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ABSTRACT 

Mwasaha Nyemi Mwangudza, F56/38456/2020 

Investigation of Constrained VSC-HVDC Tie Lines for Transient Stability Improvement of 

Interconnected Power Systems. 

Voltage Source Converter (VSC) – High Voltage Direct Current (HVDC) tie lines have become 

popular for the interconnection of power systems owing to their ability to independently control 

active and reactive powers. This attribute has been harnessed for transient stability improvement 

through the control of active or reactive powers. The supporting control area in interconnected 

power systems through the VSC-HVDC tie lines can modulate the DC power to support a faulted 

control area to recover stable conditions. However, it has been traditionally assumed that the 

supporting control area is an infinite system able to support the faulted control area without 

compromising its stable operating conditions. On the contrary, power systems have operational 

limits which must be respected. Violation of stable conditions compromises the system's integrity 

and at worst can cause a total system collapse. Providing the required regulating power beyond the 

ability of the supporting control area should be prevented to avoid unstable conditions. It is on this 

gap that this thesis has studied and simulated two cases of a Kundur two-area power system 

interconnected through a VSC-HVDC tie line. The first case has the traditional unconstrained 

VSC-HVDC tie line assuming an infinite system for the supporting control area. The second case 

has a constrained VSC-HVDC tie line that monitors the amount of the required regulating power 

and compares it with the system strength of the supporting area to avoid violating its stable 

conditions. The transient stability response of the two cases of a Kundur two-area system 

connected through a VSC-HVDC tie line was simulated in MATLAB/SIMULINK software. 

Transient faults were performed on the two systems and their transient responses were plotted 

under different fault scenarios. The first fault scenario resulted in the required regulating power 

within the ability of the supporting control area and the second fault scenario resulted in the 

required regulating power above the ability of the supporting control area. The simulation results 

showed that the unconstrained VSC-HVDC system exhibits unstable conditions with its frequency 

response and rotor speed deviation deteriorating significantly without recovering stable conditions. 

With the incorporation of the Inter-Area Frequency Supplementary Controller (IAFSC), the 

modulated link power is reset to assist in recovering stable conditions once the stability threshold 

limit is violated. The IAFSC monitors the frequency of the control areas in real-time to mitigate 

violation of stable conditions. It is armed with a modulation release signal logic dependent on the 
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frequency operating condition of the supporting control area. When the stability threshold limit is 

violated, the controller blocks the power ramp-up and resets the power modulation to the initial 

power order. In severe fault conditions, the IAFSC controller achieved transient stability 

improvement in the supporting control area thus mitigating unstable conditions that could 

jeopardize its stability. 

 

Key Words — VSC-HVDC, Transient Stability, Infinite System, IAFSC, Regulating Power, 

Active Power, Reactive Power, Kundur Two-Area System. 
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CHAPTER 1 

INTRODUCTION 

1.1 Background 

Power system interconnection has become a means of accessing secured and reliable power from 

member states. Many countries including the East Africa Power Pool (EAPP) have pursued the 

establishment of regional power pools owing to its benefits [1]. Nevertheless, power system 

interconnection comes with its challenges. High Voltage Alternating Current (HVAC) 

interconnection for example has the limitation of inter-area system disturbance propagation where 

severe system disturbances can threaten the security and integrity of the interconnected power 

systems [2],[45]. To mitigate inter-area system disturbance propagation, High Voltage Direct 

Current (HVDC) tie lines have been proposed [3], [25]. Moreover, HVDC technology specifically 

the Voltage Source Converter (VSC) has the advantage of independent control of active and 

reactive power flow. The active and reactive power can independently be modulated as and when 

required, unlike the synchronously connected tie lines where the power flow is solely dependent 

on the power system operating conditions. For this reason, the Voltage Source Converter (VSC) 

has a competitive advantage that accounts for its wide application in connecting offshore 

renewable generation, interconnection of asynchronous grids, and bulk power transfer over long 

distances [4], [26], [31]. With the increasing need for interconnected grid security and reliability 

[5], it is paramount that the HVDC fast control response is harnessed to improve the transient 

stability of interconnected power systems during transient disturbances. HVDC power modulation 

capability has thus been utilized to support stressed power systems during transient system 

disturbance [6]. The control of active power flow to support the stressed system is fundamental to 

achieving its stability. On the other hand, the supporting system must have the ability to provide 

the required regulating power without compromising its stability. Therefore, the amount of active 

power modulation from the supporting control area must be restrained to maintain its grid stability, 

security, and reliability. Because power systems have operational limits, this thesis has proposed 

and investigated the constrained VSC-HVDC tie lines for the interconnection of power systems as 

a means of transient stability improvement during severe transient disturbances by utilizing its 

Active Power Modulation (APM) capability. This has been achieved by implementing a 

supplementary controller that is connected to the control area through Phasor Measurement Units 

(PMU). PMUs have been used owing to their fast data acquisition and high accuracy [46]. 
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1.2 Problem Statement  

Power system coupling is necessitated by the need to establish secured and reliable grids. Many 

regions including Europe, America, Asia, and Africa have interconnected their grids through 

synchronous links. With synchronous links, studies have shown that severe system disturbance in 

one control area results in the generation and propagation of low-frequency power oscillations that 

could compromise the survivability of the interconnected large power grids. To enhance grid 

stability and security there is a need to decouple the dynamic interactions between the coupled 

systems which have now compelled the increased research and deployment of HVDC tie lines and 

more so the VSC-HVDC tie lines as a means of interconnecting power systems including 

integrating offshore renewable energy resources which in their nature exhibit intermittent 

frequency variation. VSC-HVDC links have handily been harnessed to ramp up power to support 

faulted interconnected systems during transient faults or disturbances. Research in VSC-HVDC 

systems for transient stability improvement of interconnected power systems has been advanced 

and recommended as a solution to realize a robust grid. However, a serious assumption is made, 

that the supporting control area is an infinite system. This assumption means therefore the VSC-

HVDC link can draw any amount of power from the supporting area without causing deviations 

of system parameters no matter how severe the system disturbance is. This is not the case. On the 

contrary, power systems have operational limits, and especially in Africa electricity grids operate 

close to their stability limits owing to the exponential growth in load attributed to modernization 

and industrialization that has been accompanied by little or no expansion in the generation and 

transmission infrastructure. Given this scenario, the unconstrained VSC-HVDC link in trying to 

support the stressed power system will cause severe system disturbance in the supporting control 

area. To mitigate such catastrophic events, this research utilizes constrained VSC-HVDC links that 

modulate the active power based on real-time system conditions to improve the transient stability 

of the interconnected power system. 
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1.3 Objectives 

1.3.1 Main Objective  

To investigate the transient stability response of interconnected power systems with unconstrained 

and constrained VSC-HVDC tie lines. 

1.3.2 Specific Objectives 

i) To develop and incorporate a supplementary controller in the proposed constrained VSC-

HVDC tie line. 

ii) To simulate transient faults on the existing unconstrained VSC-HVDC tie line to 

investigate its transient response. 

iii) To simulate transient faults on the proposed constrained VSC-HVDC tie line to 

investigate its transient response. 

iv) Validation of results. 

1.3.3 Research Questions 

i) How is the transient system response of the supporting control area when providing 

regulating power beyond its support capacity? 

ii) How is the transient system response of the faulted control area during severe transient 

system disturbance? 

iii) How can the two-area operating system parameters be monitored in real-time to 

provide system input parameters to the proposed supplementary IAFSC controller? 

iv) What inputs of the VSC-HVDC system shall be used by the IAFSC controller to 

develop an algorithm to adjust and provide the modulating power input to the 

supporting control area to improve its transient stability response? 

 

1.4 Justification for Study 

The Africa Clean Energy Corridor (ACEC) initiative is advocating for the interconnection of 

power systems to promote regional electricity trade in Africa [8]. Therefore, African countries like 

their counterparts in America and Europe, are implementing power systems interconnection 

projects to establish cross-border power trade to achieve a secure and reliable grid.  Recent trends 

have seen the growth of VSC-HVDC tie lines for transient stability improvement of interconnected 

power systems. However, the VSC-HVDC links have been implemented without considering the 
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strength of the interconnected power systems. It has been assumed that the interconnected grids 

are infinite systems and thus the VSC-HVDC tie line can ramp up any amount of power to support 

the stressed system. On the contrary, power systems have operational limits. This study therefor 

proposes a VSC-HVDC tie line that considers the support capacities of the interconnected power 

systems in real-time. With the proposed system, the transient stability of the interconnected power 

systems is ensured during large power system disturbances while maintaining the security and 

integrity of the interconnected systems. This solution can thus be aptly utilized in the proposed 

East Africa Power Pool (EAPP) to guarantee its integrity and security. 

 

1.5 Scope of Work 

The proposed research studies a Kundur two-area interconnected power system to perform 

transient stability analysis. The first case has an unconstrained VSC-HVDC tie line and the second 

case has the proposed constrained VSC-HVDC tie line. The transient stability analysis was done 

in MATLAB/SIMULINK programming software. The second proposed case considered power 

system operational limits.  

 

1.6 Thesis Organization 

This thesis is organized into five Chapters with chapter 1 describing the background, objectives, 

justification, and scope of work undertaken. Chapter 2 provides the literature review which 

includes the basic concepts of HVDC systems, a review of previous works, the research gap, and 

the problem formulation of the proposed solution. Chapter 3 gives the methodology of the 

proposed solution giving a review of the previous methods used, the proposed method for this 

research proposal, and the expected results. Chapter 4 gives the results and analysis of the system 

with the unconstrained and constrained VSC-HVDC link. Chapter 5 gives the conclusions drawn 

and the recommendations. The Thesis report has also provided the reference and appendices 

sections after the last chapter of the report.  

