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ABBREVIATIONS 
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EXECUTIVE SUMMARY 

This report presents the results of task 6.4 of the work package WP6 “HVDC circuit breaker performance 

characterization”. The work performed in D6.4 is a continuation of the work performed in D6.2 that dealt with a 

system level model of a DC CB whereas more detailed analysis of the DC CB components is done.  

The main objective of this task is developing a component level models of DC CB and the analysis of the 

components that may lead to  failure modes resulting from the operation of the DC CB during a fault or other 

abnormal condition like delayed timing, or a failure to interrupt at current zero. During a DC current interruption, 

a large amount of energy needs to be dissipated in the SAs resulting in a high temperature rise. The 

temperature is not equally distributed in the arrester cross section. Whilst the temperature can be easily 

estimated by making use of arrester thermal coefficients and the mass as well as the input energy, detailed 

analysis is needed in order to determine the accurate temperature distribution.  

Since the DC CB contains other components like commutation circuits and vacuum interrupters, different timing 

of the operation of the fast mechanical or other switches may result in different behaviours of the operation of a 

DC CB leading to an unsuccessful arc interruption. Another point of attention is how the DC CB performs in 

case of interrupting different currents, particularly low and fault currents. Different current amplitudes result in 

different slopes at current zero. Apart of some other parameters (capacitor voltage during current interruption), 

the slope is a significant parameter to determine the current interruption at current zero. 

Different timings of the current injection circuit and a different DC inductance may also result in a failure to 

interrupt the DC current. Finally, a failure to interrupt the current at first current zero, under specific 

circumstances may be caused when the TIV is greater than the insulation strength of the vacuum interrupter.  

The report is organized in four chapters. A thermal model of the SA by applying FEM analysis is elaborated in 

chapter 1. The point of attention is to investigate the performance of an example of a surge arrester with respect 

to temperature rise during energy absorption when the DC CB operates. The second chapter deals with the 

investigation of low-current interruption and developing an optimization algorithm to design the parameters of 

the DC CB that make use of two current injection circuits. The performance of the DC CB with respect to 

different types of injection switches and time control is studied in the third chapter. Finally, the fourth chapter 

deals with the performance of a vacuum interrupter of a DC CB during a failure to interrupt at the first current 

zero.    

    

Generally, in this report attention has been paid to several subjects that may lead to DC CB failures, that is:  

- the temperature effect due to large amount of energy absorption,  

- low and high current interruption of a DC CB, 

- different operation delays for different current injection circuits , 

- and possible reignition caused by lower insulation strength of the DC CB. 

 

The milestones resulting from this report are:  

- comprehensive SA thermal model to compute the temperature distribution in the SA, 
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- optimization algorithm that can be used for improved topology with two current injection circuits, 

- comprehensive models utilizing different current injection circuits, 

- a model to investigate the reignition effect in a DC CB 
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1 INTRODUCTION 

The high-voltage DC (HVDC) technology based on voltage-source converter (VSC) is widely acknowledged due 

to its higher controllability, higher efficiency, and longer transferring distance when connecting offshore wind 

farms. So far, there have been numerous point-to-point VSC HVDC projects, and the multi-terminal HVDC 

(MTDC) network is a logical and possible step forward. Examples of these types of HVDC networks are Nanao 

Multi-terminal VSC HVDC and Zhoushan Multi-terminal DC Interconnection in China, and the North Sea 

Transnational Grid (or even quoted as Super Grid) in Europe. Connecting offshore wind plants and other 

renewable energy resources with MTDC can further improve trade and enhances competition. 

Currently, one of the most urgent topics in the HVDC grid domain is a reliable fault current interruption. Although 

the DC faults in a point-to-point HVDC link can be adequately isolated by conventional circuit breakers (CBs) on 

converter’s AC side, this is not an option for the MTDC networks. Unlike in the AC systems, the fault current in a 

DC system cannot naturally decrease to zero. In other words, it is necessary to artificially create zero-crossing 

after DC-side faults occurrence, and this idea gives rise to the main concept of DC CB design. Beside the zero-

crossing current, a successful fault interruption also requests a DC CB to possess the capability of dissipating 

the magnetic energy stored in the DC system’s inductors, and the electrical strength to withstand transient 

interruption voltage (TIV) [1]. 

There are DC CBs available for low and medium-voltage applications, but only transfer and load current 

switches are in use in HVDC systems [2]. The CBs that are used for HVDC fault current interruption are not 

commonly available, or have limited ranges, e.g. the mechanical DC CB [2] and the hybrid DC CB [3] [4]. In 

addition, there are numerous concepts of DC CBs presented in articles and patents. These designs, together 

with the mentioned CB types, share similar arrangement with a switching element in the nominal path to build 

the voltage withstand capability, a commutation path to create the current zero, and an absorber path to 

dissipate the stored energy [5]. For example, the switching elements are arcs between the contacts in 

mechanical CBs, and semiconductors in hybrid CBs; the absorbers are usually metal oxide surge arresters 

(MOSAs). All these designs and concepts have their own advantages and disadvantages, such as on-state 

losses and operating speed [4] [6].  

The SA is a key component in the DC CB due to its high energy absorbing capability because of its nonlinear 

characteristics. The energy absorption process leads to rise in temperature of metal oxide SA. ZnO varistors, 

the core component of MOSA, are obtained by sintering semiconducting ZnO powder with small amount of 

metal oxide additives. The properties of varistors show dependence on temperature. As a result of this, the 

development of a SA thermal model has practical significance.  

So far, relevant research has been carried out to investigate the impulse degradation mechanism and life 

evaluation. Most of the studies have focused on the failure analysis of ZnO elements (i.e. ZnO varistor block or 

arrester sections).  

The thermal properties of ZnO arresters were widely studied by many researchers [7]-[12]. M. V. Lat calculated 

the thermal property of the arrester by a simple equivalent thermal circuit method [11] [12]. An electro-thermal 

model based on random Voronoi diagram network was developed to study non-uniformity and related thermal 
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effects in ZnO varistors ceramic [13]. Additionally, other studies are focused on the whole arrester, concerning 

the simulation or measurement of either potential or temperature distribution under long term operation 

conditions [14] [15]. In fact, research on an impulse transient arrester model during DC current interruption is 

much more essential because one of the common SA operation failures is caused by a lightning [16]. 

In this report, the influence of the injection delay and the current limiting inductance are also demonstrated. A lot 

of research was done on the limitation of vacuum interruption. In [17], switching arcs are modelled in HVDC CB; 

its dynamic function is difficult to determine and is only valid under specific conditions. Mathematical modelling 

of the high frequency behaviour of vacuum interrupters is performed in [18], and the critical di/dt is measured as 

150-1000 A/µs for AC CBs at high frequency. Overvoltage and re-ignition behaviour of vacuum interrupter are 

carried out in [19] by numerical modelling and the interruption is determined by the critical di/dt and the dielectric 

strength. A black-box vacuum interrupter model is presented in [20], which does not include the stochastic 

behaviour of arc interruption and the phenomena, such as the current chopping, high-frequency current 

quenching capability, and the rate of rise of dielectric strength are treated as deterministic and calculated using 

mean values. However, the important failure scenarios of DC current interruption are not investigated so far. 

Finally, the limitation of the insulation strength between the vacuum gap is defined by the cold breakdown 

voltage that may lead to reignition in the vacuum interrupter. This study is useful for the optimization of the 

injection circuit parameters of the DC CB to interrupt the current in the next current zeros upon a failure to 

interrupt the current at the first current zero. 

 

 FAILURE MODES IN DC CB 1.1

As DC CBs are far more complex than AC CBs and contain a lot of components, a failure of one of the 

components may cause the DC CB to maloperate or fail to operate. DC CBs depending on the vendor, may 

consists of different components, like SAs, active current injection circuits, vacuum interrupters, residual circuit 

breakers and fast mechanical switches.  

All these components may be sensitive to different parameters, that should be investigated in order to see if 

they pose any difficulties for the regular operation of the DC CB.  

 

1.1.1 SURGE ARRESTER 

SA is an irreplaceable device that is used to absorb the energy released during the current interruption. For this 

application, the SA performs much differently than SA that is used for AC circuits, where aging results mostly 

from low capacitive currents and possible temporary overvoltages. For a DC current interruption, every time the 

SA operates the absorbed energy is ranged from several Mega joules up to several tens of mega joules. 

Besides, the complete system of SA consists of a number of parallel connected SA units. It worth pointing out 

that even though the current can be equally distributed, the temperature in each arrester unit may not be equal. 

Furthermore, one of the most important facts is that a possible failure of one unit may cause a cascade effect 

resulting in overload and failure of other units. Therefore, thermal modelling of the SA is very important in order 

to evaluate the temperature distribution in the SA and determine possible hot spots. 



PROJECT REPORT   

 
  
    
   
 

6 

 

1.1.2 INTERRUPTION OF CURRENTS WITH HIGH AND LOW di/dt 

This effect results from the ability of the vacuum interrupter to interrupt currents. Since the current injection 

circuit consists of fixed parameters that produces an oscillation current with a particular frequency, the slope of 

the current at the current zero is different for different current amplitudes. One solution to overcome this problem 

is to make use of a future advanced topology with different current injections. 

 

1.1.3 DIFFERENT TIMING OF CURRENT INJECTION 

Normally, current injection takes place at the same time when the vacuum interrupter and the residual switch 

opens. However, one of the possible failures could be delayed time injection that may result from different 

reasons; either because of a failure of the fast mechanical switch or delayed trip signal from the protective relay. 

In both cases delayed current interruption or failure to interrupt may occur. 

 

1.1.4 FAILURE TO INTERRUPT AT FIRST CURRENT ZERO 

Normally, vacuum interrupters possess high insulation strength, however, when under specific circumstances 

the TIV is higher than the withstand capability of the interrupter, a reignition takes place. The ability to interrupt 

the current will depend on the quenching capability of the VI in correlation with the ability of the insulation 

strength to withstand high TIV. 

 

1.1.5 FAILURE OF RESIDUAL SWITCH 

The residual switch insulates the DC CB from the system supply side after DC current interruption and energy 

absorption. It interrupts the leakage current and provides additional insulation for the DC CB. If for some reason, 

the residual switch fails to operate, the SA leakage current cannot be interrupted and it keeps flowing through 

the DC CB. The leakage current increases the thermal load of the SA, which has a negative influence on the SA 

at the next current interruption. 

 

1.1.6 FAILURE OF CHARGING CIRCUIT 

The charging circuit is used to charge the capacitor in the oscillation circuit. The charging circuit consists of a 

charging switch and a current limiting resistor. The charging switch and current limiting resistor are connected in 

series with the oscillation capacitor to the ground. Before the operation of DC CB, the charging switch is closed 

until the oscillation circuit is charged to the system voltage. Then the charging switch will open and insulate from 

the circuit. After the fault current interruption, the capacitor needs to be recharged by the charging circuit. The 

charging circuit failure can be sorted by the failure of the charging switch and the failure of the charging resistor. 

The charging switch failure will result in oscillations since the capacitor is not fully charged; this leads to an 

oscillation current amplitude, which is not high enough to generate a current zero and cause a current 
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interruption failure. On the other hand, the charging resistor needs to be selected properly for the reason that 

high charging resistance will result in the long capacitor charging time. Especially for the DC CB repeated 

operation, the capacitor may not be fully charged during the long charging period, which will result in interruption 

failure. Moreover, low charging resistance results in a high charging current, which may damage the oscillation 

capacitor and the charging resistor. 

 

1.1.7 FAILURE OF THE FAST MECHANICAL SWITCH  

In order to promptly interrupt the fault, a fast operating mechanism is applied in the vacuum interrupter. The fast 

mechanism is utilized to separate the vacuum interrupter contacts to a sufficient distance to withstand the 

transient interruption voltage (TIV). If the mechanism separating velocity is not fast enough or the contacts 

separating operation is delayed, the contact distance is not sufficient to withstand the TIV and a reignition will 

occurs which leads to an interruption failure. The vacuum interrupter still has a chance to interrupt the current in 

the coming current zeros, for the reason that the superimposed oscillation current to the rising fault current will 

generate next current zeros. Until the vacuum interrupter can withstand the TIV, then the fault current can be 

cleared by the vacuum interrupter.   

 

 MOTIVATION 1.2

In this report, a specific attention is paid to the detailed SA thermal model that makes use of a system of fluid 

dynamics equations. By making use of a FEM model, the temperature distribution of the arrester can be 

computed at any point of a SA unit. Besides, the report also refers to a new methodology proposing an 

optimization algorithm that defines a topology of two current injection circuits, that may be use to interrupt 

currents with different amplitudes, namely load and fault currents. Furthermore, in this report it will be also 

performed an analysis with different timing of the current injections by using a fast mechanical and a triggered 

switch. The last failure analysis is related to the effect of the DC CB when the current reignites after first current 

zero.  

This report will not consider delayed trip signal and wrong trip signal, test cases that have been in more detail 

reported for the mechanical DC CB studied in deliverable 6.9, test results of which were also widely elaborated 

in [21].   
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2 THERMAL MODELLING OF SURGE ARRESTERS 

2.1.1 TYPICAL STRUCTURES OF ARRESTERS 

There are different types of SAs with various structures and components. Typical structures of SAs are 

summarized in Figure 2-1. The SA primarily consists of a housing, a varistor column and terminals. 

The housing of the arresters is generally composed of polymer or porcelain. Compared to porcelain housing, 

polymer housing is more popular due to many advantages, including low weight, simple fabrication process, 

long creep age distance, pollution resistance, shatter resistance, etc. Arresters of smaller size and lower weight 

are easier to be suspended in power systems for transient voltage protection. However, polymer housing results 

in difficulties related to aging and arc ablation resistance. 

 

 

Figure 2-1 Schematic diagrams of four typical structures of SAs (a∼ d).  

 

The varistor column is a series of ZnO varistor blocks of a cylinder or torus. Correspondingly, different 

approaches for the position of the varistor column are adopted. The cylinder varistor column is usually wrapped 

by a heat-shrinkable sleeve, which is made up of organic insulation materials such as rubber. 

The hollow-varistor column is a strung with a GFRE (glass-fiber reinforced epoxy) pole for position constraints. 

Besides, the metallic spacers are usually employed in a varistor column to match the terminals of the arresters. 

Since the use and arrangement of metallic spacers is arbitrary in engineering, the metallic spacers are ignored 

in Figure 2-1. 

According to whether gas is filled, the arresters can be classified in two types, i.e. gas-filled (Figure 2-1(a) and 

(b)) or solid-filled (Figure 2-1(c) and (d)). For the gas-filled arrester, dry gas such as air, N2 or SF6 is used. For 

the solid-filled arrester, the interior of arresters is filled with organic or inorganic solid-insulation materials such 

as silicone rubber or quartz sand, and there is virtually no gas inside the arresters. Both types of arresters are 

modelled and this report presents the gas-filled model which is more complex. The difference between gas-filled 

and solid-filled arresters is the insulating material between varistors and housing. Another difference is a gas-

filled arrester that considers both thermal conduction and a gas flow whilst a solid-filled arrester only considers 

thermal conduction. The gas-filled model can be applied to the solid-filled model by replacing the insulating 

material from gas to solid and remove the gas flow equations. 

 

Legend:  

- 1, 2 are respectively cylinder and hollow varistor blocks 

- 3 is the heat-shrinkable sleeve 

- 4, 7 are respectively the GFRE (glass-fiber reinforced epoxy) pole 

and sleeve 

- 5 is filled gas 

- 6 is filled with organic or inorganic solid insulation materials 

- 8 is polymer or porcelain housing 
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2.1.2 OBJECTIVE 

The objective of this report is to develop a thermal model of a SA for a DC CB. Moreover, a transient finite 

element program of a 2D axial symmetry arrester model is used to calculate the energy absorption and heat 

dissipation during the DC interruption. The performance characteristics of the SA calculated from PSCAD and 

RTDS system-level model will be used as the input to the thermal model. Firstly, the thermal model is compared 

to the results from published papers. Next, several fault interruption scenarios are calculated. 

