systems in 

reducing the impact of a ground fault on sub-transmission and distribution networks. They 

focused on the converter response of the MTDC link neglecting the synchronous generator 

response of the AC network. Vasquez-Arnez et al. in [27] cover both the converter response 

as well as the synchronous generator response in their analysis of dynamic modelling of 

LCC–MTDC system in an AC network but failed to consider the AC network strength using 

Short Circuit Capacity (SSC) with regards to the entire network stability margin, and its effect 

on the interconnected synchronous machine.  

In order to enhance the transient stability margin of an AC network, this paper gives 

the performance evaluation of a three-terminal HVDC model implemented on a Single 

Machine Infinite Bus (SMIB) network, and results were obtained through simulations 

analysis on PSCAD. Two case studies were considered; the first scenario involved using 

MTDC system in parallel with AC line to interconnect the infinite bus with the synchronous 

generator, while the second scenario involved replacing the MTDC link with another AC line 

to make a double AC transmission circuit linking the synchronous generator with the infinite 

bus. The results of which were analysed to determine which system helped in alleviating the 

effect of the three-phase short circuit fault on the synchronous generator. An improvement 

of incorporating a voltage controller into two of the converter stations, preferably the 
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inverters, was also implemented. The Short Circuit Ratio (SCR) of the AC network and the 

control setup of the DC converters to avoid reoccurring commutation failure during the 

modelling of the MTDC link were all taken into consideration. The fault current contribution 

of each converter with respect to the interconnected AC synchronous generator has been 

analysed. The power swing equation using equal area criterion was used in analysing the 

maximum power transfer and the fault clearing angle to allow the generator damper and 

protection circuit to work effectively in stabilising the entire system. 

The organisation of the paper follows section 2 analysing the short circuit ratio and 

short circuits level of the AC networks, while section 3 gives the generator AVR modelling 

and control. Section 4 gives the rotor angle stability analysis of the synchronous machine 

using equal area criterion. The system model and system parameters are presented in section 

5, while section 6 gives the results and discussion. Section 7 finally presents the conclusion 

and contributions. 

 

3.2 ESCR ANALYSIS 

The ESCR analysis is used in the AC/DC system interaction to determine the strength 

of the AC network. The ratio of SC to the DC power rating (Pdc) of a converter gives the SCR 

of an AC/DC interconnection. A weak AC system can be termed as a system with high short 

circuit impedance and low mechanical inertia. 

Equations (3.1) – (3.2) from Figure 3.1 use the Thevenin equivalent impedance to 

calculate the short circuit level SCL of an AC system. When the SCL of the system is divided 

with rated DC power, the short circuit ratio of AC/DC system is obtained [28]. 

When the reactive power generator and harmonic filters connected to the AC side of 

the HVDC links are considered, the ESCR of the entire AC/DC line governed by (3.3) is 

obtained. The harmonic filters behave like shunt capacitors at the fundamental frequency, 

thereby reducing the grid strength by injecting too much reactive power into the AC network 

during a disturbance [29]. This tends to increase the Thevenin equivalent impedance at the 

fundamental frequency of the AC system. 
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𝑍𝑇ℎ
    (3.1) 
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𝑃𝑑𝑐
=

𝑉𝑎𝑐
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 (3.2) 

 

 𝐸𝑆𝐶𝑅 =
𝑆𝐶𝐿−(𝑄𝑓+𝑄𝑎)

𝑃𝑑𝑐
 (3.3) 

 

Where Qf (in MVAR) is the reactive power contribution from the harmonic filters at 

the fundamental frequency, and Qa (in MVAR) is the reactive power of any additional shunt 

capacitors connected to the converter station.  

Using the active power (MW) rating of the HVDC link, a power utility can estimate 

the SCR value of the networks at the initial stage of planning. The worst case of SCR has to 

be used in implementing the AC/DC network. AC system strength in relative to DC power 

transmitted is indicated in Table 4.1 [28]. 

 

 

Figure 3.1: AC/DC system interconnection 
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Most MTDC schemes that are currently in service are designed to operate normally at 

a point lower than Imax (maximum rated current of the converters), say at point (in=1.0p.u), 

due to their constant extinction angle γ (the margin of commutation) that can be varied 

between 15o to 18o. Unless changes are made to the system condition, an increasing extinction 

angle (γ) can bring about an increase in active power. However, the increase must be below 

the maximum power curve and not above. Thus, for a given system impedance, system 

voltage, or any other network data in Figure 3.2, a definite value of SCR will bring about a 

unique Pd-Id characteristic that will represent the maximum power curve. 

 

 

Table 3.1: SCR value and the AC/DC networks strength 

SCR value Effect on AC/DC network 

SCR > 3 These values of SCR signify a grid with low 

impedance. The rate of occurrence of commutation 

failure is very low. 

2 < SCR < 3 Intermediate grid strength, require voltage control 

ability like functional OLTC or static VAR 

compensator for the improvement of this type of grid. 

SCR < 2 Weak grid that requires a strong VAR generator, like 

synchronous condenser or STATCOM 

 

 

Figure 3.2: Active power – DC current characteristics with respect to SCR 

level 
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3.3 GENERATOR MODELLING AND CONTROL 

Synchronous generator control model consists of the excitation system, Power System 

Stabilizer (PSS), and the generator itself. Generating plants are equipped with an Automatic 

Voltage Regulator (AVR) in order to maintain generator stator voltage. The excitation system 

used in this model is the bus-fed thyristor type that includes a PSS and an AVR [30]. It is 

also equipped with an Under-Excitation Limiter (UEL) and Over Excitation Limiter (OEL). 

The UEL prevents loss of synchronism when the excitation voltage falls below the reference 

level, and the OEL helps to prevent the generator from overheating during long-term 

excitation overcurrent [22, 31, 32].  

Figure 3.3 shows the PSS connected to the exciter. The shaft speed from the generator 

is fed into the PSS, which is in turn used in damping out oscillations during power system 

disturbance. 

 

 

 

3.4 ROTOR ANGLE STABILITY 

The Single Machine Infinite Bus (SMIB) system in Figure 3.4 [30] consists of a 

synchronous generator with a constant field voltage, linked to an infinite bus with constant 

frequency and voltage magnitude via two transmission lines. The equivalent system equation 

is given in (3.4, 3.5), where Pe is the terminal Power, Xt is the total line reactance. Pe equals 

 

Figure 3.3: IEEE ST4A excitation system with AVR and PSS1A stabiliser 
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Pmax at δ=900, corresponding to maximum power transfer during steady state. Following a 

three-phase to ground fault on any of the transmission lines, the power transmitted by that 

particular faulted line drops to zero, and hence Pm will be higher than Pe, leading to an 

increased rotor angle (δ). The swing equation in consideration to the inertia constant H and 

the change in angular speed ωo is given in equation (3.6). Integrating (3.7) gives equation 

(3.8), thus for a stable operation, the deviation of rotor angle δ must be bounded, i.e., the 

speed deviation must become zero to give the criterion for stability in equation 3.9 [30]. 

 

 

 𝑃𝑒 =
𝐸𝐺𝐸𝐵

𝑋𝑡
= 𝑃𝑚𝑎𝑥 sin 𝛿 (3.4) 
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=

𝑑2𝛿
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 (3.7) 

 

 [
𝑑𝛿

𝑑𝑡
]

2

= ∫
𝜔𝑜(𝑃𝑚−𝑃𝑒)

𝐻
𝑑𝛿 (3.8) 

 

 

Figure 3.4: Equivalent SMIB network 
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𝜔𝑜

𝐻

𝛿𝑚

𝛿𝑜
(𝑃𝑚 − 𝑃𝑒)𝑑𝛿 = 0 (3.9) 

 

 ∫
𝜔𝑜

𝐻

𝛿𝑚

𝛿𝑜
(𝑃𝑚 − 𝑃𝑒)𝑑𝛿 = 0 (3.10) 

 

 ∫ (𝑃𝑚 − 𝑃𝑒)𝑑𝛿
𝛿1

𝛿𝑜
− ∫ (𝑃𝑒 − 𝑃𝑚)𝑑𝛿

𝛿𝑚

𝛿1
≤ 0 (3.11) 

 

 𝐴1 − 𝐴2 ≤ 0 (3.12) 

 

Consider a three-phase short circuit fault of zero fault reactance being applied at line 

L2 of the SMIB network shown in Figure 3.4, and the fault is cleared by isolating the faulted 

line with a circuit breaker. Using the equal area criterion, a power – angle (Pe-δ) diagram 

used in understanding the basics relationship between the generator accelerating power and 

its rotor angle according to equation (10), the network conditions before (2 lines in operation), 

during (three-phase fault on line L2), and post-fault (line L2 out of service) was evaluated. 

These results will give the stability limit of the system by weighing the maximum rotor angle 

of the system. From Figure 3.5, during a stable operating state, the system is bounded by area 

A1 (abco), a fault on the system will shift the steady-state condition from point ‘a’ to point 

‘b’, causing the rotor to accelerate until operating point c is reached because Pm>Pe, the 

operating point will thus shift to point b after the fault has been cleared at δct1, causing a 

decelerating rotor angle. The kinetic energy gained by the rotor from area A1 is then 

dissipated to area A2 (odef), thus shifting further the operating point from ‘d’ to ‘e’, such that 

δ has reached its maximum value δm, and if area A1 is equal to area A2, the rotor begins to 

decelerate, and the operating point follows the path of e to d according to Pe-δ diagram. The 

amplitude of the oscillations reduces with the help of a damper circuit; otherwise, it continues 

to oscillate with a constant amplitude [33]. 

However, with a prolonged fault clearing time, the clearing angle will reach δct2, the 

rotor angle operating point will reach point ‘e’ leading to an unexpended kinetic energy which 

results in a continuous increase of the rotor speed and angle (Pe<Pm beyond ‘e’). This will 

cause the pre-fault area A1 (abcˊoˊ) to be greater than post-fault area A2 (oˊdˊeˊ) (11), this 
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eventually leads to loss of synchronism [34, 35].  

A simulation result of the SMIB network during the three-phase fault at circuit 2 for 

0.07s is shown in Figure 3.6. This system recorded slow damping of rotor angle oscillations 

when the generator uses a constant field supply. AVR without PSS generator control mode 

witnessed a second swing instability. At the same time, the AVR with PSS generator control 

setup gives a positive fast damping result. 

 

 

Figure 3.5: Generator Rotor Angle for SMIB system during 70ms fault 

 

 

Figure 3.6: Pe – δ diagram for both stable and unstable system condition 
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3.5 SYSTEM MODEL 

The Single Machine Infinite Bus (SMIB) system considered in the research work has 

the parameters of the SMIB system used in [30]. The transmission system has been extended 

to include a parallel three-terminal thyristor converter configuration with a parallel AC line, 

as shown in Figure 3.7. In other to evaluate the performance of this MTDC system on the 

generator transient stability, a 24 kV, 2220 MVA synchronous generator was modelled with 

alternator supplied exciter with Efmax and Efmin independent of the terminal voltage. The 

exciter was IEEE type AC4A exciter with IEEE PSS1A stabilizer for damping out 

oscillations during the system disturbance. Each converter’s controller parameters, rated and 

actual power transfer, and DC line specifications are shown in Table 4.2, while the generator 

ratings and AC lines specifications are shown in the Appendix section (Table 4.3). The 

MTDC controller models used resemble that of the conventional point-to-point system, 

which has been discussed in [12, 25, 36] with modification made to the PI and the VDCOL 

control parameters to obtain the desired V-I characteristics of the converter. The rectifier 

converter is on current control mode, while the inverters are capable of switching between 

voltage control mode or current control mode based on system condition. The INV_1 

substation with extinction angle γ=γo controls and defines the voltage level of the entire 

network while all other substations are in current-controlled mode. A central master 

controller was used for power-sharing and the current balancer between all the converters, 

and the rectifier station rated moderately to cater for the power transfer to both inverters. 

 

 

Figure 3.7: Parallel MTDC system embedded in AC Network model 
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3.6 SIMULATION RESULTS 

To investigate the impact of MTDC system on power system rotor angle stability, a 

solid three-phase short circuits fault was applied at the RECT, INV_1, and INV_2 substations 

one after the other, and the critical clearing time Tc was recorded. The generator power output, 

rotor angle, generator speed, exciter field voltage, and the synchronizing torque are the 

primary observation of this study. These parameters, including Pe–δ diagram, were depicted 

on a subplot to illustrate system performance before, during, and after the fault period. DC 

power, voltage, and current were also illustrated on a plot to analyse the converter current 

contribution during and after the fault condition of the system.  

