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Figure 1-2 Worldwide installed capacities of HVDC systems[13] 

HVDC systems provide an alternative method of power system interconnection. 

HVAC interconnections are technically feasible and economically justified, but 

HVDC interconnections offer technical benefits and offer more economical 

solutions when compared to HVAC interconnections [13]. Hybrid interconnections, 

consisting of HVAC and HVDC links, are the further solutions. The HVDC links 

support the HVAC interconnections and improve the transmission reliability [2, 13]. 

The alternatives of the power system interconnections are shown in fig.1-3 [13].  

 

Figure 1-3 Alternatives of the power system interconnections[13] 
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HVDC transmission systems are playing a more and more important role in modern 

power systems and more are being constructed all over the world. There are deep 

interactions between AC and DC transmission systems [20]. Therefore the 

investigation of cascading failure and blackout should not only consider the HVAC 

interconnections but also the HVDC links in integrated HVAC/HVDC networks. 

Recent major blackouts have demonstrated that the mal-trips of the protective relays 

contributed to the spreading of the cascading failure and blackouts. Distance relays 

are the most widely used protection in modern power systems to protect transmission 

lines [21]. The distance relay compares the apparent impedance with the tripping 

impedance characteristic to determine fault. If the apparent impedance is within the 

trip characteristic, the distance relay trips. During power system dynamic conditions, 

the changing voltages and currents may cause the apparent impedances as seen by 

distance relays enter the protection zones and therefore cause unwanted tripping. 

During 2003 Northeast America blackout, one of the key 345kV lines, Sammis-Star, 

was tripped by the unwanted distance relay operation leading to widespread 

cascading in Ohio and beyond [4]. The apparent impedance seen by distance 

protection during the event is shown in fig.1-5 [7]. The apparent impedance moved 

from normal steady operation point into the protection zone due to cascading outage 

and caused the unwanted trip of distance relay. 

 

Figure 1-5 Sammis-Star 345 kV line trip [7] 
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2.1 2003 Northeast America Blackout 

Based on [5, 7, 12], on 14th August, the power system was running stable prior to 

the start of the blackout. Electricity demand was high due to the continual increasing 

using of air-conditioners. Such large air-conditioning loads lead to high reactive 

power demand in the Indiana and Ohio areas and were known to cause control and 

protection problems [4]. The investigators determined that the power system in 

Northeaster Ohio was near to voltage collapse due to low voltage and low reactive 

power margins [5].   

At 12:08EDT, several 345, 230 and 138kV transmission lines experienced a series 

of outages. At 13:31, a major source of reactive power support unit, Eastlake Unit 5, 

was tripped due to over-excitation problem. Loss of the Eastlake Unit 5 was the first 

major event during the blackout [1, 4].  

At 14:02, the Stuart-Atlanta 345kV line was tripped due to tree contact [7, 9, 12]. 

The report of the line failure was not communicated until 15:29 when the operators 

updated the status of the line being out of service. The Stuart-Atlanta 345kV line 

failure did not contribute to or lead to the blackout but caused co-operation failures 

between operators.  

From 15:05, within one hour, three 345kV transmission lines tripped due to 

independent tree contacts [4-7, 9]. Fig.2-1 gives locations of the three tripped lines 

[5]. 
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Figure 2-1 Location of three tripped lines [5] 

Fig.2-2 gives 345kV line flows [7]. At 15:05, the Chamberlin-Harding 345kV line 

tripped. The line was loaded at 43.5% of its normal ratings [5, 25]. At 15:32, the 

Hanna-Juniper 345kV line tripped with 88% of its summer emergency rating [4]. 

Loss of the Hanna-Juniper line led to a deficit of over 1,200 MVA of power flow to 

Cleveland, which led to Star-Juniper having to carry the bulk of the power [7]. At 

15:41 the Star-Canton 345kV line tripped with 93% of its normal rating [6].  

 

Figure 2-2 345-kV Line Flows [7] 
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Figure 2-4 Time chart till 16:05 [7] 

Soon after the Sammis-Star line tripped, four 48 MW generating units tripped off-

line [7]. After the loss of the Sammis-Star at 16:09, the main energy path East Lima-

Fostoria Central that connects south and west to Cleveland and Toledo tripped. Loss 

of this path caused a significant power swing of about 500-700 MW from 

Pennsylvania and New York through Ontario to Michigan [5, 7]. Fig.2-5shows the 

power flow along the New York interface [7]. 