 

 SA THERMAL MODEL SIMULATIONS 2.2

2.2.1 GEOMETRY OF SA 

The 2D cross-section axial symmetry structure of the SA is shown in Figure 2-2. The SA geometry is obtained 

from product model  Y10W5-100/260 with a rated voltage of 110 kV from vendor Xi’an XD Arrester [22]. The 

thermal model of the 110 kV SA can help to verify the test results of the 80 kV DC CB module in the WP10. The 

SA consists of terminals, a varistor column, a housing and insulating gas. The geometry parameters such as the 

radius, the length and the height of each part is needed for modelling. The variables and its explanations are 

shown in Table 2-1. These variables can be changed to adapt different types of SAs.  

 

 

Figure 2-2 SA structure  

 

 

 

 



PROJECT REPORT   

 
  
    
   
 

10 

Table 2-1 Geometry parameters of a SA 

Variable Explanation  Unit Value 

R_varistor Radius of varistor mm 40 

H_varistor Height of varistor mm 1000 

N_varistor Number of varistor discs / 30 

H_SA Height of SA  mm 1100 

H_gas Height of gas column mm 1000 

R_gas Radius of gas column mm 20 

Rin_housing Inside radius of housing mm 60 

Rout_housing Outside radius of housing mm 70 

R_Terminal Radius of terminal mm 70 

H_terminal Height of terminal mm 50 

 

2.2.2 SA V-I CHARACTERISTICS 

The fundamental electrical property of ZnO ceramic is the nonlinear V-I characteristics as shown in Figure 2-3, 

the data comes from deliverable 6.9 [23]. The clamping voltage (knee point) 𝑈𝑐𝑙𝑎𝑚𝑝 is the voltage value when 

the DC current is 1mA. If the voltage across the SA is higher than the clamping voltage, the resistance of the SA 

will decrease sharply and the current through the SA will increase accordingly. The voltage at 10 kA (red point 

shown in Figure 2-3) is taken as a key parameter of the SA, which determines the maximum voltage across the 

SAs. 

 

 

Figure 2-3 General SA V-I characteristic curve 
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In Figure 2-3 the aggregated V-I curve is adopted for 30 parallel columns used with a clamping voltage of 

approximately 1.5 pu nominal dc voltage at 16 kA, and 1 pu nominal dc voltage is 320 kV. The SA 

characteristics in PSCAD is described as a nonlinear resistor represented by a dotted curve in the figure.  

𝑉 = 𝑉𝑑 ∗ (
𝐼

𝐼𝑑
)

1
𝑁

 (9) 

The characteristic of the SA in report 6.9 [23] has been fitted by equation (9), where N is a constant determined 

numerically to fit the SA characteristic. The constants that result in equation (9) are N=23, Vd=507 kV and 

Id=8.51 kA (as reported in the report 6.9). 

It needs to be pointed out that the SA characteristics is used to obtain the SA voltage and current from report 

6.9 [23] and the SA characteristics has no impact on the SA thermal model for the reason that the only input in 

the SA thermal model is the injection energy power, which is declared in the following section. 

 

2.2.3 INJECTION ENERGY 

SAs absorb the stored magnetic energy of the circuit during DC interruption, which leads to temperature 

variations in the SA modules. The injected energy is obtained from the system level DC CB functionality 

verification results. The injected energy (Esa) can be calculated from the voltage and current across the SA, by 

which equations are shown below. The voltage and current across the SAs are shown in Figure 2-4. 

𝑃𝑠𝑎(𝑡) = 𝑉𝑠𝑎(𝑡) ∗ 𝐼𝑠𝑎(𝑡) (10) 

𝐸𝑆𝐴 = ∫ 𝑃𝑠𝑎(𝑡)
𝑡

0

𝑑𝑡 (11) 

 

Figure 2-4 Voltage across and current through the SA 

 

Then the injected power and the energy can be calculated by equations (10) and (11).  This is shown in Figure 

2-5. The transient performance data like voltage, current and power are set as variables in FEM simulations. As 

a result, the transient thermal impact can be simulated according to the SA performance during DC current 

interruption.  
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Figure 2-5 The injected energy 

 

In practice, the DC CB makes use of a group of SAs to absorb the energy during DC current interruption, as 

shown in Figure 2-6. These SA modules are connected in parallel to enhance the capability of energy 

absorption. So, the voltage across the SAs is the same. It needs to be pointed out that due to the fact that V-I 

characteristics of the SAs have slight difference, the current distribution among the modules may be influenced. 

The slight difference of SAs V-I characteristics is caused by the manufacturing design resulting in not having 

perfectly equal arrester blocks. The current and energy distribution among SAs depends on the production 

accuracy, which is not the main scope of this chapter. In this work, the objective is to investigate the 

temperature variation of one SA column during the DC interruption, hence we assume that the current is 

distributed equally among the SA modules. The thermal model of one SA can be applied to each of the column 

in the SA tank even if the current or energy is not distributed equally, however, the current should be previously 

determined. 

 

  

Figure 2-6 SA bank in practice (this figure is cited from MEU presentation in PROMOTioN) 

 

The current and power through one SA module are expressed by:  

𝐼(𝑡) =
𝐼𝑆𝐴(𝑡)

𝑁𝐴
 (12) 
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where NA is the number of SA modules. 
 

 

𝑃(𝑡) =
𝑃𝑆𝐴(𝑡)

𝑁𝐴
 

(13) 

 

With the input of voltage and current across the SA, the transient thermal impact can be obtained. For the 

simulation, the number of modules NA =30 is used to absorb the total injection energy of 82.7 MJ. Hence, each 

SA module absorbs the energy of 82.7/30=2.76 MJ. The volume of ZnO is 16 10
3
 cm

3
. Using the rule of thumb 

that 1 cm
3
 can absorb 200 J of energy, the ZnO volume can absorb 3.2 MJ, which is larger than the practice 

absorption energy 2.76 MJ.  

 

2.2.4 MATERIALS 

The basic physics characteristics of the materials influence the thermal variety during energy absorption. The 

varistors material is ZnO, and dry air is used as the insulating gas with air pressure of 2.02*10
5
 Pa at 

environment temperature and the housing material is ceramic. The variables in Table 2-2 are temperature 

dependent and defined by the COMSOL default library. The variables values are shown in Table 2-3.  

 

Table 2-2 Variables in the model 

 Unit Varistor (ZnO) Air Housing  

Density kg/m
3
 𝜌_varistor 𝜌_air 𝜌_housing 

Heat capacity at 
constant 
pressure 

J/(kg*K) Cp_varistror Cp_air Cp_housing 

Thermal 
conductivity 

W/(m*K) k_varistor k_air k_housing 

Table 2-3 Temperature based variables value 

Variables  Unit Function 

𝝆_varistor kg/m
3
 5672-(1.4E-3)*T-(1.45E-4)*T

2
+(7.59E-8)*T

3
-(1.59E-11)*T

4 

(140<T<2023) 

Cp_varistro
r 

J/(kg*K) 41.58+3*T-0.0068*T
2
+(7.34E-6)*T

3
-(3.03E-9)*T

4
 

(293<T<693) 

k_varistor W/(m*K) 255.49-1.67*T+0.0065*T
2
-(1.36E-5)*T

3
+(1.10E-8)*T

4
 

(293<T<412) 

𝝆_air kg/m
3
 d(pA*0.02897/8.314/T, pA) 

d(pA*0.02897/8.314/T,T) 

Cp_air J/(kg*K) 1047.64-0.37*T+(9.45E-4)*T
2
-(6.02E-7)*T

3
+(1.28E-10)*T

4
 

k_air W/(m*K) -0.0023+(1.15E-4)*T-(7.90E-8)*T
2
+(4.12E-11)*T

3
-(7.43E-15)*T

4
 

𝝆_housing kg/m
3
 1145 

Cp_housin J/(kg*K) 1506 

k_housing W/(m*K) 0.22 

 
 

2.2.5 SIMULATION TIME STEP 

In order to get accurate results from the simulation, reasonable simulation time steps are needed. For the FEM 

simulation, the smaller the time step is, the more data and the more accurate results may be obtained. When 

the time step is not set properly, the simulation results cannot represent the actual behavior and will show 
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unrealistic oscillations. The DC current interruption process takes place within 10 ms and the energy absorption 

progress takes tens of milliseconds (usually 20~30 ms). The simulation time step should be set to several 

milliseconds to get the accurate results of the energy absorption. On the other hand, the temperature decay 

time takes tens of minutes. When the temperature decay uses the same time step as the energy absorption, the 

FEM simulation will take days or weeks. Large time steps are applied in the FEM simulation to increase 

efficiency. In this way, the thermal modelling is divided into two parts, the first part is the energy absorption in 

which small time steps are applied (in the order of several milliseconds), and the second part is the temperature 

decay progress in which large time steps are applied (in the order of tens of seconds). 

 

2.2.6 MODEL ASSUMPTIONS 

The cross section of SA is shown in Figure 2-7. In the axisymmetric 2D arrester model some factors, which 

have little influence on the thermal results are neglected, namely directional pressure relief device, sealing 

system and the heat-shrinkable sleeve. The contact resistance between the varistor discs are neglected in the 

model, hence the boundaries between the varistor discs are neglected as well. The bus bar on the terminal of 

the SA is neglected for the reason that when having multiple SAs connected in parallel, the bus bars need to be 

adapted to the connection of the SA bank. As the injection energy power is the only input of the thermal model, 

we assume that the current density distributes uniformly in the varistor column and the heat power during the 

absorption process distributes uniformly as well. Moreover, the sheds on the housing is not considered in the 

SA geometry due to the lack of precise data. More accurate results can be achieved when detail data of SA 

could be provided. 

 

Figure 2-7 SA cross section 

 

 SA THERMAL MATHEMATICAL MODEL  2.3

Heat conduction is significantly important for SAs. Transient impulses may lead to excessive Joule heat 

generated inside the varistor’s unit. When the absorbed energy cannot be quickly dissipated into the ambient, 

the arrester temperature will exceed the threshold of the operation temperature. When the temperature 

coefficient of the varistor’s resistance in the small current regions is negative, the watt losses increase roughly 

exponentially with the temperature, and consequently a thermal runaway may occur. SAs applied in AC systems 

Gas gap 
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deal with successive overvoltages. These arresters need to maintain a thermal stability that is caused by the 

temperature rise resulting from a series of impulses. However, the SAs applied in the DC CB are used to absorb 

the residual energy in the DC system after current interruption. After the artificial current generated in the 

vacuum interrupter, the TIV builds up across the SA until it reaches the clamping voltage level. The line current 

commutes into the SA and the residual energy is absorbed by the SA. The residual energy stored in the 

transmission line and converters of the HVDC grid can be as high as tens of mega joules. The SAs for DC 

current interruption deal with larger energy absorption, which makes the temperature rise higher than that in AC. 

As a result, the heat conduction after the DC interruption takes place is significantly important for the DC CB SA. 

The SA model is an axial symmetry cylinder and the model size can be reduced significantly by using these 

symmetries. Symmetry means that a model is identical on either side of a dividing line or plane. When the 

geometry is axisymmetric, there are variations in the radial (r) and vertical (z) direction only and not in the 

angular (φ) direction. We can then solve a 2D problem in the rz-plane instead of the full 3D model, which can 

save considerable memory and computation time. Many COMSOL Multiphysics interfaces are available in this 

form and take the axial symmetry into account. The COMSOL Multiphysics can rotate the 2D model by 360 deg 

and generate the 3D model automatically. Symmetry planes or lines are common in both 2D and 3D models. 

For a scalar field, the normal flux is zero across the symmetry line. The Joule heat generation is a transient heat 

source. The heat transfer equations of MOSA during the time interval in rz-plane are as below: 

 

Equation (1) is the thermal conduction - 𝜆 is the solid heat conductivity, T is the absolute temperature, 𝑄𝑣 is the 

energy input generation, 𝑐𝑠 is the heat capacity, 𝜌𝑠 is the mass density, t is the time; 

Equation (2) is thermal radiation – 𝑞𝑟 is the radiation heat flux, 𝜀 is the emissivity, 𝜎 is the Stefan-Boltzmann 

constant, 𝐴𝑖 is the radiating surface (i) area, 𝐹𝑖𝑗 is the shape factor between radiating surfaces; 

Equation (3) is the heat convection differential equation – 𝑇𝑤 is the wall temperature, 𝑇𝑓 is the gas temperature, 

the convection coefficient ℎ𝑒 of heat transfer is decided by heat-flow coupling calculation; 

Equation (4) and (5) are respectively mass and energy conservation equation - v is the gas velocity, a is the gas 

thermal diffusivity; 

Equation (6) and (7) are momentum conservation equation - P is the gas pressure, μ is the viscosity, 𝜌 is the 

gas density;  

Equation (8) is the gas-solid interface conditions. 

The ambient and initial temperature is set as 293.15 K. 

 

 

𝜆
𝜕2𝑇

𝜕2𝑟2
+ 𝜆

𝜕2𝑇

𝜕2𝑧2
+ 𝑄𝑣 = 𝑐𝑠𝜌𝑠

𝜕𝑇

𝜕𝑡
 

(1) 

𝑞𝑟 = 𝜀𝜎𝐴𝑖𝐹𝑖𝑗(𝑇𝑖
4 − 𝑇𝑗

4) (2) 

ℎ𝑒 = −
𝜆𝑓

(𝑇𝑤 − 𝑇𝑓)
(

𝜕𝑇𝑒

𝜕𝑛
) 

(3) 

∂ρ

∂t
+

𝜕(𝜌𝑣𝑟)

𝜕𝑟
+

𝜕(𝜌𝑣𝑧)

𝜕z
= 0 

(4) 

∂T

∂t
+ 𝑑𝑖𝑣(𝑇�⃗�) = 𝑎 (

𝜕2𝑇

𝜕𝑟2
+

𝜕2𝑇

𝜕𝑧2
) 

(5) 
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∂(𝜌𝑓𝑣r)

∂t
+ 𝑑𝑖𝑣(𝜌𝑓𝑣r�⃗�) = −

𝜕𝑃

𝜕𝑟
+ 𝜇(

𝜕2𝑣𝑟

𝜕𝑟2 +
𝜕2𝑣z

𝜕𝑧2 ) + 𝐹 
(6) 

∂(𝜌𝑓𝑣𝑧)

∂t
+ 𝑑𝑖𝑣(𝜌𝑓𝑣𝑧�⃗�) = −

𝜕𝑃

𝜕𝑧
+ 𝜇 (

𝜕2𝑣𝑟

𝜕r2 +
𝜕2𝑣𝑧

𝜕𝑧2 ) + 𝐹 
(7) 

𝑣𝑟 = 𝑣𝑧 = 0 (8) 

 
 

 RESULTS AND ANALYSIS 2.4

As we discussed in section 2.2, the SA modelling is divided in two parts; the energy injection process and the 

associated temperature decay process. The energy injection process uses a small time step (in the order of 

several milliseconds), and the temperature process uses a large time step (in the order of tens of seconds). 