 

1.7 Published Works 

This research has been published in Heliyon Journal with authers as Mwasha Mwangudza, Dr. 

Abraham Nyete and Dr. Peter Musau. The research paper was accepted, comments addressed and 

resubmitted an is currently under review. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Basic Concepts 

2.1.1 Power System Interconnection 

Power system interconnection is the integration of isolated power systems into one grid through 

tie lines to operate as one system with the system operational quantities i.e. frequency, voltage, 

and phase angle maintained at an optimum limit. Over time, many nations have interconnected 

their power systems owing to the benefits that come along with system interconnection [9]. 

Isolated power systems can be connected through synchronous or asynchronous links. Recent 

trends have seen HVDC links gaining popularity owing to their ability to interconnect power 

systems with different operating system frequencies, interconnecting systems over long distances 

including integration of offshore renewable energy resources, and the ability to modulate power 

[10]. A summary of the comparison of the types of tie lines that can be used is shown in Figure 

2.1. 

 

 

 

Figure 2.1: Types of Interconnection Tie Lines [6] 
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HVDC transmission tie lines can further be subdivided into Line Commutated Converters (LCC) 

and Voltage Source Converters (VSC). VSC-HVDC links offer better performance in terms of 

active and reactive power flow control [10]. Therefore this thesis employs VSC-HVDC tie lines 

to interconnect a Kunder two-area system. Figure 2.2 shows a simple structure of a VSC-HVDC 

tie line with U1 as the A.C voltage on the rectifier side, U2 and Udc as the D.C voltage of the rectifier 

converter and the D.C line respectively. 

 

 

 

Figure 2.2: VSC-HVDC interconnection [13]. 

 

2.1.2 Power System Stability 

Despite the benefits of a reliable and secured power system, power system interconnection comes 

with the challenge of stability problems. The stability problems inherent in interconnected power 

systems can be classified into steady-state stability and transient stability [11].  

 

2.1.3 Steady-State Stability 

As stated in [11], steady-state stability is the ability of the power system to maintain synchronism 

when subjected to small disturbances. This is true when the equations describing the system rotor 

angle response can be linearized. 

 

2.1.4 Transient Stability 

In [11],[33] transient stability is defined as the ability of the power system to maintain synchronism 

when subjected to a severe transient fault such as transmission faults, loss of generation, or loss of 

a large load. The system response is usually followed by the oscillation of the generator rotor 

angles that become unstable. 
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To study power system stability the swing equation is used. 

The swing equation is expressed as [12], [20]; 

                                                                                     (2.1) 

Where δ is the generator rotor angle in degrees, M is the moment of inertia given by; 

                                                                                            (2.2) 

Where G is the MVA machine rating, H is the inertia constant in MJ/MVA, f is the system 

frequency in hertz, Pm is the mechanical power in per unit, Pmax is the maximum mechanical power 

in pu, and Pa is the per-unit accelerating power. 

 

2.1.5 Transient Stability Analysis Methods 

Transient stability analysis can be carried out using numerical (direct) methods or the indirect 

method by Equal Area Criterion (EAC) [12]. The numerical methods include the point-by-point 

method, the digital technique (Runge Kutta method), Liapunov’s direct method, and the Rate of 

Change of Kinetic Energy (RACKE). The most utilized and popular methods used in transient 

stability analysis are the EAC and point-by-point methods which are discussed in this proposal 

[12]. 

 

2.1.5.1 The Equal Area Criterion 

Transient analysis by Equal Area Criterion states that for stability conditions the rate of change of 

the generator rotor angle should be zero. This is expressed as; 

 

    
𝑑𝛿

𝑑𝑡
= 0               (2.3) 

Equation 2.3 implies that;  

 

  ∫ 𝑃
𝛿

𝛿0 adδ = 0                                     (2.4) 
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The Equal Area Criterion is described by the power-angle curve as illustrated in Figure 2.3 where 

Pio is the generator mechanical input power at initial stable condition, Pi is the generator input 

mechanical power following system disturbance, Pe is the electrical output power, Pmax is the 

maximum generator mechanical input power. 

 

 

Figure 2.3: Power angle Characteristic Curve. [11] 

The EAC requires that for stable conditions to be achieved after a system disturbance, area A1 

should equal area A2. This condition is mathematically described and achieved when; 

 

(δ2 – δ0)Sin δ1 + Cos δ2 - Cos δ2 = 0                                                                    (2.5) 

 

2.1.5.2 Point-by-Point Method 

The point-by-point method is a numerical method of transient stability analysis [8]. The change in 

rotor angle is expressed as; 

 

Δδn = Δδ(n-1)  + {(Δt)2 /M})* Pa(n-1)                                    (2.6) 

 

And the rotor angle at time tn (sec) can now be expressed as; 

δn = δ(n-1) +Δδn                          (2.7)                                                                                                                  
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This thesis has used the point-by-point method to perform the transient stability analysis of the 

interconnected systems normally used for multi-machine systems [8]. The EAC is only applicable 

in a single machine swinging with respect to an infinite bus. The point-by-point method is a well-

proven analysis numerical method applicable to a multi-machine system where more than one 

generating unit is interconnected as is the case in this research thesis. 

 

2.1.6 VSC-HVDC System.  

2.1.6.1 Introduction 

VSC-HVDC switching devices are made of IGBTs that switch on and off at a speed of 20 kHz as 

compared to thyristors that switch on and off at a frequency of 50 hertz. Through Pulse Width 

Modulation (PWM) the VSC system independently controls active and reactive power [13]. The 

control of active and reactive power is achieved by varying the phase angle and amplitude of the 

converter output voltage with respect to the AC line voltage. 

 

2.1.6.2 Basic Structure of a VSC-HVDC System 

The VSC-HVDC system consists of the following major components; 

i) The VSC Rectifier Converter and the Inverter Converter where voltage conversion from 

AC to DC and DC to AC is done respectively. 

ii) The Converter Transformer for voltage transformation. 

iii) The DC capacitors that form the voltage source of the Converters. 

The major components of a VSC-HVDC system are shown in Figure 2.4. 

 

Figure 2.4: Basic Structure of a VSC-HVDC System [13] 
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The VSC-HVDC system can operate as a rectifier or an inverter. It operates as a rectifier when 

active power flows from the AC side to the DC side. It operates as an inverter when the active 

power flows from the DC side to the AC side.  

 

2.1.6.3 Active and Reactive Power Modulation. 

The active and reactive powers Pconv and Qconv flowing between the converter and the AC system 

can be expressed by equations 2.5 and 2.6 [13],[34]. 

  

                                                                                                        (2.5)               

 

                                                        (2.6) 

 

 

 

                           Figure 2.5: VSC-HVDC Terminal [13] 

 

From equation (2.5), the active power can be controlled by varying the phase angle δ between 

voltages Uconv and UL. No active power flows in the system when the phase difference is zero. To 

change the direction of power flow the sign of the phase angle must be changed. From equation 

(2.6), when UL is greater than Uconv the AC system supplies reactive power to the DC side. When 

UL is lower than Uconv the DC side supplies reactive power to the AC side. The reactive power can 

be controlled by controlling the converter and AC line voltages. The power magnitude and 
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direction can be modulated by varying the direction and magnitude current. The direct current can 

be expressed as; 

                                   (2.7) 

The converter can operate in rectifier mode or inverter mode. When Uconv lags UL, the HVDC 

system absorbs active AC power and hence works as a rectifier. The direct voltage Vdc will be 

expressed as equation 2.8. 

                            (2.8) 

When Uconv leads the voltage UL, the HVDC system supplies active power to the AC side. The 

then operates as an inverter. The direct voltage Vdc will be expressed as equation 2.9; 

                              (2.9) 

 

2.2 Review of Previous Works 

Research has been advanced in VSC-HVDC tie lines used for power systems interconnection and 

as a means of transient stability improvement with the VSC-HVDC highly proposed and 

recommended to be used for regional power system interconnections. This section discusses the 

previous works done on this subject. 

 

Teja Bandaru et al (2018) [6] in their research, Improving the Transient Stability by Modifying the 

Power Exchange by the HVDC Transmission used a test system that assumes the supporting area 

is large and has the inertia to absorb any large variations in the dc link power. The HVDC controls 

are thus not constrained to mitigate the loss of synchronism in the supporting area in case of severe 

system disturbance that requires large regulating power beyond the capacity of the supporting 

control area. 

 

Issarachai Ngamroo et al (2002) [14] proposed the stabilization of frequency oscillations using a 

power modulation control of HVDC link in parallel AC-DC interconnected systems. This study 

has assumed that the supporting area is an infinite bus. The stability limit of the supporting control 

area is not considered.   
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Mao Xiao-ming et al (2007) [15] in the application of HVDC modulation in damping 

electromechanical oscillations, proposed the use of wide-area information signals in the AC-DC 

parallel interconnected systems to provide power modulation on the HVDC link. The wide-area 

signals provide better power modulation signals as opposed to the local signals. Despite providing 

better power modulation in damping frequency oscillations, this research did not address the 

system constraints of the interconnected power systems in terms of their support capability. 

 

R. Leelaruji et al (2010) [16] in their study, coordination of protection systems for mitigating 

cascading failures proposed using protection relays in providing power modulation signals to the 

VSC-HVDC system. The protection relays as proposed in their research use an overcurrent 

element as a modulating signal to the HVDC system. The overcurrent protection in nature is a 

slow-acting protection function and cannot be effectively used for the fast operation of the HVDC 

power modulation. The system model used in this research assumes an infinite system which does 

not reflect a real-case scenario since power systems have operational limits. 