After applying fault at simulation time t=2s, it was found out that INV_1 linking 

synchronous generator with INV_2 has the least critical clearing time Tc =0.081s, while the 

generator bus and the INV_2 bus has a clearing time of 0.11s and 0.18 s respectively. Solution 

time steps of 50μs and channel plot step of 500μs were used in computing the results. 

Figure 3.8 shows the active and reactive power output from the synchronous generator. 

From this plot, a disturbance on the weakest INV_1 bus resulted in a large drop in the active 

power generated from 1750MW to 280MW, which result in the increase of the reactive power 

supplied to the system. The oscillations generated were quickly damped out with the help of 

the MTDC VDCOL controller, which acts as a fault minimizer. This shows that the system 

is transiently stable.   

The DC power, current, and voltage are shown in figures 3.9 to 3.11. From Figure 3. 

9, the fault caused the VDCOL controller to reduce the current order to allow minimum 

power flow across the converter. As also seen in Figures 3.10 and 3.11, the current shoot 

above 5kA while the voltage dips down to -200kV; however, with VDCOL set point, the 

MTDC system only recorded a high current inflow due to the current contribution from the 

three converters but recorded no commutation failure at the two inverters. 

Rotor angle dynamics can be seen in Figure 3.12 following a three-phase short circuits 

fault on the INV_1 bus. A change of operating point was observed, causing the generator 

rotor angle δ to accelerate until it reached its maximum δmax=175o, the point above which 

the systems become unstable. This can be in the second scenario where double AC 

transmission lines were used in replacement of the MTDC system. The generator, having 

yielded its excitation control and without supplementary controller support from the MTDC 
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link, caused the synchronous machine to lose its stability at the first swing. The generator 

excitation voltage in Figure 3.13 also follows the same condition of a stable operating state 

during MTDC link interconnection. It, however, became unstable during the second scenario 

of double AC circuit replacement. This caused the synchronous machine to have yielded all 

its controlling capability leading to the field voltage swings between its VFmin and VFmax 

value of -6.4 and 7.0pu respectively. This was not so when the MTDC link was in operation, 

as the system maintained its stability with positive damping of oscillations.  

 

 

 

 

Figure 3.8: Synchronous generator power output 
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Figure 3.10: MTDC current 

 

 

Figure 3.9: DC power across the three converters 
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Figure 3.11: DC voltage for the three converters 

 

The rotor angular speed in Figure 3.14 during MTDC link interconnection recorded an 

increase in frequency up to 380.8rad/s, and after that dipping down to 373.5 rad/s. These 

swings were quickly damped out from the second and subsequent oscillations of the rotor 

angle. The same generator angular speed experience the same disturbance with the second 

scenario of double AC transmission lines. This caused the generator speed to increase to 

382.8rad/s which further led to unexpanded kinetic energy, which results in a continuous 

increase of the rotor speed and angle (Pe<Pm) and thus to loss of synchronism due to lack of 

decelerating torque to reduce the rotor speed. 
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Figure 3.12: Synchronous generator rotor angle response (deg) 

 

Figure 3.13: Synchronous generator exciter field voltage (pu) 
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Figures 3.15 and 3.16 show the Pe – δ diagram for two case studies of MTDC system 

and double AC transmission lines respectively. From Figure 3.15, following a fault at t=2s, 

the active power was observed to dip to 280MW at δ=70o. When the fault was cleared at 

t=2.081s, a sharp increase of active power was observed, reaching a maximum value 

Pemax=2300MW, and δmax=175o. This plot also shows bounded post-fault oscillations, with 

the system returning to its pre-fault steady-state condition. This shows that the pre-fault and 

post-fault bounded areas A1 and A2 respectively are of equal or less accelerating power (i.e. 

A1 – A2 ≤ = 0). Figure 3.16 shows the second scenario of 500kV double circuits AC 

transmission lines used, instead of the MTDC link, in interconnecting the infinite busses to 

the synchronous generator. This plot shows a continuous increase of the rotor angle above 

δmax=175o at first swing with the continuous oscillation of the active power (Pac) between 

±2000MW. This oscillation tends to reduce in amplitude but at an exceedingly large rotor 

angle degree. This results from the loss of synchronizing effect from both the AVR and PSS 

causes the generator to lose synchronism with subsequent oscillations and the additional 

impedance. This resulted in a more weakened grid strength leading to the cascading of the 

entire SMIB network. 

Figure 3.17 shows the generator output voltage compared to its reference value. The 

generator used was set to a constant reference value of 1.01pu. It can be observed that 

following the fault, the machine output voltage deviates from its reference value but is 

 

Figure 3.14: Synchronous generator speed (rad/s) 
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eventually settling to a steady-state value. The synchronizing torque is shown in Figure 3.18. 

It can be observed that following the fault, the synchronizing torque experiences a dip, but it 

then increases after the fault has been cleared, and the electrical torque is eventually settling 

to a normalized reference value. 

 

 

 

 

Figure 3.15: Generator Power – angle (Pe-δ) diagram during stable condition, 

 

Figure 3.16: Generator power – angle (Pe-δ) diagram during unstable condition while 

using 2x500kV AC circuits (MTDC link out of service) 
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Figure 3.17: Generator output voltage 

 

 

Figure 3.18: Synchronising torque 

 

3.7 CONCLUSION 

The performance evaluation of a three-terminal HVDC model on rotor angle stability 

of a weak SMIB transmission network has been investigated in this paper. In order to 

investigate the impact of this MTDC link on the transient stability of the study system, two 

case studies have been considered in this paper. A case study where the MTDC link was 

replaced with 500 kV double circuits AC line was initially investigated. In this particular case 
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study, the results showed a continuous power oscillation at increasing rotor angle degree 

during the three-phase short circuits fault at the INV-1 station (linking the synchronous 

generator and the infinite bus). Subsequently, the second case study involved the placement 

of a three-terminal HVDC model in parallel with a single AC line into the SMIB network, 

and the same three-phase short circuits fault was applied at the AC side of INV_1 substation 

with the transmission system having the same operating points of power transfer in each line 

as in the previous study. The results have shown that this disturbance caused a transient 

increase in the DC current and a non-severe commutation failure at the converters station. 

Being a meshed network, with INV_1 substation linking both the synchronous generator bus 

and the INV_2 substations, this fault led to an increase in generator rotor angle reaching 

δ=175o, and with the help DC converter controller and fast response of the PSS, the system 

oscillations were quickly damped out. Thus, the results in this paper show that MTDC system 

incorporated into a weak AC network helped in improving the system operating condition 

and also allows quick recovery of the system after an AC fault. Thus, utilizing MTDC lines 

compared to AC lines of the same ratings will not only increase power carrying capacity but 

will help in the reduction and quick damping of oscillations amplitude and serves as AC 

reactive power support. The results in this paper thus give system planners more knowledge 

of the LCC-MTDC system in a weak AC grid and its fault current contribution into such AC 

grid and the interconnecting synchronous generator. The power system stability margin can 

further be enhanced with the proper utilisation of faster fault detection and isolation 

controllers. 
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3.10 Appendix 

 

Table 3.2: MTDC Converter Parameters 

 Rect. Inv-1 Inv-2 

Rated/Actual power (MW) 2000/1200 1000/700 1000/500 

Rated/Actual DC current (kA)  4.0/2.4 2.0/1.4 2.0/1.0 

SCR  2.5 3 2.5 

AC voltage (kV) 450 450 500 

γ0 (inverter)  15 15 

 Transformer per 6 pulse thyristor 

Rating (MVA) 1200 700 600 

Voltage (kV) 500/250 500/250 500/250 

Leakage reactance (pu) 0.18 0.18 0.18 

 PI Controller 

Proportional Gain 1.0989 1.5363 1.5363 

Integral time constant (s) 0.01092 0.01524 0.01524 

 VDCOL 

Threshold input 0.4-1.0 0.4-0.9 0.4-0.9 

Threshold output 0.55-1.5 0.55-1.0 0.55-1.0 

 DC Transmission line (T-model)  

 Line 1  Line 2  

R(Ω)  1.5 2.5 

Reactor (H) 0.5968 0.5968 

DC filter (uF)  15 26 

 

http://digital-library.theiet.org/content/journals/10.1049/ip-c.1993.0014
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Table 3.3: Generator and Transmission line Parameters 

Synchronous machine data  

Genrator Data AVR and PSS 

Ra (pu) 0.003 pu Input signal Speed 

Xp (pu) 0.130 pu TR 0.015 sec 

Xd (pu) 1.81 pu Vimax 10 pu 

Xdˊ (pu) 0.3 pu Vimin -10 pu 

Xdˊˊ (pu) 0.23 pu KA 200 pu 

Tdoˊ 8.0 sec Efmax 7.0 pu 

Tdoˊˊ 0.0294 (s) Efmin -6.4 pu 

Xq 1.76 pu KSTAB 9.5 

Xqˊ 0.65 pu TW 1.41 sec 

Xqoˊˊ 0.25 pu T1 0.154 sec 

Tqoˊ 1.0 (s) T2 0.033 sec 

Tqoˊˊ 0.07 (s) Vstmax 0.2 

H 3.5 (s) Vstmin -0.2 

AC Transmission line (500kV base) 

 Line 1 Line 2 

R (pu/m) 0.012 0.012 

X (pu/m) 0.12 0.12 

B (pu/m) 2.0 2.0 
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Small signal stability analysis of a four-machine system with placement of multi-

terminal high voltage direct current link 

Abstract: Inter-area oscillation caused by weak interconnected lines or low generator inertia 

is a critical problem facing power systems. This study investigated the performance analysis 

of a multi-terminal high voltage direct current (MTDC) on the damping of inter-area 

oscillations of a modified two-area four-machine network. Two case studies were considered, 

utilising scenario 1: a double alternating current (AC) circuit in linking Bus_10 and Bus_11; 

and scenario 2: a three-terminal line commutated converter high voltage direct current system 

in linking Bus_6 and Bus_11 into Bus_9. It was found that scenario 2 utilising MTDC link 

with a robust controller provided quick support in minimising the network oscillations 

following a fault on the system. The MTDC converter controllers’ setup offered sufficient 

support for the inertia of the AC system, thus providing efficient damping of the inter-area 

oscillation of the system. 

 

Keywords: multiterminal direct current, MTDC link, inter-area oscillation, generator inertia, 

thyristors converter, high voltage direct current, converter controller 

 

4.1 INTRODUCTION 

The high increment in the installed capacity of synchronous machines over the recent 

decade has compounded the inter-area oscillation stability problem [1-3]. Inter-area 

oscillations usually occur when a group of generators on one area swing against another 

group of generators on the other side, caused mainly by weakly interconnected tie-lines 

between the group of generators [4]. A radially connected system that gets upgraded to form 

a complex and more advanced system with a very long transmission distance, resulting in 

lower generator inertias, has an increased inter-area oscillation problem [5]. A market-driven 

economy with high transmission system loading further shifts the power grid to its stability 

limits. This is done to increase profits as well as to meet consumer demands, but it further 

adds to the complicating problem of small-signal stability [6, 7]. Power utilities are becoming 

aware of the crucial impact of small-signal stability performance of large interconnected 
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power systems, as it contributes to the problems they frequently experience [6, 8]. Siemens 

stated that most power systems had been faced with inadequately damped low-frequency 

range of 0.2-0.8 Hz inter-area oscillations because of increasing transmission network growth 

and unplanned grid expansion [9].  

Damping of inter-area oscillations requires extra energy in the form of load or 

frequency cut of filters to be subtracted from a perturbed system for a quick reduction of the 

system oscillation amplitude. Based on the operating state of the system, the energy required 

to damp any particular system adequately depends on the correct phase shift settings relative 

to the instant systems’ condition. Because incorrect phase angles can excite the power system 

further from the steady-state operating point, it was found that, with a damping ratio of -5%, 

a system would be able to adequately damp almost 32% of its initial oscillation amplitude in 

three oscillation periods. Each power system has a different operating point, and therefore 

requires a different acceptable level of damping energy to reduce the whole system 

oscillations amplitudes during a fault. The smallest adequate level of damping is not known, 

as it depends on the system that considers its operating point, but a damping ratio that is 

negative causes the mode to become unstable [10-12]. 