 

Figure 2-5 Power flow metered at New York interface [7] 

The full cascade started at16:10. After 16:10, more 345kV transmission lines and 

generating units tripped. Between 16:10:36 and 16:10:37 three 345kV transmission 

lines tripped and several generating units about 20 generators loaded at 2,174 MW 

tipped off-line [5, 7, 12]. Between 16:10:37 and 38, the Hampton-Pontiac and 

Thetford-Jewell 345kV lines tripped. Those two lines were the only lines connecting 
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Detroit to the grid. These trips separated the eastern high voltage transmission 

system from western Michigan [5]. Fig.2-6 describes some tripped transmission 

lines due to Zone 3 relay operation around Ohio and Michigan area from 16:05 to 

16:10 [7].  

Figure 2-6 Tripped transmission lines due to zone 3 relay operation [7] 

Around 16:10:38, another three 345kV transmission lines tripped including Perry-

Ashtabula line which was tripped by a zone 3 relay operation [5, 25]. The trip of this 

line was the point that the Northeast entered transient instability [7]. Loss of the line 

caused a large power swing that affected Ontario, Michigan, New York, and New 

England [7, 26]. The power swing caused a sudden increase in frequency from 

60.0Hz to 60.7Hz at Lambton and 60.4Hz at Niagara [5, 7]. Unbalanced demands 

and generation led to heavy power flows moving north through the remaining tie 

lines which accelerated the power swing. Heavy power flows moved from Ontario 

into Michigan, New York into Ontario, New York into New England and PJM into 

New York [5, 7, 26].  

As been described in [7], the power swing started at 16:10:38 because the loads of 

Cleveland, Toledo and Detroit were separated from Michigan and Ontario [7]. The 

power flow was forced to shift to meet the demands. The power flows from Ontario 

into Michigan increased from 1,000MW to around 3,700MW after the start of power 

swing. However, the flows reversed back from Michigan into Ontario by dropping 

from 3,700MW to around 2,100MW [7].   
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2.2 Protection Relay Operation During Recent Blackouts 

Evidence has shown that the unwanted zone 3 relay operations contributed to the 

cascading outage that led to other blackouts like the 2003 Blackout.  

The U.S.-Canada Power System Outage Task Force Report [7] on the 2003 Blackout 

pointed out that some key 345-kV transmission lines that were tripped by zone 3 

impedance relays had accelerated the spread of the cascade outage. Horowitz and 

Phadke [27] argued that the unwanted operation of zone 3 has been identified as the 

most obvious protective relay characteristic since the 2003 North America Blackout. 

The same option is also given by Apostolov [11]. He added that combining the 

protection device with a wide area automatic control could offer the solution to 

prevent, slow down or reduce the impact of a large-scale disturbance. Suwannakarn 

and Hoonchareon [28] described the false tripping of the zone 3 activation of the 

distance relay as one of the main reasons for the 2003 Blackout. They also pointed 

out that load increase and voltage instability was primarily responsible for such a 

mis-operation. Richards and Tholomier [29] indicates that the relay settings for 

generators, transmission lines and under-frequency load-shedding in the Northeast 

America area may not be sufficient to reduce the effects of cascade. Hodaei et al [30] 

described the 2003 America Blackout as the most well known incident where zone 

3 relay unwanted trips occurred giving rise to the collapse. However, distance relay 

mis-operation contributing to cascading outage was not only seen in the 2003 North 

America Blackout but also could be found in many other major blackouts [31-34]. 

2.2.1 1965 Northeast America Blackout[31, 34] 

On 9th November 1965, the most severe power system blackout up to that time 

affected over 80,000 square miles including the cities of New York, Boston and 

Toronto and about 30 million people. The event was triggered by the operation of 

impedance relays due to overload. Five 230kV transmission lines connecting the 

Beck and Canadian Toronto area were tripped by distance relays sequentially due to 

heavy load conditions at the start of the cascade trips. Tripping of the lines led to left 

tie lines suffering from a massive power shortage. Increased power from the U.S. to 

Canada caused the 230kV tie lines to be tripped by overcurrent relays. After four 
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that the protection system needed to be developed to detect a voltage collapse 

situation.  