 

Sharlene M Builu (2016) [17] in his thesis proposed a parallel AC-DC tie line using the first-

generation HVDC systems i.e. the LCC HVDC technology. He never studied the dynamic 

response for transient system disturbances. The proposed LCC HVDC system has the disadvantage 

of poor control of reactive power flow [14]. On the contrary, the VSC-HVDC system has the 

capability of independent control of active and reactive power and is used in this proposal. 

 

AN Fuchs et al (2010) [19] in their study proposed a VSC-HVDC system to improve the stability 

of the interconnected systems. In their study, a parallel AC-DC network model was used which 

assumed an infinite system of the supporting area. The system model does not reflect the real case 

scenario as power systems have their operational limits. 

 

Omid Borazjani et al (2015) [22] in their study Stability Improvement of AC System by 

Controllability of the HVDC used a Single Machine Infinite Bus (SMIB) for transient stability 

improvement during system disturbance. The SMIB assumes an infinite system and does not 

consider operational limits. 
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P. Bapaiah (2013) [37] in his study, Improvement of Power System Stability using HVDC Controls 

utilized a single machine test system connected to an infinite bus. The infinite bus will always 

provide the regulating power required for any amount of power step change regardless of the 

magnitude of the transient fault. This does not reflect a true case scenario of power systems that 

often operate with defined stability limits. 

 

Muhammad Abdul Basit et al (2018) [38] in their publication, Intelligent Damping Control for 

Transient Stability Enhancement using HVDC used a Single Machine Infinite Bus (SMIB) system 

which forms the basis of this thesis problem statement. The HVDC link as applied in their multi-

machine test system has its controller not restrained to consider the capacity of the supporting area. 

It is assumed that the supporting area will always provide the synchronizing torque to the stressed 

control area. 

Lakshmi Sundaresh et al (2020) [39]  in their publication, Improving Power Grid Transient 

Stability and Transfer Capability using HVDC Emergency Power Controls studied two control 

schemes i.e. frequency and voltage phase angle where the HVDC control scheme continuously 

changes the modulated power until the critical swing is mitigated. The control scheme does not 

incorporate checks on the strength of the supporting control area whenever the required modulated 

power is beyond its capability. 

 

2.3 Summary of the Previous Works 

Transient stability improvement utilizing VSC-HVDC tie lines has gained popularity and interest 

among researchers. A summary of the previous works is given in Table 2.3 which describes the 

work done and the areas that are unexplored forming the basis of this study
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Table 2.1: A summary of the Literature Review. 

Reference Authors Work done Gaps to be addressed 

[6] Teja Bandaru et al 

(2018) 

Improving the Transient Stability by 

Modifying the Power Exchange by 

the HVDC Transmission 

 Utilized a test system that assumes the supporting 

area is large and has the inertia to absorb any large 

variations in the DC link power. The HVDC controls 

are thus not constrained to mitigate the loss of 

synchronism in the supporting area in case of severe 

system disturbance that requires large regulating 

power beyond the capacity of the supporting control 

area. 

[14] Issarachai Ngamroo 

et al (2002) 

Stabilization of frequency 

oscillations using a power 

modulation control of HVDC link in 

parallel AC-DC interconnected 

systems. 

 The stability limit of the supporting area is not 

considered. The HVDC controller is not restrained in 

terms of active power modulation which is 

catastrophic for large power system disturbances 

beyond the capacity of the supporting area. 

[15] Mao Xiao-ming, 

Zhang Yao et al 

(2007) [16] 

Application of HVDC modulation in 

damping electromechanical 

oscillations. A theoretical analysis 

has been done on the modulation of 

DC power in an AC/DC power 

system. 

 The stability limit of the supporting area is not 

considered. The HVDC controller is not restrained in 

terms of active power modulation which is 

catastrophic for large power system disturbances 

beyond the capacity of the supporting area. 
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[16] R. Leelaruji et al 

(2010) 

Coordination of protection systems 

for mitigating cascading failures. 

 The system model utilized assumes infinite power 

systems. Power systems have operational limits a 

factor that needs to be considered to reflect a real-case 

scenario. The HVDC controller is not restrained in 

terms of active power modulation which is 

catastrophic for large power system disturbances 

beyond the capacity of the supporting area. 

[17] Sharlene M Builu 

(2016) 

Parallel AC-DC tie line using the 

first-generation HVDC systems. 

 Utilized LCC-VSC HVDC technology which has 

poor reactive power control. The stability limit of 

the supporting area is not considered. The HVDC 

controller is not restrained in terms of active power 

modulation which is catastrophic for large power 

system disturbances beyond the capacity of the 

supporting area. 

[24] J. Hazra et al (2009) HVDC Control Strategies to Improve 

Transient Stability in Interconnected 

Power Systems. Three HVDC 

control strategies on frequency, 

phase angle, and power difference 

between the sending and receiving 

end were studied. 

 The stability limit of the supporting area is not 

considered. The HVDC controller is not restrained in 

terms of active power modulation which is 

catastrophic for large power system disturbances 

beyond the capacity of the supporting area. 
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[37] P. Bapaiah (2013) Improvement of Power System 

Stability using HVDC Controls 

 Used a single-machine test system connected to an 

infinite bus. The infinite bus will always provide the 

regulating power required for any amount of power 

step change regardless of the magnitude of the 

transient fault. This does not reflect a true case 

scenario of power systems that often operate with 

defined stability limits. 

[38] Muhammad 

Abdul(2018) 

Intelligent Damping Control for 

Transient Stability Enhancement 

using HVDC 

 Used a Single Machine Infinite Bus (SMIB) system 

which forms the basis of this thesis problem 

statement. The HVDC link as applied in their multi-

machine test system has its controller not restrained 

to consider the capacity of the supporting area. It is 

assumed that the supporting area will always provide 

the synchronizing torque to the stressed control area. 

[39] Lakshmi Sundaresh 

et al (2020) 

Improving power grid transient 

stability and transfer capability using 

HVDC emergency power controls 

 Studied two control schemes for frequency and 

voltage phase angle where the HVDC control scheme 

continuously changes the modulated power until the 

critical swing is mitigated. The control scheme does 

not incorporate checks on the strength of the 

supporting control area whenever the required 

modulated power is beyond its capability. 
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Proposed Work Investigation of Constrained VSC-

HVDC Tie Lines for Transient 

Stability Improvement of 

Interconnected Power Systems 

 

 The proposed work addresses the gap of transient 

stability loss in the supporting control area when the 

regulating power required by the faulted control area 

is beyond its capacity. It incorporates an IAFSC 

controller which monitors in real-time the system 

frequency of the control areas and mitigates unstable 

conditions by controlling the HVDC controls during 

severe fault conditions. This supplementary 

controller does not assume the power systems to be 

infinite hence maintains its operational limits to 

prevent catastrophic unstable conditions. 
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2.4  Research Gap 

Researchers have put forward the concept of VSC-HVDC tie lines as a means of transient stability 

improvement of interconnected power systems [28]. However, in their proposals a serious 

assumption is made, i.e. the supporting area is an infinite system able to support any amount of 

power to the stressed area without causing deviations in system parameters irrespective of how 

severe the system disturbance is. On the contrary, power systems have operational limits and these 

limits must be respected. With the conventional system, the unconstrained HVDC link will cause 

instability issues in the supporting area if this control area’s supporting strength is limited. Given 

the limitation of the conventional system controllers, this thesis has studied the transient stability 

response of an interconnected power system while considering the support capacity of the 

supporting area using real-time data to mitigate unstable conditions during severe disturbances 

where its support capacity is limited. Therefore, an IAFSC (Inter Area Frequency System 

Controller) that is capable of restraining the active power modulation using real-time power system 

data has been proposed in this thesis. Two system models have been used to simulate the dynamic 

behavior of the interconnected systems, the first case with an unconstrained VSC-HVDC link and 

the second case with constrained VSC-HVDC links that utilize the proposed controller. 

 

2.5 Chapter Conclusion 

Based on the review of the previous work done and the research gap described in this chapter, this 

thesis studied a constrained VSC-HVDC tie line with a controller receiving real-time control area 

data for transient stability improvement of the interconnected systems during severe system 

disturbances. A Kundur two-area interconnected system is used to simulate the dynamic behaviour 

of the interconnected systems with the first case using a constrained VSC-HVDC link and the 

second case using an unconstrained VSC-HVDC link.  
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CHAPTER 3 

MATERIALS AND METHODS 

 

3.1 Introduction 

This chapter provides the research approaches and methods used to enhance the transient stability 

of interconnected power systems by utilizing the active power control capability of the VSC-

HVDC system [23], [29]. Unlike the traditional systems, the addition of the IAFSC in the VSC-

HVDC control strategy is done to mitigate unstable conditions in the supporting control area 

whenever the system disturbance is severe beyond its support capacity. The Kundur two-area 

system [40],[44] has been used as a test system for the simulation of transient faults, where 

modifications have been done to include a VSC-HVDC tie line and the proposed control method 

in this thesis. The test systems representing the traditional and the proposed systems are shown in 

Figures 3.1 and 3.2 respectively. Two fault scenarios were simulated, with the first case leading to 

the loss of 10% of generation in control area 2 for which control area 1 can effectively support, 

and the second case leading to the loss of 25% of generation in control area 2 for which control 

area 1 is incapable of providing the required regulating power to effectively restore system stability 

in control area 2. The system responses are studied for the test system with and without the 

proposed IAFSC and validation of the proposed control method is done by comparing the two case 

scenario responses. 