Some researchers have addressed small signal stability problems relating to the 

generator frequency response of the power grid during a system disturbance or the normal 

operating condition [5, 13-19]. Elizondo et al. [13] provided a comprehensive research 

survey on the inter-area oscillation damping control using high voltage direct current 

(HVDC) or MTDC system. The approach covered a range of converter control, with active 

direct current (DC) power modulation in proportion to the change in the frequency of the two 

areas involve being an example. Li et al. [14] made use of a robust controller for flexible 

alternating current (AC) transmission system devices to provide better compensation to the 

AC system. Elizondo et al. [13] also emphasised the importance of data-capturing of an 

extensive power system using phasor measurement units (PMUs) and wide-area monitoring 

systems to HVDC system monitoring and control. A mathematical approach of a single-

machine infinite bus system and the power system stability was introduced by Kundur [15] 

and further analysis made by Oni et al. [17], with the emphasis limited to a point-to-point 

HVDC. Azad et al. [16] used supplementary predictive control in a line-commutated 

converter (LCC) HVDC link to enhance the small-signal stability of the same Kundur [15] 

network. Idowu [18] implemented an algorithm that maximally generates a damping and 
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inertia coefficient for a virtual synchronous machine to participate efficiently in the inertia 

response of frequency control. Eftekharnejad et al. [19] found that high penetration of 

photovoltaic (PV) systems has a detrimental impact on the small-signal stability of the power 

system because of reduced system inertia. Therefore, Wandhare and Agarwal [20] proposed 

a new control scheme that enables a centralised PV-grid system to damp the low-frequency 

power swings on the local area network as an ancillary activity. The impact of system 

disturbance such as generator losses or load shedding on the system frequency was discussed 

in Zou (2018) [21], where the power system frequency regulation with consideration to the 

load-damping characteristic was analysed. Saghafi [22] presented a small integrated series 

compensator in damping power oscillations in standalone micro-grids. Little attention was 

given to the small-signal analysis of two-area four-machine (TAFM) networks when 

interconnected with an LCC-MTDC link. The literature is mostly based on a point-to-point 

HVDC link as an inter-area power transfer link rather than on a comprehensive comparative 

analysis on MTDC operation during AC disturbance [15, 17, 23].  

The present study, therefore, contributed to the performance and reduction analysis of 

inter-area oscillations of the modified Kundur TAFM networks by comparing the damping 

rate of the network oscillations when interconnected with an MTDC link, unlike the use of a 

double AC line. The study also evaluated the impact of modulating MTDC power flow on 

the AC network inter-area oscillation damping. A swing equation of incoherent two-area 

machines was firstly presented and analysed. Two operational scenarios were considered, 

and a dynamic simulation study was carried out on the system during a small-signal 

perturbation on two of the selected network elements to determine the damping amplitude of 

the generator oscillations when the MTDC model was connected on the network. 

 

4.2 METHODOLOGY 

A scenario was considered, covering a three-phase short circuit fault (TFSC) on the 

transmission line (L7_8) linking Bus_7 and Bus_8 with a fault clearing time tc=0.13s, as well 

as a 1.0s disturbance on the generator (Gen_4). Both faults occurred at 2.0s simulation time, 

i.e., a situation where both disturbances occurred simultaneously in two different areas of the 

study system. These cases of system disturbances were chosen to give the worst-case scenario 

of power system operation, which also stipulates a situation where the synchronous generator 
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is delivering half its rated power following a TFSC fault. The same fault impedance and 

duration were also applied to the studied system when interconnected with the MTDC link 

(during the second scenario). This was to determine the performance of the MTDC 

transmission schemes on the small-signal stability of an electric power system. During this 

study, the following two scenarios were analysed: 

Scenario 1: This involved using double transmission lines to link Bus_10 and Bus_11, 

with each line rated at 350 MVA. 

Scenario 2: The MTDC (two rectifiers and one inverter) system was used as a 

replacement for the AC transmission line (i.e., single AC circuit with DC line). For the AC 

lines, L7-8 (linking Bus_7 to Bus_8) and line L8-9 (linking Bus_8 to Bus_9), a 300 MW 

rated rectifier (Rect-1) delivering 200 MW power was connected at Bus_6. Also, a 1000 MW 

rated rectifier (Rect-2) station was connected at Bus_11 to deliver 700 MW power in 

replacement of the transmission line L10-11b (linking Bus_10 and Bus_11). 

 

4.3 BACKGROUND THEORY  

The inertia swings of the synchronous machine are first analysed to give the damping 

coefficient required to suppress the power system oscillation maximally, thereby providing 

sufficient torque in controlling the system frequency. Figure 4.1 shows a simple schematic 

two-area network comprising two incoherent machines with generator inertias of H1 and H2, 

while δ1 and δ2 represent the respective Area-1 (A1) and Area-2 (A2) rotor angle oscillating 

at two different frequency and amplitude.  

 

 
 

Figure 4.1: Simple two machine two-area network, where E, P, H, and δ = generator 

terminal voltage, active generator power, generator inertia constant and generator rotor 
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angle respectively; R, L, Z, and U = load resistance, load inductance, line impedance, and 

line voltage respectively; GA1 and GA2 = generators in areas 1 and 2 respectively. 

 

Equations 4.1 and 4.2 give the swing for each of the machines. When they are 

subtracted from each other, they give Equations 4.3 and 4.4 when divided by the coefficients 

of inertia just before the second derivative. Simplifying Equation 4.4 gives Equation 4.5. 

Avoiding the complexity of the swing equations for many coherent machines during stability 

analysis of a large system requires the combination of all the swing equations to decrease the 

number of swing equations [21]. Adding the rotating inertia H for each generator unit gives 

the overall system equivalent rotating inertia.  

 

 
2

𝜔
𝐻1

𝜕2𝛿1

𝜕𝑡2
= 𝑃𝑚1 − 𝑃𝑒1 (4.1) 

 
2

𝜔
𝐻2

𝜕2𝛿2

𝜕𝑡2
= 𝑃𝑚2 − 𝑃𝑒2 (4.2) 

 
2

𝜔
(

𝜕2(𝛿1−𝛿2)

𝜕𝑡2
) = (

𝑃𝑚1−𝑃𝑒1

𝐻1
−

𝑃𝑚2−𝑃𝑒2

𝐻2
) (4.3) 

 
2

𝜔
(

𝐻1𝐻2

𝐻1+𝐻2
) (

𝜕2(𝛿1−𝛿2)

𝜕𝑡2
) = (

𝐻2𝑃𝑚1−𝐻1𝑃𝑚2

𝐻1+𝐻2
−

𝐻2𝑃𝑒1−𝐻1𝑃𝑒2

𝐻1+𝐻2
) (4.4) 

 
2

𝜔
𝐻12

𝜕2𝛿12

𝜕𝑡2
= 𝑃𝑚12 − 𝑃𝑒12 (4.5) 

 

where H is the generator inertia, δ is the rotor angle for the generator, Pm is the 

mechanical power, and Pe is the electrical power. The subscripts 1 and 2 stand for areas 1 

and 2 respectively.  

The respective equivalent inertia constant H12 and the change in rotor angle δ12 between 

the two generators are further defined and given by Equations 4.6 and 4.7.  
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 𝐻12 =
𝐻1𝐻2

𝐻1+𝐻2
 (4.6) 

 𝛿12 = 𝛿1 − 𝛿2 (4.7) 

 

The Pm12 and Pe12 given by Equations 4.8 and 4.9 are, respectively, the mechanical and 

electrical power between the two generators.  

 

 𝑃𝑚12 =
𝑃𝑚1𝐻2−𝑃𝑚2𝐻1

𝐻1+𝐻2
 (4.8) 

 𝑃𝑒12 =
𝑃𝑒1𝐻2−𝑃𝑒2𝐻1

𝐻1+𝐻2
 (4.9) 

 

After solving the second-order differential of Equation 4.5, the equivalent swing 

behaviour of the synchronous machine with the damping constant KD is given by Equation 

4.10. Equation 4.11 gives the undamped natural frequency (ωn) in the system, while Equation 

4.12 represents the damping coefficient ζ needed to suppress the oscillation amplitude 

entirely.  

The overall system oscillation frequency and the inertia constant are inversely 

proportional, implying that a system with high inertia constant is immune to a fault and vice 

versa. This shows that the system inertia constant is directly affected by the output generated 

power. Therefore, for a more stable operating point of a power system, it requires inertia 

constant >3.5 pu. 

 

 
2

𝜔
𝐻12

𝜕2𝛿12

𝜕𝑡2
+ 𝐾𝐷

𝜕𝛿12

𝜕𝑡
+ 𝑃𝑚𝑎𝑥 𝑐𝑜𝑠(𝛿𝑜)𝛿12 = 0 (4.10) 

 𝑤𝑛 = √
𝜔𝑃𝑚𝑎𝑥 𝐶𝑜𝑠𝛿0

2𝐻12
 (4.11) 
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 𝜁 = 1
2⁄ 𝐾𝐷√

𝜔

2𝐻12 𝐶𝑜𝑠 𝛿𝑜𝑃𝑚𝑎𝑥
 (4.12) 

 

where ωn is the undamped natural frequency, ζ is the damping coefficient, KD is the 

damping constant, Pmax is the maximum active power generated, ω is the angular speed, and 

δ is the generator rotor angle. 

4.4 SYSTEM MODEL 

The system considered in this study is a modified version of Kundur’s TAFM network, 

as shown in Figure 4.2. The transmission line interconnecting Bus_10 to Bus_11 was 

modified from 25 km to an 80 km, leading to high impedance on the AC transmission line. 

The double transmission circuits were then used to allow more power transfer, and the inter-

area oscillations of the entire generator during a system disturbance were then analysed using 

a time-domain simulation. The dynamic simulation was carried out, and the generators’ 

power output, oscillation speed, field voltage,  and inter-area power transfer were analysed. 

 



75 

 

 
 

Figure 4.2: Kundur’s two-area four-machine system with three-terminal LCC-HVDC link, 

where L7_8, L7_8b = first and second tranmission line between bus 7 and 8 respectively; 

Tap_Rect-1, Tap_Rect-2, Tap_Inv = tap changers for rectifier station 1, rectifier station 2, 

and the inverter station respectively, SyncGen = sychrnonous generator; Id-Rect-1, Id-Rect-2, Id-

Inv = direct current for rectifier station 1, rectifier station 2, and the inverter station 

respectively. 
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4.4.1 Synchronous Generator Model 

The synchronous machines used were modelled on power system computer-aided 

design (PSCAD) software using the Institute of Electrical and Electronics Engineers 

controller model for the automatic voltage regulator (AVR) as well as the power system 

stabiliser (PSS), as shown in Figure 4.3. All generators were rated for a realistic inertial time 

constant and were connected via a 20/230 kV 900 MVA transformer. The governor control 

of these machines was assumed constant during the investigation period to get a holistic effect 

of the PSS, AVR and the DC controller impacts in minimising the fault on the entire network. 

Modelling details of these machine controllers are fully explained in Kundur et al. [15]. 

 

 
Figure 4.3: Power system stabiliser with an automatic voltage regulator, where KSTAB = 

stabilising gain, T1 = first lead time constant, T2 = first lag time constant, TW = washout time 

constant, KA = regulator integral gain, TR  = transducer time constant, Δωr = change in 

angular speed, Efd = exciter output voltage, EFmin, EFmax = minimum and maximum 

regulator outputs, Vref = reference voltage regulator, Vs = combined power system stabiliser 

and possibly discontinuous control output after any limits or switching, and Et = terminal 

voltage of transducer and load compensation elements. 

 

4.4.2 Load Model 

The loads were modelled to have constant current and constant impedance 

characteristics for its active and reactive power components respectively. Equation 4.13 gives 

the load flow and dynamic calculation of the loads. 