2.2.4 2003 Italy Blackout [42-46] 

On September 28, 2003, Italy suffered the largest blackout in history. A cascade 

tripping of transmission lines separated Italy from the Europe grid. For economic 

reasons, Italy imported a large amount of power from European countries. The 

Italian system was connected to the European grid through six 400kV lines and nine 

220kV lines as shown in fig.2-7, during the event, these lines were lost [45]. 

 

Figure 2-7 Line of separation from Europe [45] 

On Sunday September 28, 2003, the Italian load was 27.7 GW and total imported 

power was 3,500 MW. Several power stations in Italy were off-line due to economic 

reasons.  

The first event occurred in the Swiss grid. A 380-kV transmission line was tripped 

due to tree contact. Several seconds later the protection device tripped the Airo 10-

Mettlen 220kV line because it was overloaded. The tripping of the lines left the 

220kV interconnection lines between Switzerland and Italy overloaded and hence 

they tripped. Loss of these lines led to frequency and voltage decrease. Due to the 

overload and the lower voltage conditions, local distance relays tripped several 

transmission lines around Italy and the surrounding countries. This led to the 
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complete separation of Italy from the European grid. During the event, the HVDC 

link connecting Italy and Greece was tripped after the collapse of the Italian Grid. 

2.2.5 2006 European Blackout [19, 47-51] 

On 4th November 2006, the Union for the Co-ordination of Transmission of 

Electricity (UCTE) suffered the most severe disturbance in its history. About 15 

million people in more than 10 countries were affected and a 14.5 GW load was 

interrupted. The event started from a scheduled disconnection of the double-circuit 

380kV Conneforde-Diele line. After switching off the line, the TSO network 

received several warning messages about high power flows.   

At 21:41, the Labdebergen-Wehrendorf line between the E.ON Netz and the RWE 

TSOs approached near its safe limit of 1795 A. The protection settings on the 

different sides of the line were different. At 22:00 the lines towards the west was 

over loaded. At 22:06, the current on Landesbergen-Wehrendorf increased to 1900A 

and exceeded its safety limit. At 22:10, the protection relay tripped the 

Landesbergen-Wehrendorf line due to overload rather than a true fault. Another two 

lines were tripped within five seconds and caused a cascading effect towards the 

south. The out-of -step conditions led to the tripping of another thirty 400, 380 and 

220 kV lines within one second. The UCTE grid was finally separated into three 

sub-grids with different frequencies, as shown in fig.2-8. 

 

Figure 2-8 Separation of UCTE grid into 3 sub-grids 
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Fig.3-5 presents a classic bipolar HVDC system, which consists of ac filters, 

smoothing rectors, converters, converter transformers, dc filters and dc lines [67]. 

3.2.1.1 Converters 

The converter is the most important component in a HVDC transmission system. It 

performs the conversion from ac to dc (rectifier) and from dc to ac (inverter) [67]. 

The converter is connected to ac system by converter transformer including tap 

changers.  

The classic HVDC converter is current source converter (CSC) [67]. Under normal 

operation, the dc current is kept constant. Power flow is controlled by dc voltage. 

The converter consists of thyristor valve bridges and a converter transformer. 

Thyristor valve bridges consist of high-voltage valves connected in a 6-pulse or 12-

pulse arrangement which known as Graetz bridge [68]. Fig.3-6 gives a basic 6-pulse 

valve bridge. 

 

Figure 3-6 Basic 6-pulse valve bridge 

3.2.1.2 Converter Transformer 

The converter transformer, which always was a tap-changer transformer, connects 

ac system and converter. It transfers ac voltage on the rectifier terminal to a required 

level for the conversion process [69].  On the inverter terminal, it connects dc 

terminal and ac system. The converter transformer windings on ac system side are 

connected in star and on converter side are connected in delta for the converter. For 
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conditions, the consumption of reactive power can be even higher. The ac filters are 

installed next to converter stations.  

3.2.1.5 DC filters 

The HVDC converter not only generates harmonics to connected ac networks but 

also a ripple voltage on dc line. This ripple voltage may cause interference to 

telephone circuits near the dc line [67]. DC filters are used to reduce the ripple. 