  

 

 

Figure 3.1: The Conventional VSC-HVDC System 
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Figure 3.2: The Proposed VSC-HVDC System 

 

 

3.2 The Kundur Two-Area Test System 

The Kundur two-area test system consists of four generators with each pair forming a control area 

connected via a tie line. Originally proposed by Kundur, this test system has become popular for 

the simulation of interconnected power systems [43], [47]. In this thesis, modifications were done 

to connect the two areas with a VSC-HVDC tie line. The traditional HVDC controls were 

improved to include the proposed IAFSC controller in this thesis. Figure 3.2 shows the improved 

test system whose system design in MATLAB/SIMULINK is shown in Figure 3.17. The system 

data for the Kundur two-area test system is given in Table 3.1. 
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Figure 3.3: Two-Area Kundur Test System with a VSC-HVDC Tie Line [11] 

 

Table 3.1: The Kundur Two-Area Test System Data [11] 

Generator Rating 

(MVA) 

Xd 

(pu) 

XId 

(pu) 

XIId 

(pu) 

TIdo 

(s) 

TIIdo 

(s) 

XIq 

(pu) 

XIIq 

(pu) 

TIqo 

(s) 

TIIqo 

(s) 

H 

(s) 

R 

(pu) 

G1 900 1.8 0.3 0.25 8 0.03 1.7 0.25 0.4 0.05 6.5 0.05 

G2 900 1.8 0.3 0.25 8 0.03 1.7 0.25 0.4 0.05 6.5 0.05 

G3 900 1.8 0.3 0.25 8 0.03 1.7 0.25 0.4 0.05 6.175 0.05 

G4 900 1.8 0.3 0.25 8 0.03 1.7 0.25 0.4 0.05 6.175 0.05 

 

3.3 The VSC-HVDC System Description 

The VSC-HVDC system used in this thesis is a 200MVA, 230kV AC, and +/- 100kV DC side 

system with 230/100kV converter transformers on the rectifier and the inverter sides. The VSC-

HVDC system has AC filters, phase reactors, and DC capacitors connected to it as shown in Figure 

3.4 which is described in detail in the subsequent sections. 
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Figure 3.4: VSC-HVDC System Architecture [41] 

 

3.3.1 The Converter Transformer 

The 230/100kV converter transformers transform the AC voltage to DC voltage and vice versa on 

the rectifier and inverter side respectively. The converter transformer leakage reactance permits 

the converter output voltage to shift in phase and amplitude with respect to the AC system Point 

of Common Coupling (PCC) and allows independent control of the converter's active and reactive 

power outputs [42]. 

 

3.3.2 The Phase Reactor 

The phase reactor is a fundamental component of the VSC-HVDC system whose leakage 

impedance being 15% is essential for independent control of active and reactive power. It functions 

as a low-pass filter blocking harmonic current components related to high-frequency switching 

thus reducing harmonic losses in the converter coupling transformers. The phase reactor leakage 

reactance (Xp) should be large enough to minimize sudden variation current caused by high-

frequency switching, but at the same time, it should be small enough so that the voltage drop across 

the inductances can be considered negligible. Therefore its value is normally between 0.15pu to 

0.2pu [42]. In this thesis, a value of 0.15pu is used [21]. 

 

Given the 0.15pu value of the leakage reactance, its corresponding inductance can be calculated 

in equation 3.1. 

 

Xf  = Xp* (V2/MVA)                            (3.1) 

      =  0.15 .
1002

200
   = 7.5ჲ 
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Where V is the rated voltage, Xp is the leakage reactance per unit and 𝑋𝑓 is the leakage reactance 

in ohms and its associated inductance Lp is calculated as; 

 

Lp = Xf / 2Πf                                            (3.2) 

      =  
7.5

2𝜋.50
   = 23.87mH 

 

3.3.3 AC Filters 

The AC filters are fundamentally used to suppress high-frequency harmonic currents. Unlike the 

LCC-HVDC filters, they are not required for reactive power compensation in VSC-HVDC 

applications and therefore are permanently connected to the HVDC system. The dominant 

harmonic voltages are generated at and around multiples of the frequency index p, which is the 

carrier frequency per modulator frequency. The switching frequency (1350Hz) with a sampling 

time Ts of 7.406e-6 seconds gives the frequency index p as 27. The dominant harmonic 

components are thus exhibited at the 27th and 54th harmonics. The AC filters must filter these 

harmonics and hence are tuned at the 27th and 54th harmonic frequencies. The selection of the filter 

parameters is thus highly dependent on the switching frequency fs and the VSC base impedance 

Zf value. The filter parameter values are calculated as [42], [48]; 

 

Zf   = Xp* (V2/MVA)                                       (3.3) 

𝑍𝑓 =  0.15.
1002

(200)
 = 7.5ჲ 

The filter inductance Lf and capacitance Cf as calculated in this thesis are; 

 

Lf = Zf / 2Πfs                                                                                  (3.4) 

    =  
7.5

(2𝜋.1350)
 = 0.8842mH 

 

Cf  = Lf / (Zf2)                                                                                  (3.5) 

     =  
8.8842𝑒−4

(7.52)
 = 15.72𝜇F 
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3.4 VSC-HVDC Control Scheme 

The VSC-HVDC control scheme uses the vector control scheme to achieve a decoupled control of 

active and reactive power [30]. The vector control principle has been used in this thesis to control 

the active and reactive power on the rectifier side and the voltage and reactive power on the inverter 

side. Figure 3.5 shows the vector control scheme used to control the modulation index of the 

converter.  

 

Figure 3.5: VSC-HVDC Vector Control Scheme [13], [30] 

 

In the vector control strategy, the abc stationary coordinates system is transformed to the 

equivalent dq coordinates system which provides an effective way of independent control of active 

and reactive powers [35]. The outer controller in the vector control scheme provides the reference 

currents Idref and Iqref to the inner controller. For the active and reactive power control, the 

instantaneous powers are calculated in equations [3.6] and [3.7].  
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P = 
3

2
 (VdId + VqIq)                         (3.6) 

Q = 
3

2
 (VqId - VdIq)                                                                                                          (3.7) 

In the vector control strategy, the q-axis of the dq-frame is aligned with the AC voltage phasor 

such that the q-axis voltage becomes zero i.e. Vq = 0. This reduces equations 3.6 and 3.7 to 

equations 3.8 and 3.9 respectively. 

 

P = 
3

2
 *VdId                                                                                                        (3.8) 

 

Q =- 
3

2
 *VdIq                                                                                             (3.9) 

The inner controller shown in Figure 3.6 controls the modulated voltages Vd and Vq that generate 

the required PWM switching sequence. To decouple the dq-axis, a feed-forward technique is used 

to compensate for cross-coupling terms [27], [44].  

 

 

Figure 3.6: VSC-HVDC Inner Controller [13] 

 

3.4.1 The IAFSC Controller 

The IAFSC controller proposed in this thesis is a supplementary controller that determines the 

amount of modulated power depending on the system support capacity of the supporting control 

area. It is implemented as an additional controller to the existing VSC-HVDC controller to improve 

the transient stability of the supporting area during severe system disturbances that require 

regulating power beyond its ability. The IAFSC controller as implemented in this thesis is shown 

in Figure 3.7.  It is connected to the rectifier and inverter Phasor Measurement Units (PMU) to 
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monitor the frequency changes of the two control areas. The IAFSC controller is composed of a 

frequency summation circuit, a conditioning circuit, a Proportional and Integral (PI) controller, 

and a modulation release logic circuit as shown in Figure 3.8. The PI controller achieves the desired 

controller response through the selection of proper proportional and integral gains Kp and Ki 

respectively. The PI controller was selected owing to its inherent reduction of steady-state errors, 

faster response time, and reduced settling time. 

 

 

 

Figure 3.7: The IAFSC Controller Circuit [Proposed] 

 

During fault conditions, the frequency deviation of the faulted control region is calculated to give 

the required modulated power ramp order to the primary VSC-HVDC controller to assist the 

faulted control area in recovering stable conditions. At the same time, the supporting control area 

frequency is monitored to avoid violation of the stable limit. When the stability limit is exceeded 

the IAFSC controller resets the power to assist in recovering stable conditions. 
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Figure 3.8: The IAFSC Controller Block Diagram 

 

The PI controller block diagram is shown in Figure 3.9 [32]. From this figure, the controller 

equation can be described by equation 3.10. 

 

 

 

     fmeas                        e(t)                                                                                          U(t)                                                                                       

 

                             fset 

 

Figure 3.9: PI Controller Block Diagram  

 

U(t) = Kpe(t) + Ki∫ 𝑒(𝑡)𝑑𝑡                                 (3.10) 

 

Where U(t) is the output of the PI controller, e(t) is the error signal, Kp and Ki are proportional and 

integral gains respectively, fmeas and fset are the measured and threshold frequencies respectively. 

Ki∫. 

Kp 

PI Controller 

Modulation Release Logic 

Frequency Summation 

Circuit 

Conditioning 
Circuit 
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The transfer function of the PI controller is obtained by taking the Laplace transform of equation 

3.10 and is described in equations 3.11 and 3.12. 

 

U(s) = (Kp + 
𝐾𝑖

𝑠
   )E(s)                                                                                               (3.11)   

𝑈(𝑠)

𝐸(𝑠)
  =  (Kp + 

𝐾𝑖

𝑠
 )                       (3.12)  

Where U(s) is the output of the controller, E(s) is the error input signal and (Kp + 
𝐾𝑖

𝑠
 ) is the 

controller Transfer Function (TF). 

Figure 3.10 shows the block diagram of the IAFSC controller system used to determine the system 

transfer function. It consists of signal conditioning, and PI controller block diagrams respectively. 