 

 𝑃 + 𝑗𝑄 = {𝑃0 (
𝑈

𝑈0
)

𝑘𝑝
(1 + 𝑘𝑃𝑓. 𝑑𝐹)} + {𝑄0 (

𝑈

𝑈0
)

𝑘𝑝
(1 + 𝑘𝑄𝑓.𝑑𝐹)} (4.13) 
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where Q is the equivalent reactive power, P is the real power, Po is the rated real 

power/phase, Qo is the rated reactive power (+inductive) per phase, U is the load root mean 

square (RMS) voltage, and Uo is the rated line-to-earth RMS voltage; dP/dV and dP/dF are 

the voltage index and frequency index for real power respectively, while dQ/dV and dQ/dF 

are the voltage index and frequency index for the reactive power respectively. 

 

4.4.3 Multiterminal Direct Current Model 

The multiterminal direct current (MTDC) network used is a three-terminal (two 

rectifiers and one inverter station), as shown in Figure 4.2, with supplementary parameters 

given in the Appendix section. Equations 4.14 and 4.15 give the model voltage of the three-

terminal system.  

 

 𝑉𝑑𝑅 =
3√2𝛼𝑅𝑉𝑡𝑅 𝑐𝑜𝑠 𝛾𝑅−3𝑋𝐶𝐼𝐷

𝜋
 (4.14) 

 𝑉𝑑𝐼 =
3√2𝛼𝐼𝑉𝑡𝐼 𝑐𝑜𝑠 𝛾𝐼−3𝑋𝐶𝐼𝐷

𝜋
 (4.15) 

 

where VdR and VdI are the rectifier and inverter direct current voltage, αR and αI are the 

rectifier and inverter firing angle, VtR and VtI are the rectifier and inverter alternating current 

terminal voltage, γR and γI are the rectifier and inverter extinction angle, XC is the 

commutation reactance, and ID  is the direct current voltage. 

Rectifier station one (Rect-1) and rectifier station two (Rect-2) transmit power from 

Bus_6 and Bus_11 respectively to the inverter station (Bus_9), replacing some transmission 

lines (L7_8b, L8_9b, L10_11b) in the network. Fault susceptibility of the MTDC system 

depends solely on its overall converter controller coordination; therefore, each converter 

controller was pre-set and corrected to suit the study case scenarios. The current controller in 

Figure 4.4 outputs the firing angle order after calculating the difference among the filtered 

direct current (Idc) measured and the reference current order (Iorder), and the current error is 

fed into a proportional and integral (PI) controller.  
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Figure 4.4: Rectifier current controller, where Idcfilt. = filtered current, Vdcfilt.= filtered 

voltage, *const. = constant, VDCOL = voltage-dependent current order limiter, Pi = 

constant (3.142), PI = proportional and integral controller, Iord = current order, Idc and Vdc = 

direct current voltage and current, αorder = firing angle order. 

 

The rectifiers operate as a current controller, while the inverter, because of the 

minimum value selector, uses the gamma controller. The extinction angle (γ) (or voltage) 

controller in Figure 4.5 sets and regulates the voltage level of the converter. It also maintains 

the voltage polarity across the inverter link until the next commutation process.  

 

 
 

Figure 4.5: Inverter voltage controller, where Idcfilt. = filtered current , Vdcfilt.= filtered 

voltage, *const. = constant, VDCOL = voltage-dependent current order limiter, Pi = 

constant (3.142), PI = proportional and integral controller, Iord = current order, Idc and Vdc = 

direct current voltage and current, γorder = firing angle order, CEC = current error, γmeas, γo, 

and γmax = measured, initial, and maximum extinction angles respectively. 
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The firing angle (α) order comes from the PI regulator that takes the difference between 

the commutation margin γ (delay between the valve extinction and the voltage of the valve 

just before turning positive) and the pre-set value of the extinction angle (γo). During a 

situation where the difference (γ - γo) is larger than necessary, the PI controller stops at the 

α-max, or the firing angle is reduced until γ equals the set value. However, during a fault, the 

inverter has the capability of mode shifting from voltage control to current control. The power 

controller coordinates and oversees the converter actions of the entire DC link. It takes a 

variable power order, which, when divided with the system voltage gives the current order 

signals for the inverter. The master controller shown in Figure 4.6 helps to balance the power 

and current order of the entire converter by ensuring that DC current summation across all 

converters equals zero (∑Idc=0). This controller uses measured DC voltage at each converter 

station with a pre-set power order to generate the current order for each of the converter 

systems.  

 

 
 

Figure 4.6: Overall current controller for the multiterminal direct current system, where P1, 

P2, and P3 = power setpoint for each converter station, VdcRect = rectifier direct voltage, I1, 

I2, and I3 = calculated current from each converter station, I1max, I2max, and I3max = maximum 

setpoint for each converter station current, and I_ord_Rect-1, I_ord_Rect-2, and I_ord_Inv 

= rectifier 1, rectifier 2, and inverter current order respectively. 

 

N

D

VdcRect

P1_set
Min

N

D

VdcRect

P2_set
Min

N

D

VdcRect

P3_set
Min

*Kp1

*Kp2

*Kp3- -
+

+
+

+
+

+
+

- -
+

+

+

-

+
+

+
+

Integrator

I1 I_ord_Rect-1

I2

I3

I_ord_Rect-2

I_ord_Inv

1/sT

I1max

I2max

I3max



80 

 

It also compensates for DC line losses and power order compensation by using 

weighting factors kq and kp respectively. Sharing of excess power order value to avoid 

overloading any of the substations is done using the kq to fulfil ∑Kq=1. Each of the converter 

stations was also equipped with the voltage-dependent current order limiter (VDCOL) 

controller, which serves as a corrective measure in aiding the reduction of the current (Idc) 

that in turn reduces the power (Pdc) transfer across the link during the system perturbation. 

The VDCOL controller reduces the occurrence of commutation failure, especially at the 

inverter station [24]. 

 

4.5 RESULTS AND DISCUSSION 

The results following a dynamic analysis on PSCAD/EMTDC simulation software 

include the generator active power, oscillation speed, and the generator field voltage. Both 

scenarios maintained a stable operating state after systems disturbance with a positive 

damping coefficient although with different amplitudes and waveform distortion. 

 

4.5.1 First Scenario 

The generators’ active power in Figure 4.7 shows the synchronous generator 2’s 

(Gen_2’s) lowest dip of 200 MW during a fault, followed by Gen_1 attributable to the close 

distance to the transmission line fault.  
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Figure 4.7: Synchronous generator active power during the first scenario, where Gen1, 

Gen2, Gen3, and Gen4 = synchronous generators 1 to 4. 

 

The Gen_4 had the worst post-fault condition, with active power output reaching 1073 

MW. Nearly 1.53 pu of its steady-state value following a drop in active power generated from 

Gen_3 because of a prolonged generator disturbance reaching 3s simulation time on Gen_4. 

The Gen_3 also followed the same pattern as Gen_4, being similar to each other in A2. The 

two generators swung together against Gen_1 and Gen_2 in A1, as in Figure 4.8.  

 

 
 

Figure 4.8: Generator speed during the first scenario, where Gen1, Gen2, Gen3, and Gen4 = 

synchronous generators1 to 4. 
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The highest oscillatory modes were recorded in Gen_3 and Gen_4 subplot, increasing 

up to 1.013 pu because of the accelerating power of the machine in matching up the expected 

load demand in A2. The system maintained a stable operating condition, however, with a 

high oscillation frequency. The machine field voltage of Gen_1, Gen_2, and Gen_4 in Figure 

4.9 recorded a continuous swing between the minimum and maximum field voltage of -4.53 

pu and 5.64 pu, respectively, until 6.5s simulation time.  

 

 
 

Figure 4.9: Generator field voltage during the first scenario, where Gen1, Gen2, Gen3, and 

Gen4 = synchronous generators 1 to 4. 

 

The generators’ AVR and PSS controller had already yielded its damping torque in 

maintaining stable operating points, as seen in the field voltage, thus generating an 

insufficient damping coefficient to restore the system to its steady-state operating point 

quickly. A further increase in the fault clearing time (tc = 0.19s) would lead to the incapability 

of the generator controllers to fully restore the system to its system steady-state stability 

point. 

 

4.5.2 Second Scenario 

The results were compared to those of the first scenario to determine which of the 

interconnections performed better in reducing the inter-area oscillation. The active generator 

power in Figure 4.10 showed a reduced power swing during a system disturbance. The Gen_3 
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recorded the highest power amplitude of 905 MW after the fault because of continuous 

generator fault on Gen_4, resulting in higher inertia in restoring the steady-state operating 

point of the entire system. This led to a lower generator swing for the post-fault condition as 

the MTDC link reduced the transfer of fault current from one generating station to another, 

unlike the first scenario where the generator fault on Gen_4 caused a large reduction in power 

generated by Gen_3. After eight cycles of simulation time, sufficiently damped generator 

oscillations with low magnitudes were all recorded as all the oscillation amplitude were 

quickly damped from the enhancement gotten from the robust MTDC controller support. 

Also, the generators’ oscillations were fully damped at exactly 12s simulation time. Figure 

4.11 shows the generators’ frequency swings. Being an incoherent machine system with A1 

having different inertia constants to A2, the generators in A1 swing against those in A2. 

Gen_1 and Gen_2 in A1 recorded the highest oscillation value of 1.0075 pu. The generator 

field voltage, shown in Figure 4.12, reached the first maximum swing value of 5.64 pu at 2s. 

With the MTDC link in operation, this value recorded a slight reduction in the minimum and 

maximum swing compared to the AC lines operating scenario.  

 

 
 

Figure 4.10: Synchronous generator active power during the second scenario, where Gen1, 

Gen2, Gen3, and Gen4 = Synchronous generator 1 to 4. 

 

Gen_3. After eight cycles of simulation time, sufficiently damped generator 

oscillations with low magnitudes were all recorded as all the oscillation amplitude were 

quickly damped from the enhancement gotten from the robust MTDC controller support. 
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Also, the generators’ oscillations were fully damped at exactly 12s simulation time. Figure 

4.11 shows the generators’ frequency swings. Being an incoherent machine system with A1 

having different inertia constants to A2, the generators in A1 swing against those in A2.  

 

 
 

Figure 4.11: Generator speed during the second scenario, where Gen1, Gen2, Gen3, and 

Gen4 = Synchronous generator 1 to 4. 

 

The Gen_1 and Gen_2 in A1 recorded the highest oscillation value of 1.0075 pu. The 

generator field voltage in Figure 4.12 reached the first maximum swing value of 5.64 pu at 

2s. With the MTDC link in operation, this value recorded a slight reduction in the minimum 

and maximum swing compared with the AC lines operating scenario. 
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Figure 4.12: Generator field voltage during the second scenario, where Gen1, Gen2, Gen3, 

and Gen4 = synchronous generators 1 to 4. 

 

Figure 4.13 shows the active DC power across the three-terminal converters. The Rect-

1 station (800 MW converter connected to Gen_4 in replacement of line L10_11b) showed 

an increase in power transfer across the link between 2s and 4s simulation time because of 

the large reduction in power generated by Gen_3 because of the system’s disturbance.  

 

 
 

Figure 4.13: Converter power, where Rect-1, Rect-2, and Invtr = rectifier 1, rectifier 2, and 

inverter station respectively. 
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While Rect-1 (300 MW converter link connected in replacement of line L7_8b and 

L8_9b) recorded a zero power dip during the short circuit fault, it was not affected by the 

generator power swing. Also, a temporary overcurrent can be seen at the inverter’s current 

plot in Figure 4.14. This current overshoot is due to fault current contribution from all parallel 

converters (minimal in monopole point-to-point connection).  

 

 
 

Figure 4.14: Converter current, where Rect-1, Rect-2, and Invtr = rectifier 1, rectifier 2, and 

inverter station respectively. 

 

However, this temporary spike is within an acceptable limit as the thyristor valve for a 

multi-terminal system is rated to allow twice the rated valve current to keep it from being 

damaged. The DC voltage plot in Figure 4.15 shows converter voltage dipping down to 0.2 

pu during the fault. This situation could further lead to a reverse in the direction of power 

flow. However, with the converter current still at positive zero value, this caused a fixed zero 

power transfer across the link during the two short-circuit faults; thus, the reverse power flow 

into both rectifiers’ stations is thereby avoided with the help of the converter control setup. 
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Figure 4.15: Converter voltage, where Rect-1, Rect-2, and Invtr = rectifier 1, rectifier 2, and 

inverter station respectively . 