 

2.4.1 ENERGY INJECTION PROCESS 

The results of the energy injection process are shown in Figure 2-8, where the results show the average 

temperature of the varistor during the energy injection process. The initial temperature of the SA and the 

surrounding are set to 293.15 K (20 
0
C). At the beginning of the energy injection process, the energy is injected 

at 0.108 s and the temperature begins to rise at this moment. From 0.108 s to 0.118 s, the varistor column 

temperature rises quickly because of the high injected power at the beginning of the energy injection. From 

0.118 s to 0.132 s, with the decrease of the SA current and the injected power, the temperature of the SA 

column rises slower than during the first period. After 0.132 s, the temperature of the varistor column remains at 

378 K and begins to decrease very slowly. The time step for the energy injection process is 1 ms.  

  

 

Figure 2-8 SA temperature during the energy injection process 

The energy injection process occurs in a short period of time. Therefore, the heat is not transferred to the 

surrounding or the insulating gas. The temperature distribution along the varistors is the same. After this short 

Time step is 1ms 
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period, the varistor’s heat begins to propagate in the insulating gas and the surrounding environment and the 

SA undergoes the heat conduction process. 

 

2.4.2 HEAT TRANSFER PROCESS (WITHOUT CONSIDERING GRAVITY) 

Heat transfer is classified into various mechanisms, such as thermal conduction, thermal convection and 

thermal radiation. In this case, they play an important role. The thermal conduction (1), radiation (2) and 

convection (3) with the surroundings is considered in the model. When we calculate the temperature distribution 

during a heat transfer process, the gas flow will influence the temperature. By considering gas flow in the model, 

gravity is introduced in the thermal equation. More accurate results can be achieved by considering the gas flow 

and more computation will be introduced to the model as well. The report proceeds step by step and the heat 

transfer process results without considering gravity are shown in the following section 2.4.3. Meanwhile, the 

heat diffusion process considering gravity will be presented in section 2.4.7. The heat transfer process occurs 

after the energy injection process, which takes a long period that depends on the injected energy.  

 

2.4.3 HEAT TRANSFER IN AXIAL DIRECTION 

The heat transfer on the border of the varistor and insulating gas in z-coordinate direction (target line in red in 

the figure) is shown in Figure 2-9. The temperature decay is recorded every 50 seconds. The temperature of the 

two terminals decay faster than the temperature in the middle of the arrester, because heat transfer in a solid 

medium is faster than the heat transfer between solid medium and gas. The top and the bottom plates have 

been kept with an ambient temperature. 

Terminal

Housing

Gas

Varistor

Target 
line

 

Figure 2-9 Temperature profile on the border of varistor and gas 

 

Figure 2-10 shows the temperature profile on the border of the housing and the gas. The initial temperature of 

the interface is the 293.15 K, and it rises to 303 K after 500 s. It can be seen that the temperature in the centre 

does not cool down fast. The reason for this is that the SA is a confined space without air exchange with the 
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environment. The temperature is higher in the middle than at the two terminals, which is caused by the 

temperature distribution on varistors (the heat source). 

 

Terminal

Housing

Gas

Varistor

Target 
line

 

Figure 2-10 Temperature profiles on the border of housing and gas 

 

Figure 2-11 shows the temperature profiles on the border of the housing and surrounding and the temperature 

corresponds to the temperature distribution on the inner border of gas and housing.  

 

Terminal

Housing

Gas

Varistor

Target 
line

 

Figure 2-11 Temperature profile on the border of housing and surrounding 

 

2.4.4 HEAT TRANSFER IN RADIAL DIRECTION 

Figure 2-12 shows the temperature profile in the middle of the SA in radial direction. The varistor temperature 

decays with the time whilst at the same time the housing temperature rises. As we can see, the temperature of 
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the varistor in the center of the SA decays very slowly in the first 500 s. The temperature of the gas near the 

varistors decreases with the time while the temperature of the gas near the housing rises oppositely.  

 

Terminal

Housing

Gas

Varistor

Target 
line

 

Figure 2-12 Temperature profile in the middle of SA in radial direction 

 

Figure 2-13 shows the temperature profiles near the terminal of the SA in the radial direction. The temperature 

distribution is similar to the results in Figure 2-12, however, the varistor temperature in Figure 2-13 decays 

faster than the temperature decay in Figure 2-12.  

Terminal

Housing

Gas

Varistor

Target 
line

 

Figure 2-13 Temperature profile near the terminal of SA along r-axial 

 

2.4.5 AIR PRESSURE 

The initial air pressure in the SA is 2.02*10
5
 Pa at 20 

0
C. After the energy absorption, the heat is transferred 

from the varistor to the air inside the SA. With the temperature increase of the air, the air pressure increases as 
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well. As shown in Figure 2-14, the average air pressure rises to the peak value 2.56*10
5
 Pa at 30 seconds. 

Afterwards, the average pressure decays very slowly with the time. 

 

Terminal

Housing

Gas

Varistor

Target 
domain

 

Figure 2-14 Average gas pressure in SA 

 

2.4.6 HEAT TRANSFER PROCESS (CONSIDERING GRAVITY) 

In the previous sections 2.4.2 to 2.4.5, the temperature distribution in the SA is computed without considering 

gravity and the gas pressure rise when it is heated. When gravity is considered for the gas, the heated gas 

density is smaller than the cool gas density and the lighter gas goes up and heavier gas goes down. As a result, 

the gas has laminar flow. The gas turbulence is not considered in the model for the reason that the gas in the 

model is weekly compressible and the velocity is slow. The turbulence has little influence on the results. Taking 

into account gravity and the laminar flow in the model can get more accurate result, meanwhile, introduce more 

computation in the simulation. By considering gravity in the gas flow in equations (6) and (7), an additional 

gravity force term is added to the total force per unit volume. As the gravity force in per unit volume is 𝜌𝑔, then 

we obtain (14) and (15). 

 

 

 

and simulation results can be performed by considering gravity. The results with/without taking gravity into 

account are compared and shown in Figure 2-15 to Figure 2-18. In the upper figure, the results with gravity and 

in the lower figure the results without gravity are presented. Figure 2-15 shows the temperature distribution on 

the border of the varistor and the gas. Compared with the results without considering gravity, the temperature of 

varistor in z-coordinate from 600 mm to 900 mm is higher than the varistor temperature in z-coordinate from 100 

mm to 400 mm. By considering gravity, the heated gas with lower density expands upwards and cooled gas with 

heavier density drops. The imbalanced temperature distribution of the gas leads to an imbalanced temperature 

∂(𝜌𝑓𝑣r)

∂t
+ 𝑑𝑖𝑣(𝜌𝑓𝑣r�⃗�) = −

𝜕𝑃

𝜕r
+ 𝜇 (

𝜕2𝑣r

𝜕r2 +
𝜕2𝑣r

𝜕z2 ) + 𝐹 + 𝜌𝑔   (14) 

∂(𝜌𝑓𝑣z)

∂t
+ 𝑑𝑖𝑣(𝜌𝑓𝑣z�⃗�) = −

𝜕𝑃

𝜕z
+ 𝜇 (

𝜕2𝑣𝑦

𝜕r2 +
𝜕2𝑣z

𝜕z2 ) + 𝐹 + 𝜌𝑔   (15) 
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distribution at the boarder of the varistor and the gas along the z-coordinate boundary. The imbalanced 

temperature distribution also results in an imbalance temperature distribution at the boarder of the gas and the 

housing along the Z-coordinate border, as shown in Figure 2-16. Moreover, as shown in Figure 2-17, the 

temperature distribution along the r-coordinate is no longer linear. Figure 2-17 shows the temperature 

distribution along the r-coordinate in the middle part of the SA. It can be seen that the temperature distribution of 

the air is nolinear and the heat transfer is faster than that without considering gravity. 
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Figure 2-15 Comparison of the temperature profiles on the border of the varistor and the gas;  with gravity – 

upper figure ; without gravity – lower figure) 
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Figure 2-16 Comparison of temperature profile on the border of housing and gas;  with gravity – upper figure; 

without gravity – lower figure 
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Figure 2-17 Comparison of heat transfer in the middle of SA along r-coordinate ;  with gravity – upper figure; 

without gravity – lower figure 
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Figure 2-18 Comparison of average gas pressure in SA ;  with gravity – upper figure; without gravity – lower 

figure 
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Figure 2-18 shows the average gas pressure in the SA. The gas pressure rises fastly in the first 10 s. The gas 

pressure without considering gravity decreases slowly after it reaches the peak value for the reason that after 10 

s, heat transfer power between housing and environment is higher than the heat transfer power between 

varistor and insulting air. Therefore, the average temperature of the gas decreases after 10 s and the gas 

pressure decreses correspondingly. Meanwhile the gas pressure considering gravity increases slowly after it 

reaches the peak value for the reason that the heat diffusion power is lower than the heat conduction power. 

Above all, gravity has a significant influence on the heat transfer process, and it should be taken into account in 

the thermal model. By considering gravity, the temperature distribution along z-axial is not symmetrical 

distribution anymore. The top of the SA is hotter than the bottom due to the density of hot air is less than the 

cold air and the hot air goes up to the top. The heat transfer between the SA and surrounding is faster when 

considering gravity, which leads to the air pressure inside the SA decreases after it reaches the peak value at 

10 s. 

 

2.4.7 INFLUENCE OF THE MESH MODEL 

Some noise can be found in the previous results shown in Figure 2-9 and Figure 2-10. The noise cannot be 

explained by equations or the characteristics of the materials. However, when one investigates the basic model 

in COMSOL environment, the mesh size has significant influence on the simulation results. Figure 2-19 shows 

the geometry mesh of the SA model where SA is meshed into thousands of triangles. The mesh on the left side 

is the normal size for the geometry and the mesh on the right side is the finer mesh of the SA. More accuracy 

can be achieved by finer mesh geometry, meanwhile, finer mesh leads to longer computation time. As we can 

see from Figure 2-19, the number of boundary elements increases from 451 to 6996 and number of elements 

increased from 1941 to 217440. The finer mesh simulation time will be 100 times longer than the simulation time 

needed for a normal mesh size model. 

 

 

Figure 2-19 Mesh geometry of SA model 
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Figure 2-20 shows the compared results of the temperature distribution on the border between varistor and the 

air along Z-axis. Figure 2-21 shows the compared results of the temperature distribution on the border between 

the inside air and the housing along Z-axis. The figure on the left is the target line along Z-axial. The upper 

figure shows the results achieved by a normal mesh size and the lower figure shows the results achieved by a 

finer mesh size. It can be seen that the spike and the noise in the results disappear in the finer meshed model 

results. For further studies, a finer meshed model has been applied, and the normal meshed model can be used 

to estimate the temperature distribution. 

 

 

Figure 2-20 Results comparison of normal mesh size model and finer mesh size model. (normal meshes - upper 

figure; finer meshes - lower figure) 
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Figure 2-21 Results comparison of normal mesh size model and finer mesh size model. (upper figure – normal 

meshes; lower figure – finer meshes) 

 

 MODEL COMPARISON WITH LITERATURE 2.5

The SA thermal model is verified by making a comparison with the results published in [16]. In [16], 100 lighting 

current impulses are injected into a 110 kV SA according to IEC standard 60099-4. An 8/20 µs current 

waveform was used for this purpose. The 8/20 µs current impulse waveform is difficult to realize in large time 

steps. Therefore, the computation is realized by making use of an equivalent injection power to replace the 8/20 

µs waveform. In this way, the results are compared by the published results. In [16], a 100 current impulses with 

a waveform of 8/20 µs have been used with the impulse current density of 300 A/cm
-2

. A hundred impulses are 

consecutive impulses as explained in [16].  We use equivalent energy that is reproduced by a hundred impulses 

for a voltage of 110 kV and this is in line with our way of modeling. We have to point out that our model makes 

use only of an input energy in order to compute the temperature distribution.  
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2.5.1 COMPARISON OF THE CROSS-SECTION 

The target area of verification is the cross-section across the symmetrical axial of the SA. Figure 2-22(a) and 

Figure 2-22(b) are the FEM computation analysis, while Figure 2-22(c) is the result taken from [16]. Figure 

2-22(a) shows the cross-section of the SA; Figure 2-22(b) shows the temperature distribution after the injection 

of equivalent power while Figure 2-22(c) shows the temperature distribution with the aforementioned current 

input. The temperature scale for the computed results is shown by different colors in Figure 2-22b. The 

temperature is spread approximately between 300 K (dark blue color) to nearly 399 K (dark red color). Figure 

2-22c shows the temperature distribution taken from reference [16] is spread between 299.16 K (dark blue color) 

to 399.08 K (dark red color). The computed temperature distribution shows good agreement with the compared 

results qualitatively; the slight differences are caused by the outline of the housing, the shape of the terminals 

and some neglected factors mentioned in section 2.3.6.  

 
 

   
(a) (b) (c) 

 

Figure 2-22  2D temperature distribution on the rectangular cross-section surface of SA 

 

The temperature distributions on the border of the varistor and the insulating gas are shown in Figure 2-23. The 

maximum temperature is 383 K in the center of the varistors at 500 mm on Z-axial. The temperature at two 

terminals decays faster than in the middle after 100 impulses. 
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Figure 2-23 1D temperature distribution on the border of varistors and insulating gas 

 

2.5.2 COMPARISON ON THE SURFACE  

The temperature distribution on the surface of the housing is compared by the published results in [16]. As we 

use an axisymmetric 2D arrester model for the simulation, the simulation results cannot demonstrate the 

temperature distribution on the surface of the arrester. The temperature distribution on the border of the housing 

and surrounding is measured and compared by the results provided from thermal camera measurements 

instead as reported in [16]. 

Figure 2-24 (a) is the target line of simulation  

Figure 2-24 (b) is the 1D temperature distribution along target line.  

Figure 2-24 (c) is recorded by thermal camera after 100 pulses 

  

 

 

Figure 2-24 Results comparison of temperature distribution on the surface of housing 

 

Figure 2-24 (b) shows the maximum temperature on the surface after 100 impulses is about 322 K, located in 

the middle of the SA.  The minimum temperature located at two terminals and the temperature is about 295 K.  

(a) (b) (c) 
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Figure 2-24 (c) shows the temperature distribution recorded by a thermal camera, the maximum and minimum 

temperature is 322.9 K and 297 K, respectively. The measurement resulting from [16] matches well with the 

computed results from our model in this chapter. The model can be verified by these published papers. The 

difference between the compared results are caused by the shape and the size of the SA housing. In this work, 

we do not perform comparison on heat dynamics as no published results were found to make comparison. 

Anyhow, by having measured results in the future, it will be possible to make this comparison as well.  

 CONCLUSION 2.6

A FEM approach based on the system of fluid and thermal dynamics equations was built in COMSOL 

environment to simulate the thermal behaviour of the SA. The SA voltage is 110 kV, has a height of 1 m and a 

diameter of 140 mm, consisting of ZnO discs of 80 mm diameter. The volume of the ZnO blocks is 16∙ 10
3
 cm

3
. 