 

 

 

    fmeas                 F(s)                                                                           P(s) 

 

                                        fset           

 

Figure 3.10: Block diagram representation of the IAFSC controller system 

 

The system equation of Figure 3.9 is described in equation 3.13 as; 

P(s) = F(s *(
𝐾𝑓

1+𝑠𝑇𝑓
)*(𝐾𝑝 +

𝐾𝑖

𝑆
 )                                (3.13)                                                                                                                                                                                                                                                                     

Therefore, the IAFSC system transfer function T(s) is given by equation 3.14. 

𝑃(𝑠)

𝐹(𝑠)
 = T(s) =  (

𝐾𝑓

1+𝑠𝑇𝑓
)*(𝐾𝑝 +

𝐾𝑖

𝑆
 )                     (3.14)                                                                                                                                                                             

                      

Where  P(s) and F(s) are the system output and input signals respectively, T(s) is the system 

transfer function, Kp, Ki, and Kf are the controller proportional and integral and regulator gains 

respectively, and Tf is the sampling time.  

 

 

 

 

 

𝐾𝑝 +
𝐾𝑖

𝑆
 

𝐾𝑓

1 + 𝑠𝑇𝑓
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3.4.2 The IAFSC Controller Parameter Selection and Tuning. 

From the knowledge of the characteristics of the proportional and integral gains, their advantages 

are exploited while taking careful consideration of their disadvantages. Since the proportional gain 

reduces steady-state error and achieves stable control whereas the integral gain eliminates steady-

state error but increases the settling time, let the initial proportional and integral values of the 

controller be Kp =10.0, and Ki =20.0, Kf =1.0 and a sampling time of Tf = 7.4074e-4. The step 

response of the transfer function was plotted in MATLAB/SIMULINK as shown in Figure 3.11.  

 

 

Figure 3.11: Step Response of the PI Controller 

 

It is noted that the step response has a steady-state error of approximately 0.1 as per the graph in 

Figure 3.11. To further reduce the steady state error and the rise time, the proportional and the 

integral gains are increased to a value of Kp = 20.0 Ki = 50.0, and the step response was plotted in 

MATLAB/SIMULINK. From the graph in Figure 3.12 it can be shown that the steady-state error 

reduces by approximately 0.05.  

 

Parameters 

Kp = 10.0 

Ki = 20.0 

Kf = 1.0 

Tf = 7.4074e-4 

Steady-state error of 

approximately 0.1 
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Figure 3.12: Step Response of the PI Controller 

To eliminate the steady-state error, the proportional, integral, and conditioning gains are further 

increased iteratively until the desired response is obtained as shown in Figure 3.14. 

 

 

Figure 3.13: Step Response of the PI Controller 

 

 

 

Parameters 

Kp = 20.0 

Ki = 50.0 

Kf = 1.0 

Tf = 7.4074e-4 

Steady-state error of 

approximately 0.05 

Parameters 

Kp = 30.0 

Ki = 50.0 

Kf = 2.0 

Tf = 7.4074e-4 
Slight Steady-state 

error 
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Figure 3.14: Step Response of the PI Controller 

 

The IAFSC controller parameters were thus set to Kp=50.0, Ki=70.0 Kf =2.0, and Tf = 7.4074e-4 to 

achieve the desired system response.  

 

 

3.4.3 The IAFSC Controller Circuit in MATLAB/SIMULINK. 

Figure 3.15 shows the IAFSC controller as implemented on the rectifier side. It measures the real-

time frequency of the control area 1. A settable cut-off frequency for the system stability limit is 

continuously monitored below which the modulated power is reset. The control circuit is 

comprised of a PMU measurement system that measures the area frequency, the frequency 

comparator that compares the area frequency and the threshold stability limit, the PI controller, the 

power modulation logic circuit for release or block signal depending on the area stability, and an 

oscillography measurement circuit for signal plotting. 
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Figure 3.15: The IAFSC Control Circuit for the Rectifier Side 

 

On the inverter AC side, the IAFSC controller equally monitors the real-time frequency of the 

system and calculates the required regulating power to restore stability during system disturbances. 

This regulating power is then compared with the system strength on the rectifier side to establish 

whether it is capable of providing it before the release of the active power ramp-up signal to the 

rectifier converter. The inverter side supplementary controller is shown in Figure 3.16. It 

comprises a PMU measurement system, a regulating power calculation circuit, a PI controller, and 

a power order ramping circuit. 
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Figure 3.16: The IAFSC Control Circuit for The Inverter Side 

 

3.4.4  Calculation of Regulating Power 

To modulate the active power during transient disturbances the VSC-HVDC system achieves this 

through the IAFSC controller that monitors the system support capability. The change in frequency 

following the system disturbance is translated to an equivalent step change in power. This is 

expressed as [36]; 

ΔPm = ΔPref − (
1

𝑅
) ∗ Δf                                             (3.15) 

Where 𝛥𝑃𝑚 is the step change in power, 𝛥𝑃𝑟𝑒𝑓 is the change in generator power reference setting, 

𝛥𝑓 is the change in system frequency and R is the generator regulating constant. For a fixed 

generator speed changer setting then 𝛥𝑃𝑟𝑒𝑓 = 0. Therefore, equation 3.15 reduces to; 

 

ΔPm =  − (
1

𝑅
) ∗ Δf                         (3.16) 

 

In an interconnected power system containing n generating units, the step change in power is given 

by; 

ΔPm = − (
1

𝑅1
+

1

𝑅2
+

1

𝑅3
+ ⋯ +

1

𝑅𝑛
) ∗ 𝛥𝑓                         (3.17) 
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Where Rn is the regulating constant of the nth generating unit. The summation of the reciprocal of 

the generator regulating constant is known as the Frequency Response Characteristic defined as; 

  

𝛽 = ∑
1

𝑅𝑛
 ; n = 1, 2, 3,... n.                       (3.18) 

 

For an interconnected system with n generator units, the change in the output power equation is 

expressed as; 

 

ΔPm =  −β𝛥𝑓              (3.19) 

 

The generator regulation constants for the Kundur test system are R1 = 0.05, R2 = 0.05, R3 = 

0.05, and R4 = 0.05. Therefore the step change in power for the test system is expressed as; 

 

ΔPm = − (
1

0.05
+

1

0.05
) ∗ 𝛥𝑓                                                        (3.20) 

 

ΔPm =  −40.0𝛥𝑓                                                                                                                      (3.21) 

 

3.4.5  IAFSC Controller Algorithm Flowchart 

The IAFSC controller output ensures the stability of the supporting control area whenever the 

regulating power required to support the faulted control area is beyond its capacity. The algorithm 

flowchart of the IAFSC controller is shown in Figure 3.17. Through the PMUs on the rectifier and 

inverter sides, the system frequencies are measured and compared to a settable frequency 

threshold. On the inverter side, the controller calculates the regulating power required to restore 

system stability. This is sent as a modulated active power order to the rectifier controls which start 

to ramp up/down power while monitoring the rectifier system frequency against the threshold 

setting. 
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Figure 3.17: The IAFSC Controller Algorithm Flowchart 
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Figure 3.18: The Proposed VSC-HVDC System Design in MATLAB/SIMULINK Software.
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3.5 Simulation of Steady State Condition 

The steady-state condition was simulated to compare the system response with and without the 

IAFSC controller as a benchmark for comparison of the system response under transient fault 

conditions. 

 

3.6 Simulation of Transient Fault 

Simulation of transient fault was performed in MATLAB/SIMULINK on control area 2 AC side 

for two cases, the first case without the IAFSC controller and the second case with the IAFSC 

controller incorporated in the HVDC controls. A transient fault is performed after 4sec for 100ms 

and the system response is monitored for the two cases. These are discussed in sections 3.6.1 and 

3.6.2. 

 

3.6.1 Simulation Case I 

A transient fault simulation was performed in control area 2 after 4 seconds for 100ms which then 

leads to a 10% loss of generation in this area. This case simulates a transient fault for which control 

area 1 is capable of providing the required regulating power for control area 2 to recover stability. 

Given the threshold stability frequency limit of 49.8Hz, a loss of 10% generation in area 2 is 

assessed mathematically to categorize it as a non-severe fault condition. Equation 3.22 shows the 

calculation of change in frequency Δf for a total loss of power ΔPm of 0.1pu. From equation 3.19, 

the change in frequency is calculated as; 

 

Δf =  − (
𝛥𝑃𝑚

β
)                                  (3.22) 

 

Δf =  − (
0.1

40
) =  -2.5e-3 pu                                  

 

Δf =  − (
0.1

40
) =  -2.5e-3 * 50Hz = -0.125Hz 

 

The final area 2 frequency after the loss of 10% generation is 50Hz – 0.125Hz = 49.875Hz which 

is above the threshold frequency of 49.8Hz and hence is categorized as a non-severe fault 

condition.                                  
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3.6.2 Simulation Case II 

A transient fault simulation was performed in control area 2 after 4 seconds for 100ms which then 

leads to a 25% loss of generation in this area. This case simulates a transient fault for which control 

area 1 is not capable of providing the required regulating power for control area 2 to recover 

stability. Given the threshold stability frequency limit of 49.8Hz, a loss of 25% generation in area 

2 is assessed mathematically to categorize it as a non-severe fault condition. Equation 3.23 shows 

the calculation of change in frequency Δf for a total loss of power ΔPm of 0.25pu. From equation 

3.19, the change in frequency is calculated as; 

 

Δf =  − (
𝛥𝑃𝑚

β
)                                  (3.23) 

 

Δf =  − (
0.25

40
) =  -6.25e-3 pu                                  

 

Δf =  − (
0.25

40
) =  -6.25e-3 * 50Hz = -0.3125Hz 

 

The final area 2 frequency after the loss of 25% generation is 50Hz – 0.3125Hz = 49.6875Hz 

which is below the threshold frequency of 49.8Hz and hence is categorized as a severe fault 

condition. 