 

The three-phase AC voltage plot shown in Figure 4.16 recorded a minimal dip at 2.0s 

and transient distortion at 2.05s, but recorded no cases of commutation failure at the inverter 

station during and after the fault.  

 

 
 

Figure 4.16: Inverter (alternating current) voltage. 

 

The VDCOL plot during the fault condition is shown in Figure 4.17. It reduces the 

reference current in Rect-2 to allow minimum power flow across the link. Figure 4.18 shows 
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that the inverter mode shifted from the current control setpoint to the voltage control point 

during the TFSC fault, thus maintaining a fixed voltage profile across all the converter 

stations during the fault. The converter-firing angle in Figure 4.19 recorded a sharp decrease 

at the inverter station because of the TFSC, while a transient increase was noticed across all 

rectifiers’ valves. 

 

 
 

Figure 4.17: Mode shift for rectifier 2 station, where Rect-2Iorder = rectifier 2 current 

order, VDCOL = voltage dependent current order limiter. 

 

 
 

Figure 4.18: Mode shift for the inverter extinction angle.  
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Figure 4.19: Converter firing angle, where Rect-1, Rect-2, and Invtr = rectifier 1, rectifier 2, 

and inverter station respectively. 

 

Following the fault, Bus_7, 8 and 9 were monitored for the dynamic response of the 

voltage profile. The bus voltages for both scenarios are presented in Figures 4.20 and 4.21, 

respectively. During the first scenario of HVAC lines, the dynamic response showed that 

Bus_8 is the weakest in the network because of its distance from both areas’ generating 

plants, followed by Bus_7. This plot also showed that the increment in the transmission 

distance between Bus_10 and Bus_11 has no reducing effect on the Bus_9 voltage profile 

compared with other buses in both scenarios. Figure 4.21 also shows that the second scenario 

(with MTDC link) generated fewer oscillations, with Bus_8 still having the worst post-fault 

oscillations. The system-voltage profile was improved during the second scenario as all the 

system’s steady conditions were stabilised after about four cycles. 
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Figure 4.20: Bus voltage during the first scenario of high voltage alternating current lines. 

 

 
 

Figure 4.21: Bus voltage during the second scenario of the multi-terminal direct current 

link. 

 

Inter-area power transfer between Bus_7 and Bus_9 shown in Figure 4.22 confirmed 

the very slow damping of the inter-area power oscillations for the initial scenario of having 

only AC transmission lines. The active power during this scenario had undergone a transient 

post-fault condition, thus contributing more to the oscillations before the steady-state 

condition could be reached.  
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Figure 4.22: Inter-area power transfer during both operating scenarios, where AC and DC 

are alternating current and direct current respectively. 

 

Figure 4.22 shows that, for the same disturbance with the introduction of the MTDC 

link, the damping on the inter-area power oscillations increased as the amplitude of the inter-

area power transfer across the areas recorded a significant positive damping rate, thereby 

providing more stable steady-state operating conditions. The active power transfer during 

this scenario corresponds to the power across the AC lines (L7_8 to L8_9) plus the DC power 

across Rect-1 station. It shows that the damping ratio generated a 37% reduction of the initial 

value of the oscillation amplitude in the third oscillation period.  

Figure 4.23 shows the damping rate value recorded across the inter-area busbar after 

the third oscillation for a different Pdc setpoint for Rect-2. Points a to b, with the active power 

of 200–340 MW) showed a linear increase in the damping support from the MTDC link with 

the first scenario of double AC lines falling in between this operating point, providing 

approximately 34.7% damping after the third oscillation. Points b to c recorded a small 

increase, while c to d recorded a significant increase in the damping support given by the 

MTDC link. Point e witnessed the damping saturation point where a further increase in the 

Pdc for Rect-2 brought about a decrease in the damping support to the system oscillation 

amplitude due to excess active power in the entire AC/DC system. 
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Figure 4.23: Damping rate for different converter power values across Rectifier 2 station, 

where AC and DC = alternating and direct current. 

 

4.6 CONCLUSION 

Two methods of power transmissions were carried out on a modified Kundur two-area 

four-machine system with regard to the impact of a fault on the AC-DC networks. Following 

the system fault on the test network, the poorest damped modes of the active power and 

synchronous speed of the generator in each grid scenario were observed during a time-

domain response. These all confirmed that the multi-terminal direct current (MTDC) systems 

implemented in this study provide better damping of the oscillation with reduced amplitudes 

compared with the first scenario with high voltage alternating current lines only. The results 

also showed that excess power transfer across the MTDC link has a detrimental impact on 

the AC network inter-area oscillation. Therefore, better control of the current order (Iorder) 

added more inertia support to the synchronous generators by providing sufficient 

controllability to the system and finally leading to better damping of the generator inter-area 

swings.  

 

4.7 ACKNOWLEDGEMENT 

The study acknowledges the support by Eskom Power Plant Engineering Institute 

Specialization Centre for HVDC and FACTS; Eskom Tertiary Education Support 

Programme, and the DTI.  



93 

 

 

4.8 REFERENCES 

1 Abdelsalam, H. A. and Abdelaziz, A. Y. 2013. Wide-area automatic voltage regulators controller for 

damping oscillations based on inter-area modes. Electric Power Components and Systems, 41(9), 

912-925.  

2 Abdlrahem, A., Hadidi, R., Karimi, A., Saraf, P. and Makram, E. 2017. Fixed-order loop shaping 

robust controller design for parametric models to damp inter-area oscillations. International Journal 

of Electrical Power & Energy Systems, 88, 164-174.  

3 Abdulrahman, I. and Radman, G. 2018. Wide-area-based adaptive neuro-fuzzy SVC controller for 

damping interarea oscillations. Canadian Journal of Electrical and Computer Engineering, 41(3), 

133-144.  

4 Ademola-Idowu, A. and Zhang, B. 2018. Optimal design of virtual inertia and damping coefficients 

for virtual synchronous machines. arXiv preprint arXiv:1806.08488.  

5 Anderson, P. M. and Fouad, A. A. 2008. Power system control and stability: John Wiley & Sons. 

6 Azad, S. P., Iravani, R. and Tate, J. E. 2013. Damping inter-area oscillations based on a model 

predictive control (MPC) HVDC supplementary controller. IEEE Transactions on Power Systems, 

28(3), 3174-3183.  

7 Canizares, C., Fernandes, T., Geraldi, E., Gerin-Lajoie, L., Gibbard, M., Hiskens, I. and DeMarco, F. 

2016. Benchmark models for the analysis and control of small-signal oscillatory dynamics in power 

systems. IEEE Transactions on Power Systems, 32(1), 715-722.  

8 Eftekharnejad, S., Vittal, V., Heydt, G. T., Keel, B. and Loehr, J. 2013. Small signal stability 

assessment of power systems with increased penetration of photovoltaic generation: A case study. 

IEEE Transactions on Sustainable Energy, 4(4), 960-967.  

9 Elizondo, M. A., Fan, R., Kirkham, H., Ghosal, M., Wilches-Bernal, F., Schoenwald, D. and Lian, J. 

(2018). Interarea oscillation damping control using high-voltage DC transmission: A survey. IEEE 

Transactions on Power Systems, 33(6), 6915-6923.  

10 Grigsby, L. L. 2016. Power system stability and control: CRC Press. 

11 Kundur, P., Balu, N. J. and Lauby, M. G. 1994. Power system stability and control (Vol. 7): McGraw-

hill, New York. 



94 

 

12 Li, Y., Rehtanz, C., Ruberg, S., Luo, L. and Cao, Y. 2012. Wide-area robust coordination approach 

of HVDC and FACTS controllers for damping multiple interarea oscillations. IEEE transactions on 

power delivery, 27(3), 1096-1105.  

13 Liu, H., Zhu, L., Pan, Z., Bai, F., Liu, Y., Liu, Y. and Bhatt, N. 2017. ARMAX-based transfer function 

model identification using wide-area measurement for adaptive and coordinated damping control. 

IEEE Transactions on Smart Grid, 8(3), 1105-1115.  

14 Milano, F., Dörfler, F., Hug, G., Hill, D. J. and Verbič, G. 2018. Foundations and challenges of low-

inertia systems. Paper presented at the 2018 Power Systems Computation Conference (PSCC). 

15 Mondal, D., Chakrabarti, A. and Sengupta, A. 2020. Power system small signal stability analysis and 

control. Academic Press. 

16 Oni, O. E., Swanson, A. G. and Carpanen, R. P. 2018. Modelling and control of multiterminal LCC 

HVDC. Paper presented at the 2018 IEEE PES/IAS PowerAfrica. 

17 Oni, O. E., Swanson, A. G. and Carpanen, R. P. 2019. Small signal stability analysis of a four machine 

system with strategic placement of monopolar LCC-HVDC link. Paper presented at the 2019 

Southern African Universities Power Engineering Conference/Robotics and Mechatronics/Pattern 

Recognition Association of South Africa (SAUPEC/RobMech/PRASA). 

18 Preece, R., Milanović, J. V., Almutairi, A. M. and Marjanovic, O. 2012. Damping of inter-area 

oscillations in mixed AC/DC networks using WAMS based supplementary controller. IEEE 

Transactions on Power Systems, 28(2), 1160-1169.  

19 Saghafi, H., Karshenas, H. and Bakhshai, A. 2015. Application of integrated series compensator in 

damping power oscillations in standalone microgrids. Canadian Journal of Electrical and Computer 

Engineering, 38(1), 2-9.  

20 Sanchez-Gasca, J., Wang, L. and Kundur, P. S. 2017. Small-signal stability and power system 

oscillations. Power system stability and control. McGraw-Hill, New York.  

21 Siemens. Small signal stability analysis module: Network eigenvalue analysis for PSSCE. Retrieved 

from https://www.siemens.com/content/dam/webassetpool/mam/tag-siemens-com/smdb/energy-

management/services-power-transmission-power-distribution-smart-grid/consulting-and-

planning/power-systems-simulation-software/psse-small-signal-stability-analysis-sag.pdf. 

22 Wandhare, R. G. and Agarwal, V. 2014. Novel stability enhancing control strategy for centralized 

PV-grid systems for smart grid applications. IEEE Transactions on Smart Grid, 5(3), 1389-1396.  

https://www.siemens.com/content/dam/webassetpool/mam/tag-siemens-com/smdb/energy-management/services-power-transmission-power-distribution-smart-grid/consulting-and-planning/power-systems-simulation-software/psse-small-signal-stability-analysis-sag.pdf
https://www.siemens.com/content/dam/webassetpool/mam/tag-siemens-com/smdb/energy-management/services-power-transmission-power-distribution-smart-grid/consulting-and-planning/power-systems-simulation-software/psse-small-signal-stability-analysis-sag.pdf
https://www.siemens.com/content/dam/webassetpool/mam/tag-siemens-com/smdb/energy-management/services-power-transmission-power-distribution-smart-grid/consulting-and-planning/power-systems-simulation-software/psse-small-signal-stability-analysis-sag.pdf


95 

 

23 Witzmann, R. 2001. Damping of interarea oscillations in large interconnected power systems. Paper 

presented at the Proceedings on the International Conference on Power Systems Transients. 

24 Zou, X. 2018. Frequency and damping characteristics of generators in power systems. MSc in 

Electrical Engineering dissertation. Virginia Tech.  