The modelling is developed in a 2D axisymmetric space depending on the time. The energy absorption process 

and the heat diffusion process are presented in this chapter. The energy injected into the SAs is assumed 

distributed equally among the SA columns. The thermal model of one SA can be applied to each column in a SA 

tank even if the current or energy is not distributed equally. The maximum temperature of the ZnO blocks is 

computed as 390 K after energy injection of 2.76 MJ of energy. No obvious cooling of the ZnO is observed in 

the middle of SA in the simulation window of 100 s. A major temperature gradient appears across the thin layer 

of insulating air between ZnO and housing. The outside temperature cannot be considered as a measure for the 

temperature of the ZnO; it is just used to verify the results in simulation. The injected energy of 2.76 MJ is 

computed by the voltage and current data obtained from report 6.9 and equally distributed in 30 parallel SA 

modules. In order to obtain accurate results, small time steps (of 1 ms) are applied during the energy absorption 

process. The geometry mesh size influences the simulation results, and the finer mesh (of 217440 meshes) 

applied in the model eliminates the noise and spikes of the simulated traces. The temperature distribution on 

intersecting surface (radial and axial direction) of SA depending on the time and the gas pressure inside the SA 

is also computed. The results of the model at one instant in the process is then qualitatively compared by 

published results of the temperature distribution on the cross-section and the temperature distribution on the 

housing surface recorded by a thermal camera. The computed results show a good agreement with the results 

of the published paper, which verifies the thermal model of the SA. Based on this analysis, it can be concluded 

that this model can be used successfully to evaluate the temperature in the arrester units. In this case, it is 

considered that all units are with the same dimensions. The same parameters and dimensions will result in 

equally distributed currents among all units. However, in practice one or some arrester units could be not ideally 

the same. This implies imperfection of arrester blocks  may result in different current flows among arrester units 

and different energy input in the arresters. Another reason could be the fact that the arrester in the middle 

because of poor heat convection could cool down slower than those which are on the outside.  
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3 DETERMINATION OF SUITABLE PARAMETERS 
OF AN ACTIVE INJECTION CIRCUIT OF A DC CB 

The widely acknowledged high-voltage direct current (HVDC) technology has now been accepted as a solution 

of connecting renewable energy sources. However, this technology is vulnerable during DC-side faults. Due to 

the low DC impedance, the fault current can rise to an extremely high value in a short time. In addition, when 

building a multi-terminal DC (MTDC) system, the fault may cause a failure or a blackout in the system when it is 

not cleared or isolated quickly. The urgent need to have a reliable HVDC power system can be realized by 

making use of a DC circuit breaker (DC CB). The vacuum CB, which is one of the key elements of active DC 

CBs, has its own operational limit. It can interrupt fault currents when the di/dt of injected current is lower than a 

critical value, otherwise the arc may reignite. Moreover, the insufficient contact distance when a TIV is applied 

also has an impact on the fault current interruption. The longer contact distance means a longer breaker 

operation. This issue about the dynamic gap distance will be addressed in chapter 4. On the other hand, 

because of the complex configuration of a MTDC system, one DC-side fault can result in different fault currents 

at faulty line’s terminals, hence the DC CB needs to consider this based on its local fault information.  

This chapter presents an algorithm to optimize the DC CB according to its critical di/dt and the local fault current. 

Furthermore, the operational delay and the chopping current of the circuit breaker are also considered and 

modelled. The simulation results from PSCAD platform demonstrate the effectiveness of the presented 

algorithm. 

 PROBLEM DESCRIPTION 3.1

As the large number of semiconductors in hybrid DC CBs requires considerable investment, this chapter only 

discusses the mechanical DC CBs, and its configuration is shown in Figure 3-1. As illustrated in [4], a prototype 

of DC/DC converter can operate as DC CB, but it is not considered as it is out of the scope of this chapter. 

 

L C S1

SMD

SM

Surge Arrester
Absorber path

Nominal path

Commutation

path
 

Figure 3-1 Typical configuration of mechanical DC CB 

 

Because of the complexity of realization a practical HVDC test system, a DC CB is usually investigated in 

electromagnetic transient (EMT) software environment. The investigation always emphasizes the CB’s 

performance on system level. Therefore, some elements of physical phenomena are neglected. Although the 

nature of arcs in mechanical CBs can be modelled, its dynamic function is difficult to determine and is only valid 
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under specific conditions [27]. The functionality of vacuum switches in mechanical DC CBs is influenced by the 

slope of injected current (di/dt) at the instant of fault current interruption [25]: the switch can only operate well 

when this di/dt is lower than a critical limit. Besides, this limit depends potentially on many factors: the injected 

current magnitude, the actual gap distance, arcing history, the interrupter contact material. In this chapter, the 

limit of di/dt is discussed and the other factors are declared in section 3.5.6 - model limitation. Additionally, when 

a fault occurs in a MTDC system, the current flowing through one terminal of the faulty transmission line (an 

overhead line (OHL) or a cable) can be several times larger than that flowing through the other one, because of 

different fault-current levels linked to this faulty line. Therefore, it is necessary to design and test a DC CB based 

on its local fault information; a design would have to cope with worst case scenarios. 

The DC CB is not only used in fault scenario to clear the fault current, but also it can be used to disconnect a 

transmission line during normal operation, serving for the maintenance purpose in an MTDC system. As the 

nominal current or load current of a transmission line is much lower than a fault current, a fault-interrupting-

oriented LC circuit could not guarantee successful current interruption because of the possible high di/dt. Hence, 

it is necessary to design the LC circuit from the low-current interruption point of view. Due to this, the injected 

current is determined by the LC resonant circuit. This chapter presents an algorithm that optimizes the LC 

resonant circuit to enhance DC CB’s theoretical reliability. The configuration of the LC resonant circuit is 

upgraded accordingly based on the optimization. 

 

 DC CB OPERATING PRINCIPLE 3.2

The structure of the mechanical HVDC circuit breaker with an active current injection is given in Figure 3-2 [2]. 

In the same figure, DC CB’s typical performance of interrupting fault current is shown as well. The breaker 

consists of a high speed mechanical vacuum interrupter (SM), a switched parallel resonant branch (L, C, S1) with 

a SA and a residual current circuit breaker (SMD). The capacitor in the oscillation circuit is pre-charged by the 

system voltage and the capacitor voltage direction is opposite to the system voltage. 
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Figure 3-2 Structure of DC CB
1
 and its typical performance  

 

The circuit breaker is triggered by the protection relay. After receiving a trip signal, the switch SM is activated. 

When it has reached a sufficient distance (to withstand the transient voltage applied during interruption) the LC 

circuit injects a counter-current, by turning on switch S1. This generates a current zero within the interrupter (SM) 

and all current now flows through the LC branch, resulting in a Vcb that first rises negatively with a very steep 

rate of rise and then increases in the opposite direction with a du/dt=I/C. In Figure 3-2, an illustration showing 

the switching instants and the variation of the current during the interruption process is presented. The negative 

spike is the point of discussion and it is not shown here. Anyway, the precise computation of this negative spike 

is presented in [23]. That first very steep du/dt is severe for the VI because its steepness matches the residual 

plasma decay time. When the clamping voltage of the arrester is reached, the current through the circuit breaker 

begins to decrease rapidly.  

The energy stored in the system is then dissipated in the arrester. The time needed is dependent on the system 

conditions. When the DC breaker current passes through zero, the residual current circuit breaker SMD becomes 

an open circuit, providing galvanic isolation of the circuit breaker from the rest of the network. 

 

 FACTORS INFLUENCING THE DC CB DESIGN 3.3

As mentioned in last chapter, the system-level simulation of the DC CB may omit or neglect some critical factors 

in practice. This report is confined to only di/dt as a parameter because of not having enough data. Obtaining 

data on this subject may pave the way toward the investigation of the current interruption. 

 

                                                           
1 C is a precharged capacitor 
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3.3.1 THE IMPACT OF di/dt 

The impact of di/dt is very important in the AC circuit breaker during the quenching of high-frequency current at 

its zero-crossings. The limit between interruption and re-ignition of the high-frequency current has been 

expressed as a critical di/dt value, beyond which no interruption occurs [18], [19], [26], [27]. The critical di/dt 

value observed under the condition of peak TRV of 50 kV and an oscillation frequency of approximately 1.8 

MHz for small gap distances is in the order of several hundred of micro-meters. The same phenomenon can 

happen during the interruption of DC fault currents, although the zero-crossing is created artificially based on LC 

circuit of DC CB. The Figure 3-3 demonstrates a DC CB interrupting two DC fault currents of 5 kA and 15 kA. 

The di/dt (slope) of the injected current at zero-crossing in each case is also marked in Figure 3-3, and we can 

easily observe that the di/dt of 5 kA-scenario is much higher than that of 15 kA-scenario. In practice, the critical 

di/dt value of a vacuum switch is 150-1000 A/µs [18]. In a MTDC system, the range of fault current can be very 

large, and it depends on the system configuration, e.g. number of terminals, the topology of transmission 

system. Therefore, for a reliable DC CB, the applied LC circuit should be designed to meet the vacuum switch 

limits of di/dt, for the all possible interruption currents in the DC CB’s protection zone, i.e. a fault current, a load 

current and an overload current. It needs to be pointed out that the TIV that appears across the vacuum gap as 

a result of the residual charge also has an impact on the current interruption, which is addressed in section 3.5.6 

as well.  

 

Figure 3-3 DC CB interrupting different fault currents 

 

In addition, considering the purpose of load current switching, one should also disconnect an OHL or a cable 

during a normal operation. However, a LC circuit is dedicated to interrupt a fault current of a high level, so it 

could fail to interrupt the nominal current. As the latter could be tens of times lower than the former, the di/dt at 

the instant of current interruption could exceed the mentioned critical range. Consequently, it is quite necessary 

to design an auxiliary LC circuit for the maintenance. 
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3.3.2 THE IMPACT OF CHOPPING CURRENT 

The chopping current is an important feature of a vacuum switch and it cannot be neglected in the modelling of 

the DC CB. We applied the same chopping current in report 6.9 for the MEU model. The arc in vacuum can 

vanish directly when the current is lower than a certain value of a few amperes. In the AC systems, the 

chopping current can be roughly 4-8 A [15]. This chapter makes use of values obtained from experience with 

contact material CuCr55 [29], which is the most common contact material used for vacuum switches. The 

chosen values will be demonstrated in Section 3.6. 

 

3.3.3 THE DELAY OF SWITCH OPENING  

After sending a signal to trip a DC CB, there is always a time delay before the mechanical device is activated. 

However, because of aging and the physical system of a DC CB, this time delay can be random within a range 

of several milliseconds. As the DC fault current can increase in a very short period, this time delay influences 

the actual current interrupted by the DC CB. In this chapter, it is assumed that the actual activating time varies 

randomly between 5 ms and 6 ms based on [4]. In addition, the delay is set to follow normal distribution. 

 

 OPTIMIZATION ALGORITHM 3.4

Considering the aforementioned factors, we can obtain the ideal boundary of the injected current slope when a 

DC CB successfully interrupts a DC fault current at instant Ti, which is 
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In which, the iLC(t) represents injected current in time domain, the UC and Smax represent the pre-charge voltage 

of the capacitor and the di/dt is the slope at the instant of current injection respectively, the L and C are the 

inductance and capacitance of current injecting circuit respectively. The Smax is a function of Uc, L and C. 

It worth pointing out that the interruption should always happen within the iLC’s first quarter of a cycle; thus, the 

diLC/dt is monotonically decreasing. Then, the maximum of C is 
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In practice, (1) may not be equal to 0, in order to guarantee a successful interruption before iLC reaches its 

maximum ILCmax. If the assumption is that L, Smax, and UC are pre-defined constants (UC is pole to ground 

voltage), the capacitor size determines the maximum instant of interruption. However, the inductance and the 

capacitance can influence the interrupting instant Ti in return, so it is unlikely to find the required capacitor value 

explicitly; hence, an iterative process is necessary, and we propose the following steps: 

First, according to (1), we can assume a minimum inductance Lmin of LC circuit: 
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This equation is derived from (1) based on the critical condition: 
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Then, based on maximum current Imax of a transmission line terminal, and a certain safety margin K, the range 

of capacitance of LC circuit can be obtained: 
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In (6), the L is a fixed value, so the C is proportional to KImax. The coefficient K determines the peak current that 

LC circuit can achieve. It could be set as K = 2 for a 100% margin [31], then the LC circuit has a higher 

amplitude to cope with unexpected situation, e.g. the unexpected extra time delay of the main switch. 

Then, with a given fault current Ifault, the instant of interruption Ti and slope S at this instant can be obtained 

respectively from (7) and (8): 
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When S from (8) is lower than Smax or the required limit, then according to (4) and (6), the range of natural 

frequency of LC circuit is obtainable 

 

1

2
f

LC
  (9) 

When the frequency is within a preferred range, the calculated inductance and capacitance can meet the 

requirements. 

Figure 3-4 shows five sets of results obtained from the new set of equations. In addition, it is assumed to 

interrupt a 12 kA fault current in a ±200 kV system, the KImax of LC circuit is selected as 2×12 kA; the margin 

coefficient K is set to 2. The capacitor is charged to the system voltage 200 kV and the voltage direction is 

opposite to the line current through the DC CB. Derived from (6), the largest chosen C is (242𝐿𝑚𝑖𝑛 2002⁄ )μ𝐹, it 

needs to specify that the unit of L in the equation is in millihenry. At the same time, the smallest C 

is (102𝐿𝑚𝑖𝑛 2002)⁄ μ𝐹 that ensures the arcsine function in (7) is within domain (0,1], otherwise (7) has complex 

solutions. The figure clearly shows the di/dt at the instant of interruption for different values of L and C. It is 

noticeable that defining Lmin from (4) can set a hard limit on the di/dt at the interruption instant. It is noted here 

that with the selected minimal inductances in Figure 3-4, the mathematical upper limits of Smax are: 1000 A/µs, 

571 A/µs, 154 A/µs, 100 A/µs, and 10 A/µs, when the KImax is higher than 64 kA. Another boundary of this 

algorithm is the natural frequency of the corresponding LC circuit, which is also chosen within a range of 3 kHz 

to 6.5 kHz. 
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Figure 3-4 Results plotting equations (8) and (9) with regard to capacitances under different Lmin. 

 FAULT CURRENT RANGES 3.5

The fault current ranges are used to demonstrate the environment in which DC CB is applied. The DC CB 

parameters should be designed based on the DC CB application. The estimation of the maximum and the 

minimum current values are two crucial inputs of the optimization algorithms, as they determine the LC circuit of 

a DC CB. In this chapter, the range of fault current is obtained by DC-side fault simulations for a cable in a 4-

terminal DC grid. In order to evaluate the critical fault range of the DC CB, it adopts the topology similar to the 

one in [32]. The load flow is determined based on the test system DCS2 in [33]. 

 

3.5.1 DESCRIPTION OF THE STUDIED SYSTEM 

The configuration of the studied MTDC system is shown in Figure 3-5, which is a 4-terminal symmetric 

monopole HVDC system (±200 kV) resulting from the Cigre B4-57 benchmark model as reported in [33]. The 

converter Cm-F1 connects the offshore wind power plant, and Cm-E1 connects the offshore oil and gas 

platform. The rest of the onshore systems are modelled as infinite buses. The data of this system are provided 

in Table 3-1, and it is modelled in PSCAD environment. More details can be found in [33]. 

The fault is applied on the 200 km XPLE cable between DC bus Bm-B2 and Bm-B3. A 100 mH inductor is 

installed at each terminal of this cable, and two CBs are linked in this cable, i.e. DC CB1, DC CB2. In this work, 

the location of the DC CB is just chosen in order to show the performance of a model and may not be related to 

a possible actual situation. The parameters of the studied cable are shown in Figure 3-6, which is derived from 

[34]. This cable as a test case is selected because there is only contribution from converter Cm-B2 at the 

terminal of Bm-B2, whilst there is multiple contribution (three feeders) from terminal of Bm-B3. Multiple 

contribution is a representative feature of an MTDC grid; when a fault occurs on the studied cable, the three 

healthy feeders at Bm-B3 may increase the fault current experienced by DC CB2. 
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Figure 3-5 Configuration of studied system 

 

Table 3-1 Data of Study System 

 

 

 

Figure 3-6 Dimension of studied cable [33] [34] 

 

3.5.2 SIMULATION OF FAULTS AT DIFFERENT LOCATIONS 

A series of fault scenarios are simulated for the studied cable: the fault is a permanent metallic pole-to-pole fault 

that is applied at different locations at 0.01 s. More details are listed in Table 3-2. 