 

3.7 Chapter Conclusion 

The methodology as discussed was successfully implemented in MATLAB/SIMULINK where 

simulation of transient faults was performed. The results are discussed in the next chapter for 

validation of the proposed supplementary controller in improving the transient stability response 

of interconnected VSC-HVDC systems. 
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CHAPTER 4 

RESULTS AND ANALYSIS 

4.1 Introduction 

This chapter presents the simulation results done on the Kundur two-area test system 

interconnected with a VSC-HVDC tie line. The simulations were performed in 

MATLAB/SIMULINK software as discussed in detail in this chapter. The transient stability 

responses on the test system with and without the proposed controller are compared to validate the 

stability improvement of the proposed IAFSC controller. 

 

4.2 Simulation of Steady State Condition 

In steady state conditions, the two interconnected areas operate at their nominal frequency of 50Hz. 

The VSC-HVDC system steady-state condition was simulated to provide the reference system 

response signals for comparison and validation. Figure 4.1 shows the frequency response of control 

area one which begins with spikes due to initial switching and finally settles at 50Hz after 

approximately 2 seconds. 

 

 

Figure 4.1: Area 1 Frequency Response 
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Figure 4.2 shows the steady-state frequency response of control area two which begins with spikes 

due to initial switching and finally settles at 50Hz after approximately 2 seconds. 

 

Figure 4.2: Area 2 Frequency Response 

Figure 4.3 shows the steady-state rotor speed deviation of control area one which begins with 

spikes due to initial switching and finally settles at zero (0) per unit. 

 

Figure 4.3: Area 1 Rotor Speed Deviation Response 

Area 1 Rotor Speed Deviation dw (pu) 
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Figure 4.4 shows the steady-state rotor speed deviation of control area two which begins with 

spikes due to initial switching and finally settles at zero (0) per unit. 

 

Figure 4.4: Area 2 Rotor Speed Deviation Response 

Figure 4.5 shows the steady-state HVDC tie power order from control area one of which also 

begins with spikes due to initial switching and finally settles. 

 

Figure 4.5: HVDC Tie Order Power from Area 1 
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Figure 4.6 shows control area one generation at steady-state conditions. 

 

Figure 4.6: Area 1 Generation 

Figure 4.7 shows control area two generation at steady-state conditions. 

 

Figure 4.7: Area 2 Generation 
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4.3 Case I Fault Condition 

Case I transient fault condition simulation in control area 2 leads to a 10% loss of generation in 

this area. This case simulates a transient fault for which control area 1 is capable of providing the 

required regulating power for control area 2 to recover stable condition. 

4.3.1 Case I Fault without IAFSC Controller 

Figures 4.8, 4.9, 4.10, 4.11, 4.12, 4.13, and 4.14 show the system responses without the IAFSC 

controller (typical of the traditional system) following the fault simulation in control area 2. Figure 

4.8 shows the control area 1 frequency response which slightly lowers down after the fault (but 

not below the stability limit) when providing the regulating power to control area 2. Control area 

1 is thus capable of providing the required regulating power to control area 2 without deviating 

much from its nominal state as the fault is not severe. The traditional HVDC controls can thus 

effectively modulate the active power required by control area 2 without affecting control area 1 

stability. 

 

Figure 4.8: Case I Fault Area 1 Frequency Response without IAFSC Controller 
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Figure 4.9 shows control area 2 frequency response. Immediately after the fault, its frequency 

starts to lower almost approaching the stability limit line. Then the traditional HVDC controller 

ramps up DC power to support control area 2. As a result, area 2 recovers stable conditions. The 

fault is not severe enough to cause unstable conditions in control area 1 hence the action of the 

traditional controls does not affect control area 1 operating conditions. 

 

Figure 4.9: Case I Fault Area 2 Frequency Response without IAFSC Controller 

Figure 4.10 shows control area 1 rotor speed deviation which reduces by approximately 2.5pu after 

providing the required regulating power to control area 2. The deviation is not significant to cause 

unstable conditions since the fault is not severe. This shows that control area 1 was strong enough 

to support control area 2 following the transient fault and hence the traditional HVDC controls can 

effectively modulate the active power without affecting control area 1. 
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Frequency start to 
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Figure 4.10: Case I Fault Area 1 Rotor Speed Deviation Response without IAFSC Controller 

Figure 4.11 shows control area 2 rotor speed deviation which reduces by approximately 4.5pu after 

the occurrence of the transient fault. However, it recovers stable conditions when control area 1 

provides the regulating power by modulating the active power. 

 

Zero speed deviation at 

stable conditions 

Fault inception 

Area 1 rotor speed deviation 

lowers by 2.5pu as a result of 

supporting area 2. The 

deviation is not much to cause 

unstable conditions. 
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Figure 4.11: Case I Fault Area 2 Rotor Speed Deviation Response without IAFSC Controller 

Figure 4.12 shows the HVDC tie power order from control area 1. After the occurrence of the 

fault, the traditional HVDC controls order control area 1 to ramp up power to provide the 

regulating power to control area 2 to support its recovery of stable conditions. 

 

Figure 4.12: Case I Fault HVDC Tie Power Order from Area 1 without IAFSC Controller 
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Figure 4.13 shows a ramp-up of control area 1 generation as a result of the VSC-HVDC power 

modulation request by the traditional HVDC controller to support control area 2 that lost 

generation due to the transient fault. 

 

Figure 4.13: Case I Fault Area 1 Generation without IAFSC Controller 

Figure 4.14 shows control area 2 generation reduction as a result of loss of generation caused by 

the transient fault. The deficit regulating power was provided by control area 1. 

 

Figure 4.14: Area 2 Generation 
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Results Interpretation 

Since the fault condition in control area 2 was not severe enough to cause unstable conditions in 

control area 1, the traditional HVDC controller effectively modulated the active power to support 

control area 2 to recover stable conditions. As long as the operational limits are not violated, the 

traditional controller will work effectively. However, this will not be the case for severe faults, the 

very reason for the proposed IAFSC controller in this thesis. 

4.3.2 Case I Fault with IAFSC Controller 

Figures 4.15, 4.16, 4.17, 4.18, 4.19, 4.20, and 4.21 show the system responses with the IAFSC 

controller incorporated. As shown in Figure 4.15, control area 1 frequency slightly decreases. From 

this response, it is noted that control area 1 was capable of providing the regulating power 

following the fault in control area 2 without violating its frequency stability limit set at 49.8Hz 

(according to the recommendation of the EAPP interconnection code). Therefore, the IAFSC 

controller effectively modulated the power order from control area 1 in response to the fault in 

control area 2 to assist in its recovery of stable conditions.  

 

Figure 4.15: Case I Area 1 Frequency Response with IAFSC Controller 

Figure 4.16 shows control area 2 frequency response. Immediately after the fault, its frequency 

lowers almost approaching the stability limit line. The IAFSC controller ramps up DC power to 

support control area 2. As a result, control area 2 recovers stable conditions. 
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Figure 4.16: Case I Fault Area 2 Frequency Response with IAFSC Controller 

Figure 4.17 shows control area 1 rotor speed deviation which reduces by approximately 2.5pu 

when providing the regulating power to control area 2. The deviation is not significant to cause 

unstable conditions. This shows that control area 1 was strong enough to support control area 2 

following the transient fault. 

 

Figure 4.17: Case I Fault Area 1 Rotor Speed Deviation Response with IAFSC Controller 

Area 2 frequency recovers 

stable condition after area 1 

provides the regulating power 

 

Zero speed deviation at 

stable conditions 

Fault inception 

Area 1 rotor speed deviation 

lowers by -2.5pu as a result of 

supporting area 2. The 

deviation is not much to cause 

unstable conditions. 



50 
 

Figure 4.18 shows control area 2 rotor speed deviation which reduces by approximately 4.5pu after 

the occurrence of the transient fault. However, it recovers stability conditions when area 1 provides 

the regulating power through the active power modulation by the IAFSC controller. 

 

Figure 4.18: Case I Fault Area 2 Rotor Speed Deviation Response with IAFSC Controller 

Figure 4.19 shows the HVDC tie power order from control area 1. After the occurrence of the 

fault, the IAFSC controller orders control area 1 to ramp up power to support control area 2 to 

recover stable conditions. 
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Figure 4.19: Case I Fault HVDC Tie Power Order from Area 1 with IAFSC Controller 

Figure 4.20 shows a ramp-up of control area 1 generation as a result of the VSC-HVDC power 

modulation request by the IAFSC controller to support control area 2 that lost generation due to 

the transient fault. 

 

Figure 4.20: Case I Fault Area 1 Generation with IAFSC Controller 
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Figure 4.21 shows control area 2 generation reduction as a result of loss of generation caused by 

the transient fault. 

 

Figure 4.21: Case I Fault Area 2 Generation with IAFSC Controller 

 

Results Interpretation 

Since the fault condition in control area 2 was not severe enough to cause unstable conditions in 

control area 1, the IAFSC controller effectively modulated the active power to support control area 

2 to recover stable conditions. As long as the operational limits are not violated, the IAFSC 

controller will also allow power modulation to assist the faulted control area.  

4.4 Case II Fault Condition 

Case II transient fault simulation in control area 2 leads to a 25% loss of generation in this area. 

This case simulates a transient fault for which control area 1 is not capable of providing the 

required regulating power (considering its stability frequency limit) to assist control area 2 in 

recovering stability. 

 

4.4.1 Case II Fault without IAFSC Controller        

Figures 4.22, 4.23, 4.24, 4.25, 4.26, and 5.27 show the system responses without the IAFSC 

controller. As shown in Figure 4.22 without the IAFSC controller, the frequency response of area 
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1 deteriorates significantly, characterized by frequency oscillations. The system response in this 

case is the typical conventional system that never checks the system strength of the supporting 

control area. The traditional HVDC control system continues to ramp up HVDC power despite 

causing unstable conditions in control area 1.  As a result, control area 2 as shown in Figure 4.23 

recovers stability but at the expense of control area 1 stability.  This brings in the essence of the 

IAFSC controller as proposed and discussed in this thesis for transient stability improvement. 