 

Table 4.1: Multiterminal high voltage direct current data 

Parameter Rect-1 Rect-2 Invtr 

Rated/Actual power (MW) 300/198 1000/460 1200/700 

Rated/Actual DC current (kA)  0.3/0.2 1.0/0.5 1.2/0.75 

α for rectifier, γ0 for inverter 14.8 18 15 

 Transformer per 6 pulse thyristor 

Rating (MVA) 350 1000 1200 

Voltage (kV) 230/500 230/500 500/230 

Leakage reactance (pu) 0.18 0.18 0.18 

 PI Controller 

Proportional Gain 1.0989 1.5363 1.5363 

Integral time constant (s) 0.01092 0.01524 0.01524 

 VDCOL 

Threshold input 0.4-1.0 0.4-0.9 0.4-0.9 

Threshold output 0.55-1.5 0.55-1.0 0.55-1.0 

 

Table 4.2: Synchronous machine data 

Generator Data AVR and PSS 

𝑟𝑎 0.0025 pu Input signal Speed 

𝑥𝑙 𝑜𝑟 𝑥𝑝 0.130 pu TR 0.01 sec 

𝑥𝑑 1.81 pu Vimax 10 pu 

𝑥′𝑑 0.3 pu Vimin -10 pu 



 

 

𝑥′′𝑑 0.25 pu KA 200 pu 

𝑇′𝑑0 8.0 sec Efmax 7.0 pu 

𝑇′′𝑑0 0.03 (s) Efmin -6.4 pu 

𝑥𝑞 1.7 pu KSTAB 20 

𝑥′𝑞 0.55 pu TW 10 sec 

x’’q0 0.25 pu T1 0.05 sec 

𝑇′𝑞0 0.4 (s) T2 0.02 sec 

𝑇′′𝑞0 0.03 (s) Vstmax 0.2 

H 6.5 A1, 6.177 A2 Vstmin -0.2 

Table 4.3: Transmission line data 

DC Transmission line (T-model) data 

R(Ω/km)  0.01 

Reactor (H) 0.5968 

DC filter (μF)  15 

 

AC Transmission line data 

r (pu/km) 1e-4 

xL (pu/km) 1e-3 

bc (pu/km) 1.75e-3 

 

Nomenclature 

𝐻 Inertia constant in s 

K𝐷 Machine load damping coefficient 

𝑟𝑎 Armature resistance in p.u 

𝑥𝑑 Unsaturated d axis synchronous reactance in p.u 



 

 

𝑥𝑞 Unsaturated q axis synchronous reactance in p.u 

𝑥′𝑑 Unsaturated d axis transient reactance in p.u 

𝑥′𝑞 Unsaturated q axis transient reactance in p.u 

𝑥′′𝑑 Unsaturated d axis sub transient reactance in p.u 

𝑥′′𝑞 Unsaturated q axis sub transient reactance in p.u 

𝑥𝑙 𝑜𝑟 𝑥𝑝 Leakage or Potier reactance in p.u 

𝑇′𝑑0 d axis transient open-circuit time constant in s 

𝑇′′𝑑0 d axis sub transient open-circuit time constant in s 

𝑇′𝑞0 q axis transient open-circuit time constant in s 

𝑇′′𝑞0 q axis sub transient open-circuit time constant in s 

𝑇𝑒 Exciter time constant in s 

𝑃𝑚𝑎𝑥 Maximum turbine output in p.u 

KSTAB  Stabilising gain,  

T1  First lead time constant, 

T2  First lag time constant, 

TW  Washout time constant, 

KA Regulator integral gain, 

TR  Transducer time constant, 

Δωr Change in angular speed, 

Efd  Exciter output voltage, 

Vstmax, Vstmin Minimum and maximum regulator outputs, 

Vref  Reference voltage regulator, 



 

 

Vs  Combined power system stabilizer and possibly discontinuous control output 

after any limits or switching, 

Et  Terminal voltage of transducer and load compensation elements 

R Direct current line resistance in Ω/km 

r  Alternating current line resistance in pu/km 

xL  Alternating current line reactance in pu/km 

bc  Alternating current line capacitive impedance in pu/km 

pu Per unit 

PI Proportional and integral 

Rect-1 Rectifier 2 

Rect-2 Rectifier 1 

Invtr Inverter  

VDCOL Voltage dependent current order limiter 

PSS Power system stabiliser 

AVR Automatic voltage regulator 

AC Alternating current 

DC Direct current 

α Firing angle for rectifier 

γ0  Initial extinction angle for inverter 

MW Active power in mega watt 

MVA Apparent power in mega volt amperea 

KV Kilo-volt 



 

 

KA Kilo-ampere 

s Second 
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This chapter addresses objective four and is presented in a manuscript format. The paper is 
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Implementation of a Multiterminal LCC HVDC with Auxiliary Controller on South 

Africa’s 765kV Corridor 

Abstract— The deployment of a 765kV transmission line on Eskom’s South African Grid 

marks the beginning of a new era in power industries. Furthermore, the integration of 

renewable energies by independent power producers (IPPs) leads to an infrastructural change 

in the stability performance of the entire grid. These developments are expected to bring a 

multiterminal direct current (MTDC) system to practical implementation on this grid. 

Therefore, this study focuses on the dynamic response of the South African transmission grid 

during system disturbance. In the carrying out of this study, the South African grid was 

modelled on PSCAD, and its performance was evaluated. The impact of MTDC link on the 

grid’s interarea power oscillation was also investigated. An additional current order controller 

for the MTDC link was developed, and its’ impact on the MTDC power transfer analysed. The 

results show better system performance and reduced interarea power swings with the inclusion 

of MTDC link. 

 

Index Terms—Fault clearing time, interarea oscillation, LCC high voltage direct current, 

Multiterminal direct current (MTDC), rotor angle, short circuits ratio. 

 

5.1 INTRODUCTION 

The South African economy has undergone some sustainable economic growth and 

increasing prosperity since independence [1, 2]; however, the electric power deficits 

experienced by the national grid over the last decade are becoming a big challenge [3]. These 

problems arise from the inadequate planning for load growth and failure to integrate new 

generating plants to compensate for the ever-increasing load demand. The decommissioning of 

aged synchronous generators furthermore compounds these problems, which often makes the 

power utilities to operate the grid as close as possible to the maximum transmission capacity. 

Another problem faced is the weak tie-lines due to long-distance transmission making the 

voltage and power control more and more critical with increase transmission losses. This 

congested transmission grid is very susceptible to voltage collapse; therefore, load shedding is 

often introduced to avert this risk of total system collapse [3-5]. 



 

 

Due to the abundance of coal reserves, the electricity generated in the country is mainly 

from fossil fuels. This means of generation is well known to be a significant contributor to 

greenhouse gases, a significant role in the depletion of the ozone layer. Renewable energy 

sources present a viable promising solution to a more environmentally friendly across 

generation, transmission, and even on the consumer side. It offers the benefit of an increase in 

the economic growth rate in the country. Thus, making South African governments welcome 

the integration of renewable energy by the independent power producers (IPPs) into the 

national grid [6-8]. However, renewable energy integration requires better grid code 

compliance and a stable transmission medium [9]. Therefore, a high voltage direct current 

(HVDC) system is often used for the interlink between the source and the grid before being 

distributed using ac lines; an example is the ±533 kV 1920 MW Cahora Bassa interlinking 

Mozambique and South Africa [10], ±800 kV 6000 MW NER-Agra Multiterminal HVDC [11], 

±500kV 4.5GW Zhangbei VSC-HVDC Power Transmission Project [12], etc. 

Both ac and dc transmission come with their capabilities and limitations; ac transmission 

allows quick and easy voltage transformation from one voltage level to another; however, its’ 

susceptibility to a cascading problem during systems disturbance makes the dc transmission 

system a more viable option. Other advantages of the dc transmission systems are bidirectional 

power controllability, enhanced system stability, reduced losses, asynchronous 

interconnection, and reduced right of way [13, 14]. 

This dc systems are gaining more publicity and are expected to have rapid growth in both 

the short and long run. Many researchers have evaluated and compared their mechanism, 

structure, topologies, along with other control measures [15]. Studies on the levelled cost, 

expected growth, configurations, and deployment are all mentioned in [15, 16]. On power 

system interarea oscillations, the convectional solution is by careful coordination of the 

generator’s power system stabiliser and the automatic voltage regulators. Other secondary 

controllers like the governor are added for better reliability of these generating plants. Elizondo 

et al., in [17], give comprehensive literature on the problems arising from small signal stability 

and the future trend. On the South African grid, Minnaar et al. in [18] recorded different types 

of fault that occurred on the South Africa transmission network. They further conducted a 

reliability check of the grid based on the probabilistic fault performance parameters with 

respect to season, time of day, and climate. They found that most of the fault on this grid is due 

to bird streamers with 38% occurrence, lightning with 26%, and fires with 22%. Also, in [5], 



 

 

Corsi et al. applied a coordinated automatic real-time secondary voltage regulator (SVR) to 

South African transmission grid thereby providing an improved power quality as well as 

controllability and stability to the grid. The study on the impact of HVDC link on the South 

African grid during a three-phase short circuit was further carried out by Mbangula et al., in 

[19]. This study investigates the rotor angle stability of the South African transmission grid, 

focusing only on a two-terminal converter technology. Oni et al. discusses the modelling of 

multiterminal HVDC (MTDC) system in [20], evaluated the performance analysis using a 

single machine infinite bus system and 4 area machine networks [21] and [22] respectively. 

They found out that the MTDC network has a significant improvement during a system 

disturbance. However, those studies in literature do not focus on the impact of a complementary 

controller on the MTDC link nor analyse the dynamic study of the MTDC link on the South 

African network. 

Therefore, this study focuses on the performance evaluation of the South African 

transmission grid when interconnected with a three-terminal LCC HVDC system. In carrying 

out this study, a comprehensive dynamic system model was developed to facilitate the study 

of the system and form the basis for postulating an appropriate and optimal operating point. 

This research was also carried out to identify the potential usage of MTDC network on the 

South African grid and to investigate the performance analysis of MTDC link and the 

complementary controller on the entire grid operating performance. Given the complexity of 

the grid network, five of eight grids were modelled on PSCAD, and the impact of a substantial 

three-phase short circuits fault was analysed on the grid elements. Synchronous damping of the 

oscillations, bus voltage, and converter response during the steady-state and post-fault 

conditions have been presented in this paper. 

5.2 CHALLENGES AND POSSIBILITY OF SA GRID 

The South African power utility is one of the worlds’ largest electrical power utilities in 

Africa, covering the generation, transmission, and distribution of power all over the South 

African region and to neighbouring Southern African region [22]. The only DC line on this 

network is the 1300km, ±533kV Cahora Bassa HVDC line that interlinks Sango substation 

near Zambezi river in Mozambique and Apollo substation in South African Central grid [23, 

24]. Other electric power transfer is mainly via long AC lines using either 756kV, 400kV, or 

275kV transmission lines. The entire grid is characterized by long weak tie-lines and therefore 

has a low Short Circuit Ratios (SCR). Thus, becoming a matter of necessity to analyze the 



 

 

various possible interaction effects between the AC and MTDC networks. It will be noted that 

at low SCR values, transient DC quantities are possible of exhibiting a commutation failure, 

especially at the inverter AC station. Among other challenges are the AC/DC interaction during 

overvoltage, harmonic oscillations during load shedding, converter commutation failures, low 

mechanical inertias, recovery during system disturbance and voltage stability. Considering 

these effects therefore requires a careful design and control measures to appropriately fit the 

operational scenarios of MTDC network incorporated on the South African Grid. 

Another finding is the exponential growth rate of the load demands in the Central grid of 

the country. Figure 5.1 shows the provincial load demands during peak season, with the Central 

grid standing at 10,231 MW, followed by the Eastern grid with 6,160 MW in 2017 peak load 

demand. The impact of cold weather during the winter season leaves the entire grid in limbo, 

causing different transient load demands (see Table 5.1). Besides, the exponential load growth 

in the Central Grid alone is expected to record an increase of ≈5.2 GW in the year 2028, as 

published by Eskom in their transmission development plan (TDP 2019 – 2028), as shown in 

Table 5.2 [25]. While these problems may persist, the investigation into the usage of MTDC 

system on this network cannot be overemphasized, as this will bring more knowledge into the 

reduction of active and reactive power to losses, improved stability margin, and the ease of 

renewable energy integration. The South African generation capacity is mainly coal-based due 

to much coal reserves. Moreover, the plan to integrate an additional power of 17800 MW of 

renewable energy by 2030 will require an alternative and efficient means of transmission for 

this renewable source that is expected to represent about 20% of the country’s installed 

capacity. 