Usually, there is no need to use dc filters for pure cable transmission or back-to-back 

scheme, but, filters are needed when overhead lines are used in the HVDC 

transmission system [67].  

3.2.1.6 HVDC lines  

The DC transmission lines may be either overhead lines or cables [70]. HVDC cables 

are normal used for underground or submarine transmission. Compared to ac 

transmission lines, dc lines have advantages both in number of conductors and space. 

3.2.1.7 Circuit breakers 

Circuit breakers are used for clearing transformer faults and taking dc line out of 

service on the ac side [68, 70]. DC line faults can be cleared rapidly by controlling 

the converter system. ABB announced that they have successfully designed and 

developed a hybrid DC breaker that can interrupt power flows within 5 milliseconds 

[72]. 

3.2.2 Basic Configurations of HVDC System 

HVDC transmission system can be configured in many ways. The most common 

configurations are the back-to-back, bipolar and monopolar schemes [70].  

3.2.2.1 Back-to-Back HVDC System 

Back-to-back HVDC interconnection is the simplest HVDC configuration [73]. 

There no transmission lines or cables used in this scheme. These converters are 

connected directly next to each other. The two converter stations are located at the 

same site [67].  
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Back-to-Back scheme could be cheaper than the other schemes because it does not 

have long transmission lines [73]. The ac systems linked by the back-to-back HVDC 

system may have different frequencies, for example 50Hz and 60Hz [71]. Voltage 

levels are quite low normally between 50kV and 150kV. Fig.3-7 gives the overview 

of back-to-back HVDC scheme. 
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Figure 3-7 Back-to-back HVDC scheme [61] 

3.2.2.2 Monopolar HVDC Scheme 

The monopolar HVDC scheme consist two converters connected with a single 

conductor. Usually the ground or sea is used for return path [68, 70, 73]. The typical 

rating is up to 1500 MW [65]. The monopolar scheme is often used for very long 

distance particular very long sea cable transmissions. Fig.3-8 presents a classic 

monopolar HVDC scheme. 
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Figure 3-8 Monopolar HVDC scheme [61] 

3.2.2.3 Bipolar HVDC Scheme 

The bipolar HVDC link is the most widely used [70]. The bipolar scheme has two 

conductors, often overhead lines, one of which is positive and the other negative [68]. 

Each pole has two converters of equal rated voltage. The two terminals have equal 
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an inverter and transmits dc power to ac power. The active power between two 

convertors is well controlled and gives some benefits including that voltage phase 

angle or frequency at the either end of the HVDC scheme does not need to be 

considered [78].  Fig.3-10 shows a typical CSC HVDC system. 
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Figure 3-10 CSC HVDC transmission system 

The most modern CSC HVDC transmission systems use 12-pulse converters, which 

use two 6-pulse valves connected in series [77]. Using of 12-pulse converters gives 

the immediate benefit of reducing harmonics, especially the 5th and 7th on AC side 

and the 6th on dc side.  

The CSC converters need ac voltage to commutate and therefore CSC HVDC links 

can only operate to transfer power between two active AC systems [79]. The CSCs 

can only operate with the ac current lagging the voltage and hence they consume a 

large amount of reactive power during the conversion process, about 50%-60% of 

the transmitted power [75, 76, 78, 80]. The reactive power is provided by ac filters 

at the converter stations which results in increasing costs and the system occupies a 

large amount of space. CSC HVDC systems have common commutation failures, 

especially caused by inverter side ac system disturbance [75]. A number of serious 

commutation failures may force HVDC link to trip [75].  

3.2.3.2 Self-Commutated Voltage Source Converter, VSC 

The Voltage-source converter (VSC) utilizes self-commutating switches, such as 

gate turn off thyristors (GTOs) or insulated-gate bipolar transistors (IGBTs) [75]. 

GTOs and IGBTs can be turned on or off freely by gate signals. This is in contrast 

to the CSC converters, where the thyrstor valves can only be turned off by reversed 

voltages [75]. Diodes are needed to be connected in anti parallel mode because 
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IGBTs can only block voltage and conduct current in one direction [81]. The VSC 

converters are operated at high frequency, about 1 kHz to eliminate low order 

harmonics [78]. Fig.3-11 gives a diagram of VSC-HVDC transmission system. 
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Figure 3-11 VSC-HVDC system 

VSC converter technology can control both active and reactive power independently, 

and independent of dc voltage level [80]. This controllability gives VSC-HVDC 

transmission system flexibility to be placed anywhere in the connected AC systems. 