Figure 4.22: Area 1 Frequency Response without IAFSC Controller 

Figure 4.23 shows control area 2 frequency response as a result of a severe fault that causes 

unstable conditions. Without checking the capacity of control area 1 the traditional HVDC ramps 

up DC power to support control area 2 at the expense of control area 1 stable conditions. 
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Figure 4.23: Case II Fault Area 2 Frequency Response without IAFSC Controller 
 

Figure 4.24 shows the rotor angle of control area 1 that deviates significantly from its stable 

condition when supporting control area 2 beyond its support capacity. As shown, without the 

proposed IAFSC controller the rotor angle deviation deteriorates significantly without recovering 

stable conditions. 

 

Figure 4.24: Case II Fault Area 1 Rotor Speed Deviation Response without IAFSC Controller 

The frequency stability limit is initially 

violated but recovers after support 

but at the expense of control area 1  . 

Fault inception 

The rotor angle of area one deviates 

significantly from stable condition when 

supporting area 2 beyond its capacity. 

Fault inception 



55 
 

Figure 4.25 shows control area 2 rotor angle deviation which deviates initially but later recovers 

after support from control area 1, although  control area 1 experiences unstable conditions (with 

the traditional controller). 

 
Figure 4.25: Case II Fault Area 2 Rotor Speed Deviation Response without IAFSC Controller 

Figure 4.26 shows the HVDC tie power order from control area 1 having unstable oscillations as 

a result of the severe fault in control area 2. The traditional HVDC controller (without the IAFSC 

controller) orders control area 1 to ramp up power to support control area 2 but since the fault is 

severe, control area 1 is not able to provide the regulating power and hence experiences serious 

unstable power oscillations. 
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Figure 4.26: Case II Fault HVDC Tie Power Order from Area 1 without IAFSC Controller 

Figure 4.27 shows control area 2 generation reducing significantly as a result of loss of generation 

caused by the severe fault. 

 

Figure 4.27: Case II Fault Area 2 Generation without IAFSC Controller 
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of control area 1. Control area 1 stable condition was thus violated hence the experienced unstable 

system responses as shown in these results. It is concluded that for severe fault conditions, the 

traditional HVDC controller violates the stable condition of the supporting control area hence the 

essence of the proposed IAFSC controller.  

4.4.2 Case II Fault with IAFSC Controller        

Figures 4.28, 4.29, 4.30, 4.31, 4.32, 4.33, and 4.34 give the system responses with the IAFSC 

controller incorporated. As seen in Figure 4.28, the frequency response of control area 1 recovers 

its stable condition once the IAFSC controller detects a violation of its stability parameters. The 

IAFSC controller ramps down the HVDC modulated active power to zero (0) to restore control 

area 1 system stability. This is because control area 1 was not capable of providing the required 

regulating power to assist control area 2 during the severe fault. In this way, control area 1 is saved 

from the danger of system collapse arising from the violation of its stable conditions. The IAFSC 

controller proposed in this paper comes in handy to assist control area 1 in recovering from the 

catastrophic unstable conditions. 

Figure 4.28: Case II Fault Area 1 Frequency Response with IAFSC Controller 

Figure 4.29 shows the frequency response of control area 2 that never recovers stable condition as 

control area 1 capacity is limited and hence IAFSC controller prevented the DC power ramp-up 

modulation. 
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Figure 4.29: Case II Fault Area 2 Frequency Response with IAFSC Controller 

Figure 4.30 shows the rotor angle deviation for control area 1. When the IAFSC controller detected 

a violation of the stability limit, it reset the DC power modulation to zero (0) to mitigate the 

catastrophic unstable conditions. 

Figure 4.30: Case II Fault Area 1 Rotor Speed Deviation Response with IAFSC Controller 
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Figure 4.31: Case II Fault Area 2 Rotor Speed Deviation Response with IAFSC Controller 

Figure 4.32 shows the HVDC power order ramped down to zero (0) megawatts by the IAFSC 

controller after detecting the violation of the stability limit in control area 1. 

Figure 4.32: Case II Fault HVDC Tie Power Order from Area 1 with IAFSC Controller 
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Figure 4.33: Case II Fault Area 1 Generation with IAFSC Controller 

Figure 4.34 shows control area 2 generation that reduces as a result of the severe fault. The IAFSC 

controller prevented the DC power ramp-up to provide the required regulating power as control 

area 1 is limited in its support capacity. 

 

Figure 4.34: Case II Fault Area 2 Generation with IAFSC Controller 
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The fault condition in control area 2 was very severe causing unstable conditions in control area 

1. Since the IAFSC controller detected a violation of stable condition in control area 1, the 

modulated active power was immediately reset to zero (0) to improve its transient stability 

response during severe fault conditions. Control area 1 stable condition was successfully recovered 

following the IAFSC controller action proposed in this thesis. This was not the case for the 

traditional HVDC controller where control area 1 experienced serious unstable conditions. It is 

therefore concluded that for severe fault conditions, the IAFSC controller improves the transient 

stability response of the supporting control area. 

4.5   Validation of Results 

In as much as the VSC-HVDC tie lines are proposed to be handily used for transient stability 

improvement of interconnected power systems by modulation of DC power order, the simulation 

results in this thesis have clearly shown that for severe fault conditions, care must be taken to 

ensure the support capacity of the supporting control area is considered. The supporting control 

area cannot be considered an infinite system as power systems have operational limits. As 

simulated, the case I fault scenario simulates a situation where the supporting control area can 

provide the required regulating power without compromising its system stability. Additionally, the 

case II fault scenario simulates a situation where the supporting control area cannot provide the 

required regulating power. Case II fault scenario is where the genesis of this research and thesis 

originated. A supplementary controller was introduced to monitor the operating capacity of the 

supporting control area in real-time to mitigate unstable conditions whenever the required 

regulating power is beyond its support capacity. Case II fault scenario without the IAFSC 

controller, a typical traditional system, showed a serious deviation from the nominal operating 

stable conditions in control area 1. The operating frequency decreased below 49.8Hz the 

recommended lowest operating frequency for stable conditions. This shows that the system 

disturbance in Control Area 2 was severe and required large regulating power beyond the ability 

of Control Area 1. With the incorporation of the IAFSC controller, Control Area 1 recovered stable 

conditions. For example, the frequency recovers to the nominal value of 50.0Hz and mitigates total 

system collapse. Tables 4.1 shows the system responses of the traditional system. Without the 

proposed supplementary controller, control area 1 experienced serious unstable conditions without 

recovering stable conditions when control area 2 was under severe fault conditions. With the 

proposed IAFSC controller as shown in Tables 4.2, 4.3, and 4.4, Control Area 1 recovers stable 
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conditions after the severe fault. From the transfer function and the modulation release signal plots, 

the IAFSC controller responded to the declining frequency and rotor angle of area 1 below the 

threshold limit and effectively reset the modulated power to assist Control Area 1 in recovering 

stable conditions. Likewise as shown in Table 4.5, without the IAFSC controller the frequency 

change violates the stable limit of 0.02 hertz during the post-fault time and never recovers. With 

the incorporation of the IAFSC controller, the frequency deviation recovers stable conditions with 

the IAFSC controller action during post-fault time by annulling the power modulation release 

signal to zero. Table 4.6 shows the rotor angle response of the system with and without the IAFSC 

controller. The controller action is demonstrated during the severe fault condition to validate its 

functionality. Without the IAFSC controller, the rotor angle deviation violates the stable limit of 

0.003pu during the post-fault time. However, with the IAFSC controller, the rotor angle deviation 

recovers stable conditions during the post-fault time of the severe fault. Thus the proposed 

controller was able to assist Control Area 1 in recovering stable condition after the severe fault 

while the conventional controller could not.
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Table 4.1: Control Area 1 Response under Fault Scenario II without The IAFSC Controller 

 

 

 

 IAFSC Control Signals and Control Area 1 System Response under Case II fault scenario without IAFSC controller 

Frequency 

Response 

  

DC Power 

Modulation 

Rotor 

Angle 

Response 

Unstable frequency oscillations 

Unstable power oscillations 

Unstable rotor angle deviation 



64 
 

Table 4.2: Control Area 1 Response under Fault Scenario II with The Proposed IAFSC Controller 

 

 

 

 IAFSC Control Signals and Control Area 1 System Response under Case II fault scenario with IAFSC controller 

Frequency 

Response 

  

 

Area 1 Frequency recovered 

stable condition 

IAFSC Controller Transfer Function Step Response 

IAFSC Modulation Release Signal 

reset the DC power to assist area 

1 recover stable conditions 
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Table 4.3: Control Area 1 Response under Fault Scenario II with The Proposed IAFSC Controller 

 

 

 

Rotor 

Angle 

deviation 

 

 

IAFSC Controller Transfer Function Step Response 

Area 1 Rotor Angle recovered 

stable conditions 

IAFSC Modulation Release Signal 

reset DC power to assist area 1 

recover stable conditions 
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Table 4.4: Control Area 1 Response under Fault Scenario II with The Proposed  

 

 

DC Power 

Modulation 

   

 

IAFSC Modulation Release Signal 

reset DC power to assist area 1 

recover stable conditions 

 

IAFSC Controller Transfer Function Step Response 

HVDC Power Modulation 

reset 
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Table 4.5: Validation of the IAFSC Controller with Control Area 1 Frequency Response 

Time 

(Sec) 

HVDC without IAFSC HVDC with IAFSC 

Parameter: Frequency. Frequency Limit:  

Frequency Limit: (-0.2/+0.2) 

Parameter: Frequency. 