 



 

 

 

Figure 5.1: South African provincial load demand [25] 
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Table 5.1: Impact of Load Demand During the Winter Season 

Day Min/max 

peak 

load 

Summer 

(GW) 

Winter 

(GW) 

Monday 
Min 22.5 21.5 

Max 34.5 35.3 

Tuesday 
Min 22.5 22.8 

Max 34.1 35.2 

Wednesday 
Min 22 22.5 

Max 33.2 35.1 

Thursday 
Min 22 22.5 

Max 33.5 35 

Friday 
Min 22.5 22.8 

Max 32.8 33.8 

Saturday 
Min 22.5 22.8 

Max 32.7 32.7 

Sunday 
Min 21.1 21.6 

Max 32.5 32.8 

 

Table 5.2: Load Progression in the Central Grid 

Year 

Zonal Demand 
Grid 

Peak 
West 

Rand 

Johann-

esburg  

East 

Rand 
Vaal 

2019 3749 3600 3248 1838 11439 

2020 3841 3687 3314 1957 11751 

2021 3966 3794 3476 1972 12204 

2022 4113 3832 3579 2006 12634 

2023 4213 3896 3629 2025 12901 

2024 4334 3966 3717 2063 13299 

2025 4508 4141 3813 2093 13702 

2026 4721 4267 3889 2111 14033 

2027 4942 4398 3985 2135 14547 

2028 5138 4542 4100 2165 15057 

 



 

 

5.3 NETWORK MODELLING 

The South African grid is divided into seven geographical operating units, each 

consisting of generation, transmission, and a distribution network. In the carrying out of this 

study, six out of the eight grids were modelled with transmission voltage levels of 765kV and 

400kV, as shown in Figure 5.2. The networks used are that of the Northern, Central, North-

West, Southern, and Western Grid. Table 5.3 in the appendix section highlights the generator 

used and their installed capacity. The synchronous generator control model consists of the 

IEEE Type AC4A alternator supplied rectifier excitation system and single input power system 

stabiliser (PSS1A) for the controlling of the generator stator voltage. Three network 

configurations were considered. The first configuration explores the steady-state analysis of 

the network without the inclusion of the MTDC network; the second scenario analyses the 

impact of the MTDC on the network. The third network implemented an auxiliary 

complementary controller to generate a new dc current order (Idcnew) for the MTDC link. 

Details and diagrams of the excitation systems and the PSS used are well explained in [21]. 

Performance analysis was carried out on PSCAD/EMTDC. This simulation tool was used for 

its’ best electromagnetic transient studies and also because its main application is in the 

implementation of AC/DC network. 

 

5.3.1 MTDC Link with Complementary Controller 

The MTDC system used in this study is a three-terminal LCC HVDC link with two 

rectifiers and one inverter, as shown in Figure 5.3. LCC HVDC system was utilised due to its 

advantage over VSC HVDC for long-distance and bulk power transfer. It also has excellent 

overcurrent capability with well-established technology and robust devices as well as a proven 

circuit. Furthermore, from the research carried out by Minnaar et al. in [18], the South African 

transmission grid has long-distance transmission lines and is prone to overhead line faults, 

therefore LCC HVDC system is preferred in these applications because of its resilience to DC-

side short circuit faults. The LCC HVDC system can also operate very well during a low DC 

voltage and DC fault [25].  

The first rectifier used in this study is connected at the Mat_PS substation with a distance 

of 1540km from the inverter station at Hera Substation, while the second rectifier is connected 

at the Koe_PS substation with 540km distance interval from the inverter station. Both rectifiers 

export power to the Hera substation in the Central grid.  



 

 

 

Figure 5.2: Extract of the South Africa grid 

 
 

 

Figure 5.3: Three-terminal LCC HVDC topology 
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stations are in current control mode as shown in Figure 5.4, thus commutate by varying the 

firing angle α or by controlling ac voltage using the on-load tap changers (OLTC). The inverter 

station defines the voltage level of the entire MTDC link. The defining of the voltage level is 

done with the extinction angle of γ=γo control. The maximum value (γmax) is pre-selected from 

the constant extinction angle (γo) and the measured (γmeas), which when subtracted from pi gives 

the firing angle (αI) for the inverter station (also in Figure 5.4, Data in Appendix Table 5.4).  

The overall power controller shown in Figure 5.5 helps to generate the current order for 

the three converters. It also helps to balance the power and current order of the entire converter 

by ensuring that dc current summation across the converters equals zero (∑Idc=0). The data for 

this controller has been provided in Appendix Table 5.5. 

An additional supplementary controller is added for a better dc power control during 

systems disturbance. This auxiliary controller, as shown in Figure 5.6, uses the measured 

differential changes in the ac power to generate the additional dc current for the three 

converters. The dc current (Idc) is then added to Iord from the overall current controller. 

 

Figure 5.4: Current and voltage controller 
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Figure 5.5: Overall power controller 

 

 

Figure 5.6: Auxilliary controller 

 

5.3.2 Transmission Line Data  

The tower geometric configuration used for the transmission line modelling is shown in 

Figures 5.7a and 5.7b. the parameters are shown in Table 5.6 in the appendix section. 

5.3.3 Converter Harmonic filter design 

The first filter used for the converter design is the C-type filter in Figure 5.8a. The design 

is a second-order filter with a minimum power loss at the fundamental frequency (f). This 

capability is due to the parallel RLC configuration, which further resonates at the fundamental 

frequency. Thus, the fundamental current transferred through the damping resistors is 

significantly reduced. Also, this type of filter accomplished more suppression of high-

frequency harmonics due to the inherent flat impedance characteristic above the tuned 

frequency.  

The second filter is the high pass filter with the capability of suppressing 5th order 

harmonic currents (Figure 5.8b). The branch impedance of this filter decreases with increasing 

frequency. Losses are minimised in this type of filter with higher resistance. 

The parameters for these filters are determined using Eq. (1-6) [26], and the parameters 

are indicated in Table 5.7 in the appendix section. 
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Figure 5.8: (a) C-type filter, (b) high pass filter, and (d) capacitor bank 
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Figure 5.7: Tower geometry for the overhead lines (a) 400kV geometry, and (b) 765kV geometry. 
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Where h is the harmonic order; Qc is the filter reactive power; V is the system voltage; 

w is the natural frequency, and q is the quality factor. C and C1 are the series and common 

capacitance respectively; f is the fundamental frequency; L is the inductance; Z is the total 

impedance; R and R1 are the series and parallel resistance respectively. 

5.4 SIMULATION RESULT 

The grid was modelled on PSCAD/EMTDC, the response of the system was evaluated 

following a 270ms three-phase fault on the transmission lines between Hera and Grootvlie 

(He_Gr) substation. The fault was applied 10% into the transmission line from Grootvlie bus. 

The type of fault was carried out following different scenarios of fault analysis on the system, 

and it was found out that this fault location produced the most critical clearing time for the 

entire network. Therefore, the system’s response during this particular system disturbance was 

used as the base case.  

During the dynamic analysis, the generator power output, rotor angle, generator speed, 

and the bus voltage were presented graphically on a subplot. Following this severe disturbance 

at the He_Gr transmission line at t=2s simulation time, 20μs solution time steps and 100μs 

channel plot step were used in computing the results. The parameter depicted on a subplot was 

for better illustration of the system performance before, during, and after the disturbance. The 

dc power, voltage and the firing angle for the converters were illustrated on a plot. For the 

synchronous generator plot, Med_PS, and Mat_PS were chosen to represent the Northern grid 

generating plant, Grt_PS, Krie_PS, and Tut_PS were selected to represent the North-East grid, 

while Koe_PS and Ank_PS represent the generators from the Western grid. Furthermore, for 

the bus voltage plotted, strategic busbar was chosen from the main generating substation for 

the evaluation of the voltage profile. 

The dynamic stability response of the network with and without MTDC network is given 

in Figures 5.9 to 5.15. Figures 5.9a and 5.9b depict the generator active power plots without 

and with MTDC link respectively. On these plots, each generator power supply is represented 

on a per unit (pu) scale. The combination of both scenarios is shown in Figure 5.9c. On this 

plot, the GRT_PS is already out of step with its active power swinging between ≈ ±2 pu value. 



 

 

The results in Figure 5.11a with Grt_PS, a generating plant at the North-East grid, has 

proximity to the short circuit’s fault. Thus, the generator loses synchronism at first swing. Since 

disturbance applied to the network has the critical clearing time of the system, the results thus 

show that following the disturbance, the first swing in the rated active power in the line has a 

larger amplitude of 2 pu. Others generating plant was able to maintain stability, however, with 

a very poor damping factor causing a torsional oscillation, especially at the western grid. This 

impact can be observed in the oscillations shown in Figure 5.9a. However, following the same 

disturbance with the MTDC system, the results in Figure 5.9b show that positive damping has 

been added to the generators’ oscillations on the network. Therefore, the implementation of the 

MTDC model on the grid provided a better performance compared to the first case study. The 

Mat_PS and Grt_PS with the worst post-fault condition were able to maintain a stable operating 

point after the third cycle.  

Figures 5.10a and 5.10b show the generator rotor angle (δ) dynamics in radian. In this 

Figure 5.10a, the Grt_PS synchronous generator went out of step from the rest of the 

synchronous machine. It recorded a rapid increase in the rotor angle while other generators 

witnessed a steady increase with the continuous oscillation. 

 
(a) 



 

 

 

(b) 
 

 

(c) 

Figure 5.9: Active power for the synchronous generator (a) without the MTDC link, (b) with MTDC 

link, (c) Comparative plot of the active power of three generators in each grid. 
 

These generators, having yielded their excitation and AVR controls, remained unstable 

even after clearing the fault due to insufficient decelerating torque to reduce the rotor speed, 

i.e., the generators exhibited positive damping (TD) torque but with a negative synchronising 

torque (TS), causing a non-oscillatory instability. The unstable state involving the rotor angle 

speed is usually referred to as electromechanical oscillations. The control systems are intended 

to restore the power system to stable conditions and to align the mechanical torque with the 

electromagnetic torque of each generator, thereby ensuring the stability of the rotor speeds and 

that of the rotor angles. The inclusion of MTDC link on the network enhanced the stability 

condition, as seen in Figure 5.7b. The generators experienced few rotor angle oscillations but 

were able to maintain a stable post fault condition when the fault was cleared. The turbine 

governor adjusts the mechanical torque, and the voltage regulator is trying to restore the 

voltage. The first oscillation of the rotor angle is of interest, which may indicate whether or not 



 

 

the generator would remain synchronised. The second observation on these plots is the 

interarea oscillations between the Northern grid generators (Med_PS and Mat_PS) and the 

Western Gird generator (Ank_PS and Koe_PS). These interarea swings are due to the long and 

weak transmission lines between the two grids. 

The generators’ angular speed response is shown in Figures 5.11a and 5.11b. In the first 

plot (without the MTDC link), Grt_PS recorded a sharp angular acceleration up to 1.033pu at 

time t=2.34. The generator’s post fault condition experienced unexpanded kinetic energy, 

which resulted in a continuous increase of the rotor speed and thus led to a loss of synchronism. 

Other generators were in stable condition but with insufficient damping torque. Figure 5.11b 

shows a better generator speed with quickly damped oscillations. The rotor angle eventually 

settled to a normalised new reference value. However, Mat_PS and Med_PS have the worst 

post fault condition. 

 
(a) 

 

 
(b) 

Figure 5.10: Rotor angle for the synchronous generator (a) without the MTDC link, (b) with MTDC 

link 



 

 

 
(a) 

 
(b) 

Figure 5.11: Angular Speed for the synchronous generator (a) without the MTDC link, (b) with 

MTDC link 

 

As earlier stated, specific busbar was selected and monitored for voltage profile variation. 

The plot in Figures 5.12a and 5.12b show this voltage profile without and with MTDC link 

respectively. Grt bus has the lowest dip of 0.16pu in Figures 5.12a and 5.12b. These dips 

occurred due to the high fault impedance generated from the fault proximity. It is followed by 

Krie bus, and Tut bus accordingly. Also, the system without the inclusion of MTDC in Figure 

5.12a experienced high voltage oscillations between the range of 0.7 - 1.1pu. The dynamic 

voltage response in Figure 5.12b with the implementation of the MTDC link shown a steady 

and stable post fault condition. However, the Med busbar recorded the worst post voltage 

profile due to due to the high impedance of the line from the generator to the load. 



 

 

 
(a) 

 
(b) 

Figure 5.12: Bus voltage profile (a) without the MTDC link, (b) with MTDC link 

 

The dc power is shown in Figure 5.13 following a three-phase short circuits fault on the 

Gr_He transmission line. The plot shows the converters’ dc power with and without a 

supplementary controller. This analysis is to evaluate the contributive impact of the 

supplementary controller on the active power transfer across the multiterminal converters. At 

simulation time t=2s, the power transfer dips to -8MW, meaning a reverse transfer into rectifier 

link. However, with the VDCOL, the corresponding lower voltage of 0.1pu is selected, thereby 

reducing the transfer of excessive fault current into the inverter station. 