 

Cable 

Overhead line 

Studied cable 

 

Bm-B2 

Bm-B3 

Bm-B5 Bm-F1 

Cm-B2 

Cm-B3 

Cm-E1 

Cm-F1 

Bo-E1 

Bo-F1 

Ba-B2 

Ba-B3 

Bm-E1 

DCCB1 

DCCB2 

I1 

I2 

Bus name RMS Voltage

DC system

Converter name Control mode and setting points

P/Vdc; Pref=400MW, Vdc_ref=±200kV, droop=0.2

Cm-E1

Cm-F1

Q; Qref=0 MVAR

P/Vdc; Pref=-800MW, Vdc_ref=±200kV, droop=0.2

Q; Qref=0 MVAR

P; Pref=500MW

Q; Qref=0 MVAR

Cm-B2

Cm-B2

P/Vdc; Pref=-100MW, Vdc_ref=±200kV, droop=0.2

Q; Qref=0 MVAR
Bo-E1

Bo-F1

145kV

AC system

Ba-B2

Ba-B3

380kV

100.0Resistivity:

Analytical Approximation (Wedepohl)
Analytical Approximation (Deri-Semlyen)Aerial:

Underground:

Mutual: Analytical Approximation (Lucca)

0.025125

Cable # 1

0.045125
0.047125
0.050225
0.055725
0.060725

1.5 [m]

0 [m]

Conductor

Insulator 1

Sheath

Insulator 2

Armour

Insulator 3

0.025125

Cable # 2

0.045125
0.047125
0.050225
0.055725
0.060725

1.5 [m]

0.5 [m]

Conductor

Insulator 1

Sheath

Insulator 2

Armour

Insulator 3
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Table 3-2 Simulated Fault Cases 

 

 

The I1 and I2 are the fault currents flowing through DC CB1 and DC CB2 respectively. The simulation results 

are demonstrated in Figure 3-7. It is noticeable that the fault location influences the amplitudes of fault currents 

I1 and I2: the closer the fault to a DC bus, the higher the measured current at that bus. On the other hand, the 

three healthy feeders on Bm-B3 have obvious contribution to the I2: the highest fault current of I2 is almost 

twice as high as I1. Therefore, the rating of the prospective DC CB2 should be higher than that of the 

prospective DC CB1. 

Assuming that the fault can be detected instantly when it arrives at the measuring unit at cable terminal, one can 

find the possible current values that need to be interrupted by the DC CB. The random mechanical time delay 

and the time delay caused by the travelling wave can be obtained from manufactures. In this chapter, the fault 

detection makes use of the algorithm described in [35] [36]. The time delay caused by the traveling wave in the 

studied cable is around 1.015 ms (the velocity of the traveling wave is around 197 km/ms), which is computed 

by the Line Constants Program (LCP) in PSCAD. The estimated interruption time intervals are tabulated in 

Table 3-3 for the most and the least severe fault cases; for the DC CB1, they are Fault A and Fault F, while for 

the DC CB2, they are Fault F and Fault A. The table also shows the range of fault currents corresponding to the 

time intervals.  

 

 

Figure 3-7 Simulation results of fault currents at two terminals of the studied cable for the studied network of 

Figure 3-5 upper: Fault A; lower: Fault F 

Fault scenario

Fault A

Fault B

Fault C

Fault D

Fault E

Fault F

Pole-to-pole fault, 180km aways from Bm-B2.

Pole-to-pole fault, 200km aways from Bm-B2.

Description

Pole-to-pole fault, 0km aways from Bm-B2.

Pole-to-pole fault, 20km aways from Bm-B2.

Pole-to-pole fault, 80km aways from Bm-B2.

Pole-to-pole fault, 120km aways from Bm-B2.
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Table 3-3 Estimated interruption time intervals 

Circuit 
breaker 

Interrupting time 
interval 

Interrupting current 
interval 

DC CB1 [15 ms  17.015 ms] [5.86 kA  12.51 kA] 

DC CB2 [15 ms  17.015 ms] [7.87 kA  21.36 kA] 

 

 PERFORMANCE OF DC CB 3.6

3.6.1 DESIGNING LC CIRCUIT WITHOUT di/dt CONSIDERATION 

According to Table 3-3, LC circuit of DC CB1 and DC CB2 can be seen in Table 3-4. The configuration of the 

circuit breaker is shown in Figure 3-9, which uses an IGBT (S1) to control the current injection. It is assumed that 

the vacuum switch SM cannot open when di/dt is higher than a critical value, which is 650A/µs. The arrester’s 

data are obtained from [37]: the rated voltage is 243 kV, and the maximum continuous operating voltage 

(MCOV) is 175 kV. The chopping currents of SM and SMD are defined as 32A [29] and 10A [2], respectively. The 

control loop and logic of the DC CB are designed based on [2] and [38]. 

The performance of DC CB2 under Fault E is shown in Figure 3-8. We can see that the injected current cannot 

interrupt the fault due to the high di/dt. In practice, it is highly possible that the arc in vacuum interrupter cannot 

vanish and it could reignite under these circumstances. As a result, the main current through the vacuum 

interrupter cannot commute into the energy absorption branch and the SA current is zero. In order to avoid this 

kind of failure, the design of the LC circuit must take into account that there exists a limiting di/dt. 

 

Table 3-4 DC CBs Configuration 

 

Parameter DCCB1 DCCB2

Capacitor

Inductor

Frequency

UC

Imax

7µF

0.2mH

3.97kHz

200kV

37.42kA
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Figure 3-8 Performance of DC CB2 before optimizing for Fault E 

 

3.6.2 OPTIMIZING LC CIRCUIT WITH di/dt CONSIDERATION 

Similarly, according to Table 3-4 a pre-assumed maximum di/dt=571 A/µs, which is calculated based on the 

optimization algorithm in section 3.4, the DC CB1 and DC CB2 are designed optimally. The results are shown in 

Table 3-5 in which the ‘main’ LC circuit is referred to distinguish the ‘auxiliary’ LC circuit discussed in the next 

paragraph. On the other hand, the maximum injected current Imax of LC circuit is higher than estimated 

maximum fault current, which is around 54% margin both for DC CB1 and DC CB2. Although in [31], it is 

recommended to make 100% margin, the margins for optimized DC CBs are enough.  

The optimized configuration of the DC CB is shown in Figure 3-9. The main and auxiliary LC circuits are 

combined to share one inductor: when the switch SC is closed, the conductance will be C1+C2 which is used to 

interrupt a fault current; when SC is opened, the inductance will be only C2 (As C2=2 µF, the C1 of DC CB1 and 

DC CB2 is respectively 3 µF and 7 µF) which is used to interrupt a nominal current. The switch SC is controlled 

by another independent signal. Similar functionality is already realized for a hybrid DC CB [40]. 

Particularly in this chapter, the switches SA1 and SA2 are applied for the DC CB2 to reverse the injection of 

current ILC, because a fault current and a nominal current are in opposite directions, for instance the pole to pole 

fault and the pole to ground fault for a different location of MTHVDC grid. Normally, the SA1 and SA2 are opened 

and closed respectively, so the DC CB is always ready for interrupting a fault current. When there is a command 

to trip a healthy transmission line, a signal can be sent to SA1 to close and SA2 to open. Waiting for the signal to 

initialize S1, the DC CB is now ready for interrupting the nominal current. In fact, the signal controlling SA1 and 

SA2 can cooperate with that controlling SC. The values of the chopping currents and the SA are the same as 

described in Section 3.6.1. 
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Figure 3-9 Configuration of optimized DC CB with an IGBT injection switch denoted (with S1) 

 

As mentioned in Section 3.1, the DC CB can also be used to disconnect an OHL or a cable for the maintenance 

during nominal operation. Therefore, the auxiliary LC circuits for this aim are calibrated in Table 3-6. As the 

nominal power (±200 kV×0.95 kA) flows from Bm-B2 to Bm-B3, the auxiliary LC circuits of DC CB1 and DC CB2 

are chosen to inject current aligning with I1, which means the DC CB2 needs to interrupt currents in opposite 

directions respectively under faulty and normal conditions. In fact, the DC CB with a bi-directional interruption 

capability is necessary for a MTDC network, [39] but it is not discussed in detail here because it is out of the 

scope in this chapter. 

 

Table 3-5 DC CBs after Optimization: The Main LC Circuits 

 
 

Table 3-6 DC CBs after Optimization: The Auxiliary LC Circuits 

 

3.6.3 PERFORMANCE OF OPTIMIZED DC CBS 

1) Interrupting fault currents 

Figure 3-10 and Figure 3-11 demonstrate the successful fault interruption considering two circuit breakers, 

respectively. As shown in Figure 3-5, the DC CB1 and DC CB2 are located in two different positions. When a 

fault occurs between the two converters, the fault at each DC CB is different. To be consistent with Section 

Parameter DCCB1 DCCB2

Capacitor 5µF 9µF

Inductor 0.35mH 0.35mH

Frequency 3.8kHz 2.8kHz

UC 200kV 200kV

Imax 23.9kA 32.1kA

di/dtmax 571A/µs 571A/µs

Parameter DCCB1 DCCB2

Capacitor

Inductor

Frequency

UC

Imax

di/dtmax 571A/µs

2µF

0.35mH

6.0kHz

200kV

15kA
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3.5.1, the fault location is with respect to Bm-B2. In these two figures, only Fault A and Fault F are simulated. 

Fault A is the most probable and least severe fault scenarios of DC CB1 and DC CB2 respectively, while vice 

versa holds for Fault F. It is noticeable that the considered faults can be cleared within 10 ms. 

 

2) Interrupting nominal currents 

Figure 3-12 depicts the successful nominal current (0.95 kA) interruption by DC CB1 and DC CB2: they 

received the signal at 10 ms and interrupted the currents at around 15.8 ms. It is clear that the nominal current 

flows though DC CB2 in a negative direction, so the injected current has been reversed accordingly. The current 

can be neutralised in 3 ms, due to its low value and high natural frequency of LC circuit. In practice, 

disconnecting a transmission line is possible by: first opening either one DC CB linked on the line, then opening 

the other one after current decreasing to zero. The simulation here demonstrates the DC CBs’ functionality of 

interrupting a nominal current (load current) after calibration. 

 

 

Figure 3-10 Simulation of DC CB1 after optimizing. Top: Fault A; bottom: Fault F. 

 



PROJECT REPORT   

 
  
    
   
 

45 

  

Figure 3-11 Performance of DC CB2 after optimizing. Top: Fault A; bottom: Fault F. 

 

 

Figure 3-12 Performance of circuit breaker interrupting nominal currents. Top: DC CB1; bottom: DC CB2. 

 

3.6.4 DISCUSSION 

Besides the scenarios in Table 3-2, other fault situations with different fault distances are simulated as well. The 

di/dt of two studied DC CBs at the current zero instant under each situation is recorded, which is shown in 

Figure 3-13. It is noted here that the fault distance is calculated from Bm-B2 to fault location. According to the 

results, we can observe that they are well below the set critical di/dt=650 A/µs, hence the fault current is 

interrupted. The simulation shows the effectiveness of the optimized DC CBs: after the optimization, the di/dt at 

the current zero instant can be in an acceptable level. 
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In addition, the slopes (di/dt) when interrupting nominal currents are also calculated and recorded in Figure 3-14 

It is obvious that the di/dt is close to the maximal value (571 A/µs). In practice, when designing and testing an 

LC circuit, it is better to consider a safe margin based on the critical di/dt of a vacuum switch, and choose a 

suitable inductor based on (4). Otherwise, the vacuum switch would always work at its maximum limit when 

interrupting a fault current. After the optimization of DC CB parameters, the slope (di/dt) at interrupting instant 

under different located faults are all below the critical di/dt. 

 

 

Figure 3-13 Slope (di/dt) at interrupting instant under different located faults. 

 

 

Figure 3-14 Slope (di/dt) at interrupting instant under different nominal currents. 

 

3.6.5 LIMITATION  

In practice, the maximum quenching capability of di/dt of a vacuum interrupter depends on the characteristic of 

the vacuum bottle. The maximum value range is 150-1000 A/µs according to [18], this value is influenced by 

many factors, such as the interruption current, the gap distance, etc. In this stage, the maximum quenching 

capability of the di/dt of the vacuum interrupter for different fault current magnitude is neglected. In practice, the 

higher the interrupted current is, the denser the residual plasma will be. As a result, the vacuum contact can 



PROJECT REPORT   

 
  
    
   
 

47 

withstand a lower di/dt [30]. In addition, the contact separating dynamic and the gap distance also influence the 

maximum quenching capability. The reason is that the vacuum bottle can survive a higher di/dt when the gap 

between contacts is larger [41]. If the dynamic gap distance during contact opening could be provided, the 

results will be more accurate. In this chapter, a constant value of 650 A/µs is considered. In reality, the du/dt and 

the magnitude of the TIV play an important role too. From experiments, it is known that the residual voltage of 

the injection capacitor, which appears immediately across the small gap is a major challenge. In this chapter, 

the impact of TIV after current interruption is not considered because of lack of data. In the future, the impact of 

TIV can be investigated if more measurement are available.  

 CONCLUSION 3.7

This chapter discusses a significant physical feature that can influence the functionality of a vacuum switch: the 

di/dt of injected current from an LC circuit at the interrupting instant. As the vacuum switch can extinguish an arc 

only when the di/dt is lower than a critical value, the di/dt must be considered when designing a DC CB. The 

chapter presents an algorithm to optimize a DC CB with the given critical di/dt. 

This chapter presents a detailed algorithm showing the determination of the suitable parameters of an active 

injection circuit of a DC CB. Due to the internal correlation between the inductance, the capacitance, and the 

interrupting instant, the optimal parameters should be obtained iteratively. Beside the algorithm, the 

configuration of the DC CB is also upgraded accordingly, which can interrupt both fault and nominal currents. 

The simulation performed in PSCAD environment shows that the algorithm can guarantee that the di/dt is within 

a safe limit at interruption. On the other hand, the results of di/dt when interrupting nominal currents show that 

choosing a safe margin of di/dt to design a LC circuit is advisable. 
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4 INJECTION SWITCHES, TIME CONTROL AND 
RELATED STRESS ON COMPONENTS 

This chapter analyses the results provided by simulations when switching a dc circuit breaker that makes use of 

a fast mechanical injection switch and a triggered vacuum injection switch. The influence of the injection delay 

and the current limiting inductance are demonstrated. The applied model is an updated version of the one 

presented in Deliverable 6.9 [23] where the performance of MEU mechanical DC CB model with wrong trip 

signal and the performance with delayed operation time are investigated. As a result, the demonstration cases 

of a mechanical injection switch is not presented. The simulated results are analysed for each of the studied 

cases. 

 STRUCTURE AND CONTROL SEQUENCE OF DC CB  4.1

Figure 4-1 shows the structure of the DC CB model implemented in PSCAD environment where relevant voltage 

and current measurement points are shown. Key voltage and current measurement points are shown. The DC 

CB ratings, the main parameters and signals to each of the main switches are given in Table 4-1. 