Frequency Limit: (-0.2/+0.2) 

System 

Condition 

(f) in 

Hz 

 (Δf) Stability 

Limit 

Violation 

Conventional 

Modulation  

Release Signal 

System 

Condition 

(f) in 

Hz 

 (Δf) Stability  

Limit  

Violation 

IAFSC 

Modulation  

Release Signal 

1.0 Pre-Fault 50.01 0.01 No 1 Pre-Fault 50.01 0.01 No 1 

2.0 Pre-Fault 50.00 0.00 No 1 Pre-Fault 50.00 0.00 No 1 

3.0 Pre-Fault 49.99 -0.01 No 1 Pre-Fault 49.99 -0.01 No 1 

3.5 Pre-Fault 50.00 0.00 No 1 Pre-Fault 50.00 0.00 No 1 

4.0 Fault 49.99 -0.01 No 1 Fault 49.99 -0.01 No 1 

5.0 Post-Fault 49.94 -0.06 No 1 Post-Fault 49.94 -0.06 No 1 

5.3 Post-Fault 49.84 -0.16 No 1 Post-Fault 49.84 -0.16 No 1 

5.5 Post-Fault 49.70 -0.30 Yes 1 Post-Fault 49.70 -0.30 Yes 0 

5.7 Post-Fault 49.69 -0.31 Yes 1 Post-Fault 49.89 -0.11 System recovered 0 

5.8 Post-Fault 49.65 -0.35 Yes 1 Post-Fault 49.92 -0.08 System recovered 0 

6.3 Post-Fault 49.63 -0.37 Yes 1 Post-Fault 49.97 -0.03 System recovered 0 

6.6 Post-Fault 49.68 -0.32 Yes 1 Post-Fault 49.99 -0.01 System recovered 0 
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7.0 Post-Fault 49.70 -0.3 Yes 1 Post-Fault 50.00 0.00 System recovered 0 

8.0 Post-Fault 49.73 -0.27 Yes 1 Post-Fault 50.00 0.00 System recovered 0 

9.0 Post-Fault 49.74 -0.26 Yes 1 Post-Fault 50.00 0.00 System recovered 0 

10.0 Post-Fault 49.74 -0.26 Yes 1 Post-Fault 50.00 0.00 System recovered 0 

11 Post-Fault 49.68 -0.34 Yes 1 Post-Fault 50.00 0.00 System recovered 0 

12 Post-Fault 49.61 -0.39 Yes 1 Post-Fault 50.00 0.00 System recovered 0 
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Table 4.6: Validation of the IAFSC Controller with Control Area 1 Rotor Angle Response 

Time 

(Sec) 

HVDC without IAFSC HVDC with IAFSC 

Parameter: Rotor Angle.  

Angle Limit: (-0.003/+0.003) pu. 

Parameter: Rotor Angle. 

Angle Limit: (-0.003/+0.003) pu. 

System 

Condition 

 Δδ Stability Limit 

Violation 

Conventional 

Modulation  

Release Signal 

System 

Condition 

 Δδ Stability  

Limit  

Violation 

IAFSC 

Modulation  

Release Signal 

1.0 Pre-Fault 0.00 No 1 Pre-Fault 0.00 No 1 

2.0 Pre-Fault 0.00 No 1 Pre-Fault 0.00 No 1 

3.0 Pre-Fault 0.00 No 1 Pre-Fault 0.00 No 1 

3.5 Pre-Fault 0.00 No 1 Pre-Fault 0.00 No 1 

3.9 Fault 0.00 No 1 Fault 0.00 No 1 

5.0 Post-Fault -0.0011 No 1 Post-Fault -0.001 No 1 

5.5 Post-Fault -0.0034 Yes 1 Post-Fault -0.003 Yes 0 

6.0 Post-Fault -0.0052 Yes 1 Post-Fault 0.00 System recovered 0 

6.5 Post-Fault -0.0056 Yes 1 Post-Fault 0.00 System recovered 0 

7.0 Post-Fault -0.0058 Yes 1 Post-Fault 0.00 System recovered 0 

7.5 Post-Fault -0.0054 Yes 1 Post-Fault 0.00 System recovered 0 

8.0 Post-Fault -0.0052 Yes 1 Post-Fault 0.00 System recovered 0 
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8.5 Post-Fault -0.0050 Yes 1 Post-Fault 0.00 System recovered 0 

9.0 Post-Fault -0.0048 Yes 1 Post-Fault 0.00 System recovered 0 

9.5 Post-Fault -0.0047 Yes 1 Post-Fault 0.00 System recovered 0 

10.0 Post-Fault -0.0052 Yes 1 Post-Fault 0.00 System recovered 0 

10.5 Post-Fault -0.0050 Yes 1 Post-Fault 0.00 System recovered 0 

11.0 Post-Fault -0.0055 Yes 1 Post-Fault 0.00 System recovered 0 

11.5 Post-Fault -0.0063 Yes 1 Post-Fault 0.00 System recovered 0 

12.0 Post-Fault -0.0076 Yes 1 Post-Fault 0.00 System recovered 0 
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4.6   Chapter Conclusion 

From the simulation results, it has been demonstrated that power systems have operational limits 

that must be respected to maintain their system stability. Whenever the VSC-HVDC system is 

used for transient stability improvement it is critical to monitor the system parameters of the 

supporting control area to mitigate violation of its stable limits. It has been proved that with the 

proposed IAFSC controller, the supporting control area system strength is monitored in real-time, 

and a control decision is made based on its system strength to mitigate violation of its stability 

limits when providing the regulating power to the faulted control area. The proposed IAFSC 

controller proposed in this thesis improved the transient stability response of the supporting control 

area during severe fault conditions which is not the case with the traditional HVDC control system. 

The objectives of this research were therefore met and effectively demonstrated.  
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CHAPTER 5 

CONCLUSIONS AND RECOMMENDATIONS 

 

5.1 Conclusion 

Two cases were simulated in MATLAB/SIMULINK on the Kundur two-area four-machine system 

and the system responses were compared with and without the proposed IAFSC controller. The 

first fault case with a 10% generation loss in control area 2 was simulated to demonstrate and prove 

that as long as the supporting control area can provide the required regulating power, its system 

parameters are not violated. As seen from the frequency and rotor angle deviation responses, the 

stability limits are still within the tolerable values and do not compromise stability in control area 

1. Consequently, control area 2 recovers its stability without affecting control area 1. For the case 

of 10% generation loss in control area 2, the responses with and without the IAFSC controller are 

therefore similar. Control area 1 stability is not violated because the fault is not severe enough to 

require regulating power beyond its ability. 

With more severe fault scenarios where the supporting control area cannot provide the required 

regulating power, the stability limit of the supporting control area is compromised if the proposed 

IAFSC controller is not incorporated. As seen with the second fault case of 25% generation loss 

in control area 2, simulation without the proposed IAFSC controller shows a serious violation of 

the frequency and rotor angle deviation causing unstable conditions in control area 1. This has 

proved that it cannot be assumed that the supporting control area is an infinite system. With the 

incorporation of the IAFSC controller, control area 1 recovers stable conditions thus mitigating 

catastrophic system collapse. The IAFSC controller is thus a vital supplementary controller that 

must be incorporated in HVDC controls utilized in power modulation for transient stability 

improvement. Without the IAFSC controller, the system will collapse for severe system 

disturbances.  

It is thus critical to monitor the system strength of the supporting control area so that its stability 

limits are not violated. The conventional system lacks the proposed controller thus exposing the 

supporting control area to the risk of system collapse for severe system disturbances. The power 

system cannot be assumed as an infinite system. From the simulation results, it has been proved 

that there is a need for modification of the conventional control system used for HVDC power 

modulation for transient stability improvement. Continuous real-time monitoring of system 
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parameters is required to avoid violation of stability limits of the supporting control area during 

power modulation. The supplementary controller as proposed in this thesis has effectively 

improved the transient stability response of the supporting control area for severe fault situations. 

 

5.2 Recommendations 

5.2.1 Recommendations for Further Work 

Further improvements on the IAFSC controller can be done to incorporate a control algorithm for 

reactive power control to assist in the voltage stability of the interconnected systems. The current 

IAFSC control algorithm has focussed on the modulation of active power alone and assumes that 

voltage stability is well maintained.  

 

5.2.2 Adoption of the Results 

From the simulation results, it has been proved that the IAFSC supplementary controller is vital in 

mitigating unstable conditions in the supporting control area. This can be adopted in the Ethiopia 

– Kenya 500kV HVDC link that is currently operational and has the under-frequency control 

function to assist in system stability. The IAFSC controller can be incorporated in the under-

frequency control function for transient stability improvement where DC power is modulated 

while considering the system strength in real-time. This will help in mitigating unstable conditions 

in the supporting control area when the under-frequency function is invoked during severe faults. 

 

5.3 Research Contribution 

This research has added to the previous works on VSC-HVDC transient stability improvement a 

supplementary controller called IAFSC (Inter Area Frequency Controller) that will help mitigate 

unstable conditions in the supporting control area whenever the required regulating power is 

beyond its capacity. The IAFSC controller has been proven to improve the transient stability 

response of the supporting control area during severe system disturbances for which the traditional 

HVDC controls resulted in the violation of stable conditions.  
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APPENDICES 

Appendix I: Kundur Two-Area Test Network Generator Data. 

 

 

Appendix II: Kundur Two-Area Test Network. 
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Appendix III: Extract of the EAPP Interconnection code on frequency operational 

guidelines, page 43. 
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