Subsequent power oscillation is limited by the action of the VDCOL and the inverter 

extinction angle controller, which mode shifts between the voltage or the current controller 

during the fault. The supplementary controller produces better damping of the power oscillation 

for the MTDC link. The rectifier 1, 2, and inverter power with auxiliary (ARP1, ARP2, and 

AIP) show significant damping than the rectifier 1, 2 and inverter (RP1, RP2 and IP) without 



 

 

the additional controller. Finally, the firing angle for the converters is shown in Figure 5.14. 

The pre-fault value being 29.75o, 21.97o, and 150.21o for the rectifier 1, rectifier 2, and the 

inverter station respectively. 

 

Figure 5.13: MTDC power (where RP1 is rectifier 1 Power, and ARP1 is Rectifier 1 Power with 

Auxiliary control) 

 

 

Figure 5.14: Firing angle in (deg) 

Figure 5.15 shows the inter-area power transfer between the transmission line linking 

North-East and the Central grid. The transmission lines considered for the first scenario are the 

Merc_Herm, Merc_Mid, and Grt_Hera, while the interarea power transfer during the scenario 

corresponds to the power across the ac lines (Merc_Herm, Merc_Mid, and Grt_Hera) plus the 

dc power across Rectifier 1 station. From this plot, the impact of the negatively damped torque 

(Td) is evident during the first scenario. With very poor damping, the active power has 

undergone a post-fault harmonic and thus unable to meet the steady operating condition. The 

implementation of the MTDC link provided an enhancement into the damping of the inter-area 



 

 

power oscillations as the network recorded a significant positive damping torque. Thus, 

providing a more stable post-fault condition. The impact of the supplementary controller on 

the damping of interarea power during the disturbance is also shown in this plot. 

 

 

Figure 5.15: Interarea Power transfer across the Northern and north-east border 

 

5.5 CONCLUSION 

The detailed response of South Africa’s transmission grid during a dynamic RMS 

simulation is presented in the paper. Also, the benefits of implementing a +600kV three-

terminal line commutated converter link has been compared on the network’s voltage, interarea 

oscillation as well as rotor angle stability. Initial response during a system disturbance shows 

a loss of synchronising effect from both the AVR and PSS, which causes the generator to lose 

synchronism with subsequent oscillations. A negative damping torque for the rotor angle and 

negative synchronising torque for the interarea oscillations was observed during the first 

scenario. While Grt_PS was already out of step, the other generators experience a harmonic 

power oscillation amplitude at a continuous increase in the rotor angle degree. Also, the 

additional impedance was added to the system, which resulted in a more weakened grid 

strength. As a result of these, more harmonics are generated in the voltage profile. The 

modelling of the MTDC link on the grid provided a better system performance because the 

MTDC controller provided a robust and enhance improvement for the AC network. This 

improvement can be observed as the results in this paper showed that positive damping had 

been added on inertial swing mode of all the generators as well as on the interarea oscillations. 

They were thus showing the benefits of incorporating an MTDC link into a weak ac grid. 



 

 

The voltage profile was significantly improved, and so is the minimisation of the 

generator oscillations. Among all the benefits, the power carrying capacity at a reduced loss 

stood out. Therefore, the study gives a better understanding of the implementation of the 

MTDC link on the South African network. Adopting this research into the South Africa grid 

will help reduce transmission losses with enhanced system stability margin. Finally, the 

auxiliary controller should be considered as it showed a good potential for the mitigation of 

excessive active power dip of the MTDC link during the system disturbance. 
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5.7 APPENDIX 

 
 

 

Table 5.4: AC Transmission Line Data 

 
400kV 

line 

765kV line 

No of sub conductor 4 6 

Bundle spacing 0.38 0.32m 

DC-resistance Ohm/m 0.0674 0.0718 

GMR (Equivalent radius) 11.56 9.04mm 

Outer diameter 28.62 27mm 

 

 

Table 5.5: Multiterminal High Voltage Direct Current Data 

Parameter Rectifier 1 Rectifier 2 Inverter 

Rated power (MW) 2000 2000 4000 

DC current (kA)  0.89 0.677 1.57 

α for rectifier,  

γ0 for inverter 

14.8 18 15 

 Transformer per 6 pulse thyristor 

Rating (MVA) 1000 1000 2000 

Voltage ac/dc (kV)  400/600 400/600 400/600 

Leakage reactance (pu) 0.18 0.18 0.18 

Table 5.3: Synchronous generator 

Generator Installed capacity 

(MW) 

Med_PS 2000 

Mat_PS 3000 

Krie_PS 1770 

Tut_PS 700 

Koe_PS 2300 

Ank_PS 2000 

Grt_PS 600 

 



 

 

 PI Controller 

Proportional Gain 1.0989 1.5363 1.5363 

Integral time constant (s) 0.01092 0.01524 0.01524 

 VDCOL 

Threshold input 0.4-1.0 0.4-0.9 0.4-0.9 

Threshold output 0.55-1.5 0.55-1.0 0.55-1.0 

 

 

Table 5.6: Auxiliary Controller 

Gain Time Constant 

  T1 T2 T3 T4 T5 

G1 1 10s     

G2 0.25  0.6s 0.22s   

G3 1    0.012s  

G4 1     0.12s 

 

 

 

Table 5.7: MTDC Transmission line (T-model) data 

 
R (Ω) L (H) C (μF) 

Rectifier 1 to 

Inverter 

14.50 0.61 26 

Rectifier 2 to 

Inverter  

5.40 0.58 26 

 

 

 

Table 5.8: Filter Design 

AC filter Rectifier 1 Rectifier 2 Inverter 

 C-type Filter 

C 4.00 1.98 5.50 

C1 42.02 21.80 58.00 

L 0.242 0.46 0.173 

R 51.5 100.7 36.79 

Rp 100 100 100 



 

 

 High Pass Filter 

R 80 Ω 73 80 

C 3.9 μf 1.5 4 

L 0.0232 

H 

0.058 0.023 

 

  



 

 

 

CHAPTER 6: CONCLUSION AND RECOMMENDATION 

6.1 CONCLUSIONS 

The main objective of this thesis was to investigate the performance of MTDC system in 

an AC network. The study discusses multiple problems relating to small signal stability and 

rotor angle stability of interconnecting AC networks. In achieving the objectives of this study, 

a multiterminal LCC HVDC, as well as different test networks, were modelled using 

PSCAD/EMTDC software, and different fault scenarios were carried out the AC/DC network. 

The outcome of the study has tremendously increased more knowledge on power systems 

performance and operation and enhancing of AC network using MTDC network. This research 

will thus contribute to the improvement in the operational performance of AC transmission 

networks. The following are the conclusions based on each part of the thesis. 

6.1.1 Modelling and Control of the MTDC Network 

Chapter 2 of the thesis presented the first objective of the study. It investigates the 

modelling and control of the MTDC model used. The modelling of the MTDC system requires 

a robust controller design for quick recovering during a severe fault. In this section, we 

analysed the effective short circuit ratio (ESCR) of the AC network and thereby carried out the 

study on the worst-case scenario of the ESCR value. From the results, it was observed that the 

converter (Rectifier 1) experienced an overcurrent of 5.5kA (≈1.8pu) value of the rated current 

while the other converters (inverter 1 and Inverter 2) were in the range of 1.3 and 0.1pu at the 

instant of the three-phase short circuits fault. Also, the inverter 1 station experienced a non-

severe commutation failure. Therefore, a quick fault clearing time is needed to prevent the 

system from subsequent commutation failure due to adverse transient mode shift of the inverter 

controller. The overall conclusion from this section is that the modelled MTDC system is well 

equipped enough with a robust controller to prevent any first transient overcurrent and also 

reduce the occurrence of commutation fault at the inverter side of the AC network. 

6.1.2 Impact of LCC–HVDC Multiterminal on Generator Rotor Angle Stability 

The second part of the thesis, in chapter 3, addresses the transient stability issues related 

to MTDC system. The network considered for this chapter is the single machine infinite bus 

(SMIB) network. To fully understand the initial rotor angle of the network, the active power-

angle of the network was first analysed during three scenarios of constant field supply, AVR 

without PSS, and AVR with PSS. The system recorded slow damping of rotor angle during the 



 

 

first scenario. The second scenario recorded a second swing rotor angle instability, while the 

third scenario gives a positive and quick damping capability to the SMIB network. Further 

adaptation was carried out on this network to accommodate a three-terminal LCC HVDC 

network, and the results were compared. The generator power–angle (Pe-δ) diagram for both 

scenarios was also plotted. The result shows that the MTDC system provided a positive 

damping torque to the AC system during a three-phase short circuits fault, thereby providing a 

quick recovery of the system after an AC fault.  

6.1.3 Small Signal Stability Analysis of a Four-Machine System with Placement of Multi-

Terminal High Voltage Direct Current Link 

In Chapter 4, the third part of the study was presented. It discusses the inter-area 

oscillations of the Kundur two-area four-machine network. The optimal location for the 

placement of the MTDC system was first analysed based on the modification made to the test 

network. Two scenarios were observed during a time-domain response. The operating point of 

the MTDC converters was also adjusted by means of varying the Iorder from the overall 

controller, and the result was plotted against the damping rate of the system oscillations. The 

results show that the test network experience better damping of the inter-area oscillation with 

reduced amplitudes when the modelled MTDC network was used in replacement of the AC 

lines on the network. Also, during the variation of the MTDC setpoint, the result shows steady 

quick damping of the inter-area oscillations until a certain point called the damping saturation 

point.  Above this point is an excess power transfer across the MTDC link, which has a 

detrimental impact on the AC network inter-area oscillation. 

6.1.4 Implementation OF A Multiterminal LCC HVDC with Auxiliary Controller on South 

Africa’s 765kV Corridor 

In addressing the final objective of this study, the knowledge gained from the test 

network in chapter 3 and 4 was implemented on the south African grid in chapter 5. In carrying 

out this study, the South African grid was modelled, and detailed dynamic responses to 

different stability studies were carried out. The modelling of the transmission line was 

discussed, converter filter designs were also discussed. A proposed auxiliary controller for the 

MTDC system capable of reducing the active power oscillation by generating a new current 

order (Idcnew) was also discussed. Initial response during a system disturbance shows a loss of 

synchronizing effect from both the AVR and PSS, which causes the generator to lose 

synchronism with subsequent oscillations. A negative damping torque for the rotor angle and 



 

 

negative synchronizing torque for the interarea oscillations was observed during the first 

scenario. The conclusion of this chapter is that the implementation of the MTDC link on the 

South African grid provided a better system performance. The results are seen in the quick 

damping of the interarea oscillations with a significant improvement to the voltage profile. 

Among all the benefits, the power carrying capacity at a reduced loss stood out. Therefore, the 

adoption of this research into the South African transmission network will surely help enhance 

the stability margin of the grid. Finally, an auxiliary controller proposed provided potential 

mitigation of excessive active power dip of the MTDC link during the system disturbance. 

 

6.2 RECOMMENDATION FOR FUTURE WORK 

This study has provided deep insight into the modelling and control of MTDC network 

and also in the area of performance evaluation of MTDC system. It fully highlights the several 

potentials, advantages, and application areas of a line commutated MTDC converter systems. 

However, there are still a few limitations that could be addressed in the areas of future work. 

Therefore, suggested future works in the area of MTDC are discussed below. 

• The converter utilized could be modified to accommodate the voltage source converter 

to form a hybrid MTDC network.  

• The MTDC controller could be modified to allow reverser of power transfer with the 

usage of a double controller in each converter station. 

• The synchronous generators used could be replaced with a renewable energy source; 

such as wind farms and PV farms. 

• The MTDC network topology could be modified to consider other meshed network 

topologies. 

• The investigation recorded in this thesis was solely the work of dynamic simulation 

using PSCAD software. This is to help gain insight into the phenomena of power system 

stability and control. The reasons are due to the availability and cost of various pieces 

of power equipment needed to carry out the experimental analysis of the study. 

Therefore, future works arising from this study need to embrace practical and 

experimental analysis. One main suggestion is to use a real-time simulation such as 

SPEEDGOAT, RTDS, or OPAL-RT. Hardware-in-the-Loop (HIL) could further be 

used to validate the quality of the testing. 