 

Lp

SA

S3

S1

Icb

RCB

(S2)

Ldc

Cp

Kgrid

Vline

Ivi

Vvi

Vcb

V dc

S3 Cp

Main branch

Current injection
branch

Energy absorption 
branch Isa

ILC

 

Figure 4-1 The structure of DC CB 

 

The timing and control sequence of the mechanical breaker is shown below. In Figure 4-2, the fault occurs at 

t=15 ms (Tf). The trip order is given from the relay/IED signal 2 ms (Tde) after the fault occurs. At the instant of 

t=17 ms (Ttrip) the DC CB receives the trip signal. After a 8 ms mechanical operation delay (TMec), the main 

interrupter has reached a sufficient displacement and the high-speed making switch is closed. This injects a 

counter-current into the main branch, generating a current zero. At this point, a counter-voltage (Transient 

Interruption Voltage – TIV) is generated, after current is commutated into the energy absorption branch, causing 

line current to decay. 
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Table 4-1 General parameters setting list 

Parameter Value 

Rated voltage Vdc 320 [kV] 

Fault inception time Tf 15 [ms] 

Detection time Tde 2 [ms] 

Trip instant Ttrip 17 [ms] 

Resonant capacitor Cp 5 [µF] 

Resonant inductor Lp 350 [µH] 

Operation time TMec 8 [ms] 

Rated voltage (clamping voltage) of SA V_Sa 320/480 [kV] 

Duration of triggered vacuum switch T_Tvs 0.04 [ms] 

Residual current of main breaker (S1) 

and injection switch (S3) 
I_res1 0.03 [kA] 

Residual current of isolator switch (S2) I_res2 0.01 [kA] 

Peak value of interruption curent I_clim 16 [kA] 

 

The blue lines show the state of the switches at particular time instants. The state of the switch S1 changes at 

the instant of peak fault current, whilst the state of the switch S2 changes at the instant when the fault current is 

cleared. The state of the switch S3 changes from open to closed 8 ms after the trip signal is applied and 

remains in this position for a long time or just 40 µs (T_Tvs is the duration of triggered vacuum switch) as shown 

in Figure 4-2 (a) and (b) for different types of S3 respectively. By making a distinction between a fast 

mechanical switch and a TVS, we can see the different performances of two kinds of injection switches. The 

conducting speed of mechanical injection switch is slower than the TVS. Hence, in some scenarios when we 

need to inject the oscillation current very fast, the TVS is more appropriate. The difference between the TVS 

and the fast mechanical switch is the conducting duration. The fast mechanical switch closes after it receives 

the trip signal and remains closed until it receives the next open signal. On the other hand, the TVS generates a 

spark between the two contacts by a firing pulse, the TVS contacts are triggered and begin to conduct till the 

next current zero. The TVS can inject an oscillation current into the arc of the vacuum interrupter and extinguish 

the arc at the first current zero. The TIV begins to build up at this instant and rises very quickly until it reaches 

the clamping voltage of SA. The TVS stops to conduct until the injection capacitor is charged to SA clamping 

voltage. If the TVS cannot withstand the TRV across it after the interruption, then there will be a re-ignition in 

TVS, and the counter current can oscillate for another a half cycle until the TVS withstands the TRV. This 
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process is the same as in the mechanical injection switch. As a result, the TVS can be used as an ultra-fast 

injection switch. 

 

 
(a) Fast Mechanical switch based DC CB    (b) Triggered vacuum switch based DC CB 

Figure 4-2 Control and time sequence  

 

 DIFFERENT INJECTION SWITCHES 4.2

4.2.1 INJECTION SWITCH – FAST MECHANICAL INJECTION SWITCH WITH LDC = 235mH  

This simulation case demonstrates the fast mechanical injection switch performance when interrupting a 

maximum peak current of 16 kA using current limiting reactor of Ldc = 235 mH. The trip command (Kgrid)  comes 

from the relay and the state of the switches are shown in Figure 4-3a. The circuit breaker and the vacuum 

interrupter currents are shown in Figure 4-3b. Figure 4-3c shows the voltages across the circuit breaker and the 

vacuum interrupter as well as across the residual switch, whilst Figure 4-3d shows the SA and the injection 

switch currents. Simulation results show that the breaker successfully interrupts a 16 kA current within 8ms from 

the trip signal being applied. A high-frequency oscillating current (ILC) is generated at the trip time + 8ms when 

the vacuum interrupter (S1) and the fast mechanical injection switches (S3) are opened, which forces a current 

zero to occur in the main interrupter (IVI). Moreover, in Figure 4-3c at this instant VCB and VVI voltages reach a 

magnitude of about -200 kV, the negative spike magnitude is investigated in report 6.9 [23], the negative spike 

magnitude is determined by the LC circuit, the interruption current and the injection time. The initial TIV (iTIV) 

across the opening gap switch is the period when TIV decreases from zero to the negative peak. It is much 

steeper than the other part of TIV. The iTIV is influenced by the parasitic parameters in the circuit, it can be 

considered when parasitic components are added in the DC CB. Subsequently, the current is then commutated 

into the energy absorption branch (ISA) resulting in a TIV generation of approximately 500 kV. Thereafter the 
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current decays, as the energy is absorbed in the SA. Prior to ICB current zero crossing, VCB overlaps with VVI. At 

this instant, VCB drops to the system voltage. Meanwhile, the VVI decreases slowly when S3 is opened.  

 

 

Figure 4-3 Fast mechanical injection switch performance to interrupt rated current of 16 kA; a) switching states; 

b) circuit breaker current and the current through the vacuum CB; c) relevant voltages and d) high frequency 

oscillating current ILC and the current through the SA, ISA. 

 

4.2.2 AN INJECTION SWITCH – TRIGGERED VACUUM SWITCH WITH LDC = 235mH  

This simulation case demonstrates the vacuum triggered injection switch performance when interrupting 

maximum peak current of 16 kA by using current limiting reactor of Ldc = 235 mH. The simulation results in 

Figure 4-4 show that the breaker successfully interrupts a 16 kA current within 8ms after the trip signal is 

applied. An impulse current (ILC) is generated at trip time + 8ms when the vacuum interrupter (S1) and the 

vacuum triggered injection switches (S3) are opened, which forces a current zero in the main interrupter (IVI). 

Moreover, at this instant VCB and VVI voltages reach a negative value of about -200 kV take place. This is similar 

to the negative spike occurs in the mechanical injection switch. And the negative magnitude can be achieved in 

the same way. Subsequently, the current is then commutated into the energy absorption branch (ISA), resulting 

in a TIV of approximately 500 kV. The rising rate of the TIV of TVS switch case is the same as the rising rate in 

the fast mechanical switch case because the SA clamping voltage and the current commutation duration are the 

same. Thereafter, the current decays as the energy is absorbed in the SA. Just prior to ICB current zero 

crossing, VCB overlaps with VVI. At the instant when ICB crosses zero, VVI drops to zero and VS2 rises to the 

system voltage when S3 is opened. 
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Figure 4-4 Triggered Vacuum Injection Switch Performance to Interrupt Rated Current of 16 kA; a) switching 

states; b) circuit breaker current and the current through the vacuum CB; c) relevant voltages and d) high 

frequency oscillating current ILC and the current through the SA, ISA. 

 

 THE EFFECT OF CURRENT LIMITING INDUCTOR  4.3

The impact of the current limiting inductor has been investigated in the report 6.9, and the same demonstration 

condition are applied to the TVS injection switches.  

This simulation case demonstrates the effect of the current limiting inductor size on the performance of the 

vacuum triggered injection switches by applying a current limiting reactor of Ldc = 150 mH, 235 mH and 300 mH, 

respectively. The simulation results presented in Figure 4-5 show that the breaker successfully interrupts a fault 

current within 8 ms from the applied trip signal. The peak value of the interruption current is 24 kA, 16 kA, and 

12 kA respectively. An impulse current (ILC) is generated at trip + 8 ms when the vacuum (S1) interrupter and 

the vacuum triggered injection switch (S3) are opened, which forces a current zero in the main interrupter (IVI). 

The current is then commutated into the energy absorption branch (ISA), resulting in a TIV of approximately 500 

kV. Thereafter, the current decays, as the energy is absorbed in the SA. At this moment, the equivalent circuit 

can be seen as a DC source connected in series with Ldc and SA. The voltage equation, the decrease rate of 𝐼𝑐𝑏 

and the current during the energy absorption period can be calculated by equations (1) through (3 ) respectively. 

Topen is the operation time of the main breaker. 

𝑉𝐷𝐶 = 𝐿
𝑑𝑖(𝑡)

𝑑𝑡
+ 𝑉𝑆𝐴                     (1) 

S =
𝑑𝑖(𝑡)

𝑑𝑡
=

𝑉𝐷𝐶−𝑉𝑆𝐴

𝐿
                       (2) 

𝐼(𝑡) = 𝐼𝑓𝑝𝑘 + ∫ 𝑆
𝑡

𝑡𝑖𝑛𝑗
dt                 (3) 

𝐼𝑓𝑝𝑘 = 𝐼𝑑𝑐𝑁 +
𝑉𝐷𝐶

𝐿
(𝑇𝑡𝑟𝑖𝑝 + 𝑇𝑜𝑝𝑒)   (4) 
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At the intersection point where 𝐼𝐿1(𝑡) = 𝐼𝐿2(𝑡), that can be computed by combining equations (1-4). During the 

energy absorption procedure, VSA is approximately equal to the SA clamping voltage, which is 1.6~1.5 times VDC. 

As a result, at the instant t after the current injection time, the current curve with a different Ldc will have an 

intersection point.  

 

t =
𝑉𝐷𝐶

𝑉𝑆𝐴−𝑉𝐷𝐶
(𝑇𝑡𝑟𝑖𝑝 + 𝑇𝑜𝑝𝑒)        (5) 

Moreover, the energy absorption time t𝑎𝑏𝑠 can be estimated according to (6). 

 

t𝑎𝑏𝑠 =
𝐼𝑑𝑐𝑁𝐿+𝑉𝐷𝐶(𝑇𝑡𝑟𝑖𝑝+𝑇𝑜𝑝𝑒)

𝑉𝑆𝐴−𝑉𝐷𝐶
       (6) 

The SA current decays to zero at the instant of t= 47 ms, t=49 ms, and t=50 ms for all three different current 

limiting reactors. The TIV drops to the system voltage at the instant when SA current crosses zero. The higher 

current limiter inductance is applied in the demonstration circuit, the longer is the SA current decay to zero. Also, 

the longer is the TIV duration till it drops to zero voltage. 

 
    a) SA current CB;                                              b) Relevant voltages across vacuum interrupter 

Figure 4-5 Triggered vacuum injection switch performance with Ldc= 150 mH, 235 mH and 300 mH 

 

 THE EFFECT OF TIME DELAY OPERATION OF INJECTION SWITCH 4.4

Time delay could affect the operation of the DC CB and it may normally result from the wrong trip signal or delay 

trip signal that comes from the protective relay. In this section, we investigate different time delays for different 

Dc inductor, the results of which are collected by simulation with different current injection circuits. Two time 

delays are applied  to the injection switch, 0.2 ms and 2 ms respectively. Based on the simulations, the 0.2 ms 

time delay is the maximum time delay for a DC CB interruption with a 150 mH current limiter. The  2 ms is the 

maximum time delay for a DC CB interruption with a 235 mH current limiter. The DC CB cannot interrupt the 

fault  when the injection delay exceeds the maximum time delay. 



PROJECT REPORT   

 
  
    
   
 

54 

4.4.1 A TRIGGERED VACUUM SWITCH WITH LDC = 235 mH WITH TIME DELAY OF 0.2 ms 

This simulation case demonstrates the effect of the operation delay of a vacuum triggered injection switch on 

the performance of the circuit breaker when interrupting maximum peak current – 16 kA using a current limiting 

reactor of Ldc = 235 mH and an injection switch operation time delay of 0.2 ms. The operation delay is the time 

delay applied after the injection switch receives a trip signal. The parameters are shown in Table 4-2. Simulation 

results in Figure 4-6 show that the breaker successfully interrupts 16 kA within 8.2 ms from the trip signal being 

applied. Since the operation time delay is very small, the voltages and currents behaviour are almost identical to 

the case study in section 4.1.2. 

 

Table 4-2 Simulation condition for triggered vacuum switch with Ldc =235 mH with time delay of 0.2 ms 

Parameter Value 

DC Inductance L_dc 235 [mH] 

Fault inception time Tf 15 [ms] 

Detection time Tde 2 [ms] 

Extra Time delay Tdelay 0.2 [ms] 

Trip instant Ttrip 17.2 [ms] 

 

 

Figure 4-6 Delayed operation of triggered vacuum injection switch to interrupt rated current of 16 kA with time 

delay of 0.2 ms; a) switching states; b) circuit breaker current and the current through the vacuum CB; c) 

relevant voltages and d) high frequency oscillating current ILC and the current through the SA, ISA. 
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4.4.2 TRIGGERED VACUUM SWITCH WITH LDC = 235 mH WITH TIME DELAY OF 2 mS 

This simulation case demonstrates the effect of the time delay operation of a vacuum triggered injection switch 

on the performance of the circuit breaker when interrupting a maximum peak current of 16 kA when using a 

current limiting reactor of Ldc = 235 mH and an injection switch operation time delay of 2 ms. The parameters 

are shown in Table 4-3. The simulation results presented in Figure 4-7 show that the breaker successfully 

interrupts a 16 kA current within 10 ms from the applied trip signal. Since the operation time delay is very small, 

the voltages and the current behaviour is similar to the case studied in section 4.1.2 and the generated TIV 

reaches 600 kV. 

 

Table 4-3 A Simulation condition for a triggered vacuum switch with Ldc =235 mH with a time delay of 2ms 

Parameter Value 

DC Inductance L_dc 235 [mH] 

Fault inception time Tf 15 [ms] 

Detection time Tde 2 [ms] 

Extra Time delay Tdelay 2 [ms] 

Trip instant Ttrip 19 [ms] 

 

 
Figure 4-7 Delayed Operation of a Triggered Vacuum Injection Switch to Interrupt Rated Current of 16 kA with a 

time delay of 2 ms; a) switching states; b) circuit breaker current and the current through the vacuum CB; c) 

relevant voltages and d) high frequency oscillating current ILC and the current through the SA, ISA. 
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 CONCLUSION 4.5

This chapter shows the effects on the dc circuit breaker by making use of a fast mechanical injection switch and 

a triggered vacuum injection switch by means of simulations. By making use of models developed in PSCAD, 

the influence of the injection delay and the current limiting inductance are investigated for both a fast 

mechanical injection switch model and a triggered vacuum injection switch model. From the numerous 

simulation cases for the TVS, the TVS can be used to inject the oscillation current into the arc and extinguish 

the arc at current zero. If the TVS cannot withstand the TRV, there will be a reignition in the TVS and the 

counter current can oscillate for another a half cycle until the TVS withstands the TRV. It can be concluded that 

the VVI and VCB contain negative spikes at the instant when S1 opens and S2 closes, and the VVI drops to zero 

at the instant when the state of S2 turns from closed to open. The increase of the operation delay of the vacuum 

triggered switch from 0.2 ms to 2 ms results in a positive spike on the voltages VVI and VCB at the instant when 

S1 opens and S2 closes; this results in an increase of the TIV from 500 kV to about 600 kV. For the simulation 

case of the fast mechanical injection switch, the VCB overlaps with VVI before the zero crossing of ICB current. At 

this instant of zero crossing, VCB drops to the system voltage. Meanwhile, the VVI decreases slowly when S3 is 

opened. The demonstration cases for triggered vacuum switch are presented with time delay of 0.2 ms and 2 

ms.  
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5 INVESTIGATION ON THE DC CB PERFORMANCE 
DURING A CURRENT INTERRUPTION FAILURE 
AT FIRST CURRENT ZERO 

The vacuum interrupter is used as the key component of an active DC CB due to its excellent interruption and 

insulation strength recovery characteristics after current zero. Because of the absence of a natural current zero 

in DC system, an artificial current zero is generated by superimposing a high-frequency oscillation current on 

the fault current. The vacuum interrupter can only interrupt a fault current with a di/dt that is below a critical di/dt, 

otherwise a re-ignition takes place. In practice, the magnitude of the high-frequency oscillation current is 

designed as twice the maximum interruption capability of the DC CB [28]. As a result, the di/dt may exceed the 

critical di/dt of the vacuum interrupter for the scenarios like interrupting a low current and an advanced current 

injection. When the DC CB fails to interrupt the fault current at the first current zero, the DC CB is capable of 

interrupting the current in the next current zeros if the superimposed oscillating current and the increasing fault 

current result in a lower di/dt at the current zero crossing. There have been a lot of research about the critical 

di/dt for AC CBs. Up to now, no relevant work can be found on the measured di/dt for a specific DC vacuum 

interrupter. Moreover, the objective of this chapter is to investigate the DC CB behaviour after the failure at first 

current zero through computer simulation hence the values of the critical di/dt for the studied DC CB topology is 

not the scope of this work. The threshold for the critical di/dt in this chapter is taken to be 650 A/µs. Thus the 

fault current can be cleared when the di/dt of the current to be interrupted is below this value. 