VSC-HVDC schemes give benefits in dynamic support of the ac voltage, improving 

voltage stability and increasing power transfer capability [76, 80]. Unlike 

conventional CSC HVDC systems, VSCs do not need reactive power support and 

can control reactive power to regulate the ac system voltage. The ability to control 

reactive power is the most significantly difference between a VSC-HVDC system 

and a CSC-HVDC system [78]. 

When connected to an ac system, the VSC-HVDC system is equivalent to a voltage 

source with an amplitude and phase angle determined by control system [81]. 

Compared with CSC-HVDC systems, VSCs can instantly reverse the active power. 

The VSC-HVDC systems have the potential to be connected to any kind of ac system 

with any number of links [75]. 

The main differences between CSC converter and VSC converter technologies are 

given in table.3-1 [82]. 

 CSC Converter VSC Converter 

 

 

 

Acts as a constant voltage 

source; 

Acts as a constant current 

source; 
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On AC Side 

Capacitor required for energy 

storage; 

Large AC filters required for 

harmonic elimination; 

Reactive power supply 

necessary for power factor 

correction 

Inductor needed for energy 

storage; 

Only a small AC filter needed 

for higher harmonics 

elimination; 

No reactive power supply 

needed 

 

 

 

On DC Side 

Acts as a constant current 

source; 

Inductor needed for energy 

storage; 

DC filters required; 

Provides inherent fault 

current limiting features; 

Act as a constant voltage 

source; 

Capacitor needed for energy 

storage; 

No need for DC filtering; 

Problems with DC line faults 

since the capacitor discharges 

into the fault; 

 

 

Switches 

Line commutated or force 

commutated with a series 

capacitor; 

Switching at line frequency; 

Lower switching losses 

Self-commutated; 

Switching at high frequency; 

Higher switching losses 

Table 3-1 Main differences between CSCs and VSCs 

3.3 Advantages of HVDC Systems 

HVDC Transmission is widely used for bulk power transmission over long distance 

today. HVDC becomes financially viable from around 1000MW and 600km upward 

[83]. The HVDC project under constructing in China, which will transmit at 800kV 

and 1400km long, will set a new record in the world. Compared to 765kV AC line, 

HVDC Transmission will save about 36% in costs over a 30-year service life [83]. 

Germany is planning to construct 2100 km of HVDC lines to transmit wind power 

from its north coast line to the mainland with minimal loss [83].  

ABB reviews the reason for using HVDC in two main groups [84], namely: 
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Pan et al [17] claimed that by fast power run-up or run-back control functions, 

HVDC can help maintain power grid stability. With the ability to control both active 

power and reactive power, HVDC can provide an effective means of damping 

oscillations and improve voltage stability.  

According to Zhang [75], when one of the systems enters oscillation mode between 

two generator groups, HVDC has the best active power damping effect if the 

converter station is electrically close to one of the oscillating generator group. The 

best location for reactive power damping is the electrical middle point between the 

oscillating generator groups [75]. HVDC system is provided with power modulation 

features for stabilization of AC system [86]. With this function, the HVDC link can 

reduce power swings and stabilize the system in a minimal time. 

Fig.3-12 gives an example of how a power system can behave with and without 

HVDC power modulation function [17]. 

Figure 3-12 Results with and without DC modulation function [77] 

Several researchers are investigating how the HVDC can function a damper of 

oscillations as was proven in 2003 northeast American blackout. Hafner and 

Manchen in [88] used the Caprivi Link Interconnector HVDC Light project to study 

the strong voltage and frequency stabilization function of HVDC systems to avoid a 

blackout. Based on commissioning tests, they showed that the HVDC link had a 

good performance with islanded AC networks and normal AC faults. They suggested 

that HVDC systems are able to enhance the stability of extremely weak AC system 

and to prevent a blackout from cascading. Pan et al [89] examined enhancing power 




















































































































































































































































































































































































































































































































