In this chapter, a detailed active injection DC CB model is developed by taking into account the operation delay 

of the switches, the parasitic parameters of the components and the control logic. The limitation of the insulation 

strength between the vacuum gap is defined by the cold breakdown voltage; once the TIV exceeds the cold 

breakdown voltage, the re-ignition will occur. The critical di/dt data are taken from publications. The simulated 

results can be used to optimize the injection circuit parameters of the DC CB to interrupt the current in the next 

current zeros upon a failure to interrupt the current at the first current zero. 

 DEMONSTRATION SET UP 5.1

5.1.1 DEMONSTRATION CIRCUIT 

The demonstration circuit is shown in Figure 5-1, and the values of its parameters are summarized in Table 5-1.  

 

Figure 5-1 Demonstration circuit 
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Table 5-1 Demonstration circuit parameters 

Parameter Value 

Vdc 320 kV 

Rdc 0.1 Ω 

DC cable 1 10 km frequency dependent (phase) model 

DC cable 2 10 km frequency dependent (phase) model 

Rf (low impedance) 0.1 Ω 

Rf (high impedance) 50 Ω (Determine to give sufficiently high current) 

Rload (rated load) 160 Ω (Suggested value to give required load current, but may be 

different depending on DC CB rating) 

 

5.1.2 DC CB STRUCTURE AND PARAMETERS 

Figure 5-2 shows the structure of the DC CB that will be used in this chapter. The relevant voltage and current 

measurement points are also shown in Figure 5-2. Four 80 kV vacuum interrupters are connected in series to 

withstand the system voltage of 320 kV. The DC CB parameters are presented in Table 5-2. We have to point 

out that in this case we consider that the voltage distribution among all VIs is the same. Anyhow, because of 

possible parasitic capacitances the voltage may slightly differ. This issue, is a point of research in task 6.8. 
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Figure 5-2 DC CB structure  

 

Table 5-2 DC CB parameters 

Resonant Branch Parameters Label Value 
 

Resonant branch resistance (320 kV)  R1 200 [mΩ] 

Resonant branch inductance (320 kV)  Lp 500 [µH] 

Resonant branch capacitance (320 kV)  Cp 5 [µF] 

Injection delay after receiving trip signal Tinj 4 [ms] 
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 FAST OPERATING MECHANISM 5.2

In order to promptly interrupt the fault, a fast operating mechanism is applied in the vacuum interrupter. Figure 

5-3 shows the structure of the fast operating mechanism [42]. The fast operating mechanism is used to drive the 

80 kV vacuum interrupter. The fast vacuum circuit breaker includes a vacuum interrupter, an insulation pole, a 

spring unit, a driving unit and an oil damper. The vacuum interrupter is used to interrupt the fault current, and 

the insulation pole is used to pull the moving contact during the operation. The spring unit provides the pre-

tightening force to the vacuum interrupter contacts. Thompson coils are applied in the driving unit to separate 

the contact fast so that gap distance reached a sufficient distance in short period. The full gap distance of one 

vacuum interrupter is 20 mm. And the driving unit provides the power for opening and closing operation. 

 

 

Figure 5-3 The structure of the fast vacuum circuit breaker [42] 

 

The dynamic gap distance is obtained from [42] in which the dynamic gap distance is measured by a high speed 

camera. As shown in Figure 5-4, an indicator was pated on the insulation pole. The high speed camera is fixed 

on the ground and records the movement of the indicator during the opening operation. 
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Figure 5-4 Gap distance measurement  

 

In the demonstration circuit, the fault occurs at t=0.01 s and the system detect the fault and the trip signal is sent 

to the DC CB with a 2 ms delay. The DC CB operates as soon as it receives the trip signal. In the first 

millisecond of the opening operation, the fast operating mechanism overcomes the pre-tightening force and the 

gap distance remain 0 mm during this period. Afterwards, the contact separates very quickly and the gap 

distance increases sharply until the moving contact hits the damper. The moving contact rebounds when it hits 

the damper, and then separates slowly under the action of the opening driving force and the damping of the oil 

damper. Thereafter, the gap distance decreases after the rebound and then increases slowly until it reaches the 

full gap distance. Figure 5-5 shows the measured variation of the dynamic gap distance in vacuum interrupter 

with the time.  

 

 

Figure 5-5 Dynamic gap distance  
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 VACUUM INTERRUPTER LIMITATION  5.3

5.3.1 INSULATION STRENGTH 

For now, no commercial single break vacuum interrupters are able to with stand 320 kV, so four vacuum 

interrupters are connected in series to withstand the system voltage together, as shown in Figure 5-2. With the 

help of voltage sharing resistors and capacitors, we assume that the four vacuum interrupters share the voltage 

across the DC CB equally. Our ongoing research in task 6.8 reveals that there is only slight difference in the 4 

VIs voltage distribution. As a result, the voltage sharing resistors and capacitors are not considered in this 

simulation. The insulation strength (Ub) of the vacuum interrupter is a function of the gap distance (s) [43]; f and 

α are parameters depending on the geometry of the coplanar profile. As a result, the insulation strength of the 

DC CB is four times of the one vacuum interrupter. Then we get the equivalent equation as (1). The efficient 

contact area is 50.26 cm
2
, f is 120 kV and α is 0.55. 

 
(1) 

In equation (1), the gap distance s from Figure 5-5 has been used. Hence the corresponding insulation strength 

with the time for one vacuum interrupter is shown in Figure 5-6. It has to be pointed out that the insulation 

strength of the gap distance denotes the cold breakdown voltage. The actual insulation strength of vacuum 

interrupter during the fault current interruption is not as high as the cold breakdown voltage due to the presence 

of the metallic vapour after the DC interruption. Hence, it can be assumed that when the TIV exceeds the critical 

insulation strength, a re-ignition will occur that leads to the failure at first current zero. The vacuum interrupter 

will not reignite when the TIV absolute value is lower than the insulation strength, which means the contacts gap 

withstands the TIV after fault interruption; this state is considered as an open state (high impendence: 1e
12 

Ω). 

On the other hand, when the TIV absolute value exceeds the insulation strength during the interruption process, 

the contact gap cannot withstand the TIV and a re-ignition occurs. The vacuum interrupter switches to a close 

state (low impendence: 1e
-3 

Ω). 

 

 

Figure 5-6 Corresponding insulation strength versus time  
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Figure 5-7 shows the comparison of the TIV and the insulation strength dynamic. The vacuum interrupter will 

not reignite when the TIV is lower than the insulation strength, which means the contacts gap withstands the TIV 

after fault interruption; this state is considered as an open state (high impendence: 1e
12 

Ω). On the other hand, 

when the TIV exceeds the insulation strength during the interruption process, the contact gap cannot withstand 

the TIV and a re-ignition occurs. The vacuum interrupter switches to a close state (low impedance: 1e
-3 

Ω).  

 

 

Figure 5-7 Comparison of TIV and insulation strength 

 

5.3.2 CURRENT SLOPE AT CURRENT ZERO 

In practice, the maximum quenching capability of the di/dt of the vacuum interrupter depends on the 

characteristic of the vacuum interrupter. In addition, the current frequency influences the maximum quenching 

capability of di/dt. Until the writing of this report, there have been no relevant data (published or measured) 

found for a specific DC vacuum interrupter. Therefore, we made use of the data published in [18], in which the 

maximum value range is 150-1000 A/µs and this value is influenced by many factors, such as the interruption 

current and the current frequency. These parameters are measured for 50 Hz AC CBs. Moreover, the objective 

of this chapter is to investigate the DC CB performance after the failure at first current zero takes place, and 

therefore these factors are not the main concern of this chapter. A reasonable di/dt at 650 A/µs is considered as 

the critical threshold. In this stage, the maximum quenching capability of di/dt of vacuum interrupter under 

different fault current magnitude is neglected. In practice, the higher the interrupted current is, the denser the 

residual plasma will be. As a result, the lower di/dt the vacuum contact can withstand [30]. So, when the current 

slope at current zero is higher than the critical di/dt, the vacuum interrupter cannot interrupt the fault current and 

the vacuum interrupter state will remain closed state.  
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 DC CB PERFORMANCE WITH A SUCCESSFUL INTERRUPTION AT FIRST CURRENT 5.4
ZERO 

This simulation case demonstrates the successful interruption when interrupting a maximum peak current of 16 

kA by using a current limiting reactor of Ldc = 160 mH and an injection switch operation time of 4 ms. The 

simulation conditions are shown in Figure 5-8. 

 

  

Figure 5-8 successful interruption at first current zero 

 

Table 5-3 successful interruption at first current zero simulation condition 

Parameter Value 

Fault impedance Rf 0.1 [Ω] 

Fault inception time Tf 10 [ms] 

Trip instant Ttrip 12 [ms] 

DC Inductance Ldc 160 [mH] 

Injection time Tinj 106 [ms] 

 

Circuit breaker currents are shown in Figure 5-8 left, IVI is the current through the vacuum interrupter, ILC is the 

injection current from LC circuit and ISA is the current through the SAs. Circuit breaker voltage is shown in Figure 

5-8 right, VVI is the voltage across the vacuum interrupter, which is the transient interruption voltage (TIV); The 

insulation strength is computed based on dynamic gap distance from section 5.3.1. 

The simulation results show that the DC CB successfully interrupts a 16 kA within 4 ms after a trip signal is 

applied. A current impulse (ILC) is generated at trip time + 4 ms when the high-speed making switch (S3) is 

closed, which forces a current zero in the main interrupter (Ivi), the current slope at current zero is 545 A/µs, 

which is lower than the critical di/dt 650 A/µs. Subsequently, the current is then commutated into the energy 

absorption branch (Isa), resulting in a TIV of approximately 500 kV. During the whole interruption process, TIV is 

lower than the insulation strength, which ensures successful current interruption. 
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 DC CB PERFORMANCE WITH A FAILURE INTERRUPTION AT FIRST CURRENT ZERO 5.5

5.5.1 FAILURE INTERRUPTION AT FIRST CURRENT ZERO CAUSED BY AN EARLY INJECTION 

Figure 5-9 shows the result of the TIV during a failed interruption caused by an early injection. The making 

switch closes at 2.8 ms after the trip signal is applied, which is 1.2 ms earlier than the supposed injection time. 

Therefore, the contact gap has not reached a sufficient distance to withstand the TIV. As it can be seen in the 

zoomed traces shown in Figure 5-9 right, TIV begins to build up from t=14.8 ms until it exceeds the critical gap 

insulation strength. At this instant, a re-ignition occurs and the voltage across the vacuum interrupter drops 

sharply to the arc voltage (which in practice is in the order of tens of volts). The capacitor in the resonant branch 

is charged to approximately 470 kV (1) during TIV build up process and the capacitor discharges through the 

inductor when a re-ignition occurs generating a higher current impulse (ILC) in (2), as shown in Figure 5-10. The 

vacuum interrupter current in second half cycle is (3), which can be estimated as 𝐼𝑉𝐼 = 15𝑘𝐴 + 460 ∗

√5 500⁄ 𝑘𝐴 ≈ 60𝑘𝐴, which is verified by the result in Figure 5-10, where number 5 stands for the capacitance 

expressed in µF and 500 stands for the inductance in the LC circuit expressed in µH. The current through the 

vacuum interrupter (Ivi) drops to zero a half cycle later. The TIV builds up again until it reaches the clamping 

voltage of SA. The current is then commutated into the energy absorption branch (Isa). 

 

𝑉𝑐 ≈ 𝑉𝐶𝑙𝑎𝑚𝑝 = 1.5𝑉𝑑𝑐   (1) 

𝐼𝐿𝐶 = 𝑉𝐶√
𝐶𝑝

𝐿𝑝
                 (2) 

𝐼𝑉𝐼 = 𝐼𝑓 + 𝐼𝐿𝐶               (3) 

 

  

Figure 5-9 TIV during an interruption failure caused by early injection 
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Figure 5-10 Currents during an interruption failure caused by early injection 

 

5.5.2 FAILURE INTERRUPTION AT FIRST CURRENT ZERO CAUSED BY A LOW di/dt QUENCHING CAPABILITY 

As mentioned in section 5.3.2, the maximum di/dt quenching capability of the DC CB depends on the vacuum 

interrupter characteristics and the current conditions during the exploitation of the DC CB. In this demonstration 

case, another vacuum interrupter with a maximum di/dt quenching ability of 500 A/µs is applied in the DC CB 

model. The same simulation condition is applied for the DC CB model and the results are shown in Figure 5-11. 

 

 

Figure 5-11 Currents and voltages during an interruption failure caused by a low di/dt quenching ability 

 

The current slope at the first current zero is 545 A/µs, which is higher than the vacuum interrupter quenching 

ability. As a result, the vacuum interrupter cannot interrupt the fault at the first current zero. The injection current 

keeps on oscillating in the LC circuit. The current slope at second current zero is 521 A/µs which is still higher 

than the vacuum interrupter quenching ability. Until the third current zero, the current slope at the current zero 

drops to a 490 A/µs and the arc is extinguished. Thereafter, TIV begins to increase and reaches the SA 

clamping voltage so that the current commutes into the energy absorption branch. The TIV is lower than the 

insulation strength throughout the interruption process.   
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5.5.3 FAILURE INTERRUPTION AT FIRST CURRENT ZERO CAUSED BY A FAST MECHANISM OPERATION DELAY  

The fast mechanism operation delay can also lead to a failure to interrupt at the first current zero, as shown in 

Figure 5-12. In this simulation case, the fast operation mechanism does not operate as soon as it receives the 

trip signal; it operates at 1 ms after receiving the trip signal, which means the contacts of the vacuum interrupter 

begin to separate at t=13 ms. The results are similar to the failure case in section 5.5.1. TIV begins to increase 

from t=16 ms until it exceeds the critical gap insulation strength. Then a re-ignition occurs and the voltage 

across the vacuum interrupter drops sharply to the arc voltage. The capacitor at resonant branch is charged to 

approximately 450 kV during TIV build up process. The fault is cleared at the second current zero of the re-

ignition current. 

 

 

Figure 5-12 Currents and voltages during an interruption failure caused by a fast mechanism operation delay 

 

5.5.4 FAILURE INTERRUPTION AT FIRST CURRENT ZERO CAUSED BY A HIGH FREQUENCY INJECTION CURRENT 

The high frequency injection current generates a high current slope at the current zero that leads to a failure at 

the first current zero, as shown in Figure 5-13. In this simulation case, the capacitance and the inductance in the 

oscillation circuit are set to 2.5 µF and 250 µH, respectively. The oscillation current amplitude remains the same 

at 32 kA while the oscillation frequency is 6 kHz, which is twice as high as the previous frequency. The high 

frequency oscillation current generates the first current zero with a slope of 691 A/µs, which is higher than the 

vacuum interrupter quenching ability 650 A/µs. As a result of this, the vacuum interrupter cannot interrupt the 

fault at the first current zero and the injection current keeps on oscillating in the LC circuit. The current slope at 

second current zero is 670 A/µs, which is still higher than the vacuum interrupter quenching ability. Until the 

third current zero, the current slope at current zero drops to 583 A/µs and the arc is extinguished. Thereafter, 

TIV begins to increase and reaches the SA clamping voltage so that the current commutes in the energy 

absorption branch. The TIV is lower than the insulation strength throughout the interruption process. 
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Figure 5-13 Currents and voltages during an interruption failure caused by a high frequency injection current  

 

 CONCLUSION  5.6

In this chapter, a detailed active injection DC CB model is developed, considering the limitation of the insulation 

strength and di/dt at current zero. The insulation strength is obtained from the dynamic gap distance measured 

on the fast operation mechanism. Four scenarios of current interruption failure at the first current zero caused by 

an early injection, a low di/dt quenching capability, a fast mechanism operation delay and a high frequency 

injection current are demonstrated. The results show the DC CB performance with an interruption failure at the 

first current zero. The DC CB can still interrupt the fault in the next current zeros, for the reason that the 

superimposed oscillation current and the rising fault current will generate a current zero with a lower di/dt. Until 

the di/dt and TIV decreases below the critical values, the fault current can be cleared by the vacuum interrupter. 

The critical di/dt in the model is obtained from published data related to AC CBs, due to the absence of 

measurement data and relevant literatures of DC CBs. In the future, more work can be done in order to 

determine the actual behaviour of the quenching capability expressed by di/dt for specific DC vacuum 

interrupter. By knowing the dependence of these parameters with respect to the arcing time and current 

amplitude, a statistical model can be built that may obtain better insight in the interruption process. During the 

process of reignition, it can be seen that the voltage spikes progressively increase with the increase of the 

withstand capability. The higher value of TIV has also impact on the amplitude of the reignited current. 

Furthermore, as shown in [44], the contact distance defines the amplitude of the withstand voltage. This implies 

that when a reignition takes place, the level of the TIV will depend on the contact distance at which the TIV 

exceeds the insulation strength. Analogously, higher system voltage will also results in higher current spike [44]. 

We also need to point out that the obtained results are simulation results based on used parameters. In practice, 

it is possible to have some resistance in the loop circuit resulting from the skin effect that may affect the current 

amplitude. In this report an aggregated insulation strength characteristics for the 320 kV DC CB has been used 

resulting from 4 times the characteristic of an 80 kV DC CB. This is possible in case of having a linear 

distribution of the voltage across series connected vacuum interrupters. In practice, there are always parasitic 

capacitances, which in this case were not considered. We have to point out that the scaling of a DC CB is a 

matter that is being investigated in task 6.8. Besides, taking into account that the arc voltage in vacuum is low, it 
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cannot have a large impact on the non-linear voltage distribution. On-going work in this field shows that the 

voltage distribution does not differs a lot and these results will elaborated in task 6.8. 
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6 GENERAL CONCLUSIONS 

The report provides component-level modelling of a DC CB and an analysis of the performance of the DC CB 

components in more detail. The complexity of the DC CB that results from the involvement of more components 

aiming to create artificial current zero and to absorb the large amount of energy implies also the need to 

investigate aspects that may lead under specific circumstances to failures in DC CB. These failures are 

particularly related to the ability of the DC CB to cope with large energy dissipation and possible improper 

operation of particular components. In this report attention has been paid to the modelling of SA, different timing 

of the current injection circuit when different types of current injections are applied and a failure analysis at the 

first current zero. A detailed thermal modelling of the SA is important to determine the hotspots which in return 

may be used to estimate the aging of the SA.   

A FEM analysis is applied to develop a SA thermal model in a 2D axisymmetric space depending on the time 

where energy absorption process and the heat diffusion process are presented. The injected energy is 

computed by the voltage and current data obtained from report 6.9. The geometry mesh size has an impact on 

the simulation results when the finer mesh applied in the model the noise and spikes in the results can be 

eliminated. The temperature distribution on the intersecting surface (radial and axial direction) of the SA 

depending on time are presented and the gas pressure inside the SA is analysed. The model is then compared 

to published results of the temperature distribution in the cross-section and the temperature distribution on the 

housing surface recorded by a thermal camera. From the performed analysis, it can be concluded that the 

temperature rise is the highest in the central axis of the SA cylinder. The temperature decay at this point is very 

slow and it needs tens of minutes in order to drop to the initial temperature. This is however, not the case for the 

temperature at the SA surface. In this report, we presented only a model of one arrester, however as it is known 

that the total SA of a DC CB consists of more SA connected in parallel, more units can be added in parallel and 

the total temperature distribution can also be computed.  

 

The report also deals with the development of a generic optimization algorithm based on different current 

injections. It is presented how to optimize a DC CB with the given critical di/dt. Due to the correlation between 

inductance, capacitance, and interrupting instant, the optimal parameters should be obtained iteratively. Beside 

the algorithm, a topology of DC CB is proposed, which can interrupt the current in both fault and nominal 

scenarios. The simulation performed in PSCAD environment shows that the algorithm can guarantee that the 

di/dt is within a safe limit at interruption. On the other hand, the results of di/dt when interrupting nominal 

currents reveals that choosing a safe margin of di/dt for designing LC circuit is advisable. We have to point out 

that the critical di/dt depends also on the recovery voltage on the capacitor, data which were not considered. If 

this limitation is taken into account than the same optimization algorithm can be used for which we believe that 

the safe margins for current interruption will be narrowed.  

 

The reports also addressed the  simulation results of the dc circuit breaker by utilization of fast mechanical 

injection switch and triggered vacuum injection switch (TVS). Several cases that may lead to possible failure 
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has been investigated, namely the influence of the injection delay and current limiting inductance are 

investigated. Possible problems may occur in case of a reignition in the TVS, which may trigger an oscillation 

current that will prolong the current interruption in the VI.  

Considering different simulation cases for TVS, it can be concluded that the negative impulse appeared on VVI 

and VCB at the instant of opening S1 and closing S2 by increases by current limiting reactor size. As the 

increase of the current limiting reactor leads to decrease of the peak fault current on one hand, higher negative 

voltage spike and prolonged duration of the TIV take place on the other hand. This also implies that that higher 

current limiting inductance results in prolonged elimination of the fault current.  

Another point of attention is the increasing operation delay of the vacuum triggered switch. In this report, two 

time instants, 0.2 ms and 2 ms were observed. Changing the operational delay from 0.2 ms to 2 ms leads to an 

occurrence of a positive impulse on the vacuum interrupter VVI and on the main breaker VCB at the instant of 

opening S1 and closing S2, which results in an increase of  TIV from 500 kV to about 600 kV, which may have 

an impact on the ability of the vacuum interrupter to withstand these TIVs 

 

A detailed active injection DC CB model is developed, considering the limitation of insulation strength and di/dt 

at current zero. The insulation strength is obtained from the dynamic gap distance measured on fast operation 

mechanism. Four scenarios of failure current interruption at first current zero caused by early injection, low di/dt 

quenching capability, fast mechanism operation delay and high frequency injection current are demonstrated. 

The results shows the performance of DC CB with a failure interruption at the first artificial current zero.  During 

a failure, a reignition takes place that under specific circumstances, critical di/dt can be eliminated. During this 

process, voltage spikes progressively increase with the increase of the withstand capability resulting in higher 

amplitude of the reignited current. The DC CB however, can still interrupt the fault in the next current zeros, for 

the reason that the superimposed oscillation current and the rising fault current will generate current zero with 

lower di/dt. The fault current can be cleared by the vacuum interrupter as long as  the di/dt and TIV decreases 

below the critical values. The challenge for the future is to apply this analysis to a scaled model, for instance 

4x80 kV DC CB by including the parasitic capacitances that will even take into account small deviations and to 

see if an aggregated model and to compare with the performance of an aggregated model. 

 

 



PROJECT REPORT   

 
  
    
   
 

71 

7 REFERENCES  

[1] N. A. Belda, R. P. P. Smeets, “Test circuits for HVDC circuit breakers,” IEEE Trans. Power Del., vol. 32, no.1, pp. 

285–293, Feb. 2017. 

[2] C. M. Franck, “HVDC circuit breakers: A review identifying future research needs,” IEEE Trans. Power Del., vol. 26, 

no. 2, pp. 998–1007, Apr. 2011. 

[3] Weixing Lin, Dragan Jovcic, Samuel Nguefeu and Hani Saad, “Modelling of high power mechanical DC circuit 

breaker,” in Proc. Power and Energy Engineering Conference (APPEEC), 2015 IEEE PES Asia-Pacific, pp. 1-5. 

[4] Proactive Hybrid HVDC Breakers - A key innovation for reliable HVDC grids. ABB. 

[5] Dragan Jovcic, Dirk Van Hertem, Kerstin Linden, Jean-Pierre Taisne, Wolfgang Grieshaber, “Feasibility of DC 

transmission networks,” in Proc. 2nd IEEE PES International Conference and Exhibition on Innovative Smart Grid 

Technologies (ISGT), 2011, pp. 1-6. 

[6] M. K. Bucher and C. M. Franck, “Comparison of fault currents in multi-terminal HVDC grids with different 

grounding schemes,” presented at the IEEE Power Energy Soc. Gen. Meeting, Washington, DC, USA, Jul. 2014. 

[7] D. Z. Fritz, “Polymer distribution arrester replace porcelain,” Transmission and Distribution, No. 3, pp. 36-40, 1988 

[8] S. Nishiwaki, H. Kimura, T. Satoh, H. Mizoguchi, and S. Yanabu, “Study of runaway/ equivalent prorated model of a 

ZnO surge arrester,” IEEE Trans. on PAS, Vol. 103, No. 2, pp. 413-421,1984. 

[9] Y. Fujiwara, Y. Shibuga, M. Imataki, and T. Nitta, “Evaluation of surge degradation of metal oxide surge arrester,” 

IEEE Trans. on PAS, Vol. 101, NO. 4, pp. 978-985, 1982. 

[10] M. Mizuna, M. Hayashi, and K. Mitani, “Thermal stability and life of the gapless surge arrester,” IEEE Trans. on 

PAS, Vol. 100, No. 5, pp. 2664-2671, 1981. 

[11] M. V. Lat, “Thermal properties of metal oxide surge arresters,” IEEE Trans. on PAS, Vol. 102, NO. 7, pp. 2194-2202, 

1982. 

[12] M. V. Lat, “Analytical method for performance prediction of metal oxide surge arresters,” IEEE Trans. onPAS, Vol. 

104, No. 10, pp. 2665-2674, 1985. 

[13] G. Zhao, R. P. Joshi, V. K. Lakdawala, and H. P. Hjalmarson, “Electro-thermal simulation studies for pulsed voltage 

induced energy absorption and potential failure in microstructured ZnO varistors,” IEEE Trans. Dielect. Electr. Insul., 

vol. 14, no. 4, pp. 1007–1015, Aug. 2007. 

[14] Z. Zheng, S. A. Boggs, T. Imai, and S. Nishiwaki, “Computation of arrester thermal stability,” IEEE Trans. Power 

Del., vol. 25, no. 3, pp. 1526–1529, Jul. 2010. 

[15] S. Kojima, M. Oyama, and M. Yamashita, “Potential distributions of metal oxide surge arresters under various 

environmental conditions,” IEEE Trans. Power Del., vol. 3, no. 3, pp. 984–989, Jul. 1988. 

[16] S. T. Li, J. Q. He, J. J. Lin, “Electrical-Thermal Failure of Metal–Oxide Arrester by Successive Impulses,” IEEE 

Trans. Power Del, vol. 31, No. 6, December 2016. 

[17] M. M. Walter, “Switching arcs in passive resonance HVDC circuit breakers,” Ph.D. dissertation, Dept. Inf. Technol. 

Elect. Eng., ETH, Zurich, Switzerland, 2013. 
[18] J. Helmer, M. Lindmayer, “Mathematical modeling of the high frequency behavior of vacuum interrupters and 

comparison with measured transients in power systems”, in Proc. XVIIth International Symposium on Discharges and 

Electrical Insulation in Vacuum, 1996, pp. 323-331. 

[19] S.M. Wong, L.A. Snider and E.W.C. Lo, “Overvoltages and reignition behaviour of Vacuum Circuit Breaker”, in 

Proc. International Conference on Power System Transients – IPST 2003, pp. 1-6. 

[20] Abdulahovic, Tarik, et al. "Vacuum Circuit-Breaker Parameter Calculation and Modelling for Power System 

Transient Studies." IEEE Transactions on Power Delivery 32.3 (2017): 1165-1172. 

[21] S. Liu, M. Popov, “Development of HVDC System-level Mechanical Circuit Breaker Model” International Journal of 

Electrical Power & Energy Systems Volume 103, December 2018, Pages 159-167 

[22] Xi’an XD arrester company, “35~350 kV system Zinc oxide surge arrester operation instruction” 

https://wenku.baidu.com/view/ca2cc32d0066f5335a8121f3.html 

[23] Promotion Deliverable 6.9 “Standard DC CB model verification plan and RTDS models” December 2017, 

[24] M. K. Bucher and C. M. Franck, “Fault current interruption in multi-terminal HVDC networks,” IEEE Trans. Power 

Del., vol. 31, no. 1, pp. 87-95, Feb. 2016. 

[25] M. M. Walter, “Switching arcs in passive resonance HVDC circuit breakers,” Ph.D. dissertation, Dept. Inf. Technol. 

Elect. Eng., ETH, Zurich, Switzerland, 2013. 

[26] L. Czarnecki, M. Lundmayer, “Measurement and statistical simulation of virtual current chopping in vacuum 

switches.” IEEE Trans. Plasma Sci., vol. PS-13, no. 5, pp. 304-310, Oct. 1985. 

[27] J. Panek, K. G. Fehrle, “Overvoltage phenomena associated with virtual current chopping in three-phase circuits,” 

IEEE Trans. PAS, vol. 94, no. 4, pp. 1317- 1325, July 1975. 

[28] J. Kosmac, P. Zunko, “A statistical vacuum circuit breaker model for simulations of transient overvoltages,” IEEE 

Trans. Power Del., vol. 10, no. 1, pp. 294-300, Jan. 1995. 



PROJECT REPORT   

 
  
    
   
 

72 

[29] J. Yan, Z. Li, Y. Geng, etc., “Experimental characterization of current chop in 126kV vacuum interrupters,” in Proc. 

2010 24th International Symposium on Discharges and Electrical Insulation in Vacuum (ISDEIV), 2010, pp. 1-4. 

[30] Weixing Lin, Dragan Jovcic, Samuel Nguefeu, Hani Saad, “Modelling of high power mechanical DC circuit breaker,” 

in Proc. 2015 IEEE PES Asia-Pasific APPEEC, 2015, pp. 1-5. 

[31] N. Greenwood, T. H. Lee, “Theory and application of the commutation principle for HVDC circuit breaker,” IEEE 

Trans. Power App. Syst., vol. PAS-91, no. 4, pp. 1570-1574, July 1972. 

[32] K. Tahata, S. Ka, S. Tokoyoda, etc, “HVDC circuit breakers for HVDC grid applications,” CIGRE AORC Technical 

meeting 2014. 

[33] CIGRE WG B4.57, “Guide for the development of models for hvdc converters in a hvdc grid” Available: 

http://b4.cigre.org/content/download/34038/1483266/version/1/file/cigre_b4_dc_grid_test_system_final_corrected_v

ersion_with_intro_v15.docx. Accessed 2014. 

[34] ABB catalog “XLPE land cable systems User´s guide” rev 5. 

[35] M. Naglic, L. Liu, I. Tyuryukanov, M. Popov, M. van der Meijden, V. Terzija, “Synchronized measurement 

technology supported AC and HVDC online disturbance detection,” in Proc. International Conference on Power 

System Transients – IPST 2017, pp. 1-6. 

[36] C. Leys, C. Ley, O. Klein, P. Bernard and L. Licata, "Detecting outliers: Do not use standard deviation around the 

mean, use absolute deviation around the median", Journal of Experimental Social Psychology, vol. 49, no. 4, pp. 764-

766, 2013. 

[37] ABB, “High voltage surge arresters-buyer’s guide,” Edition 5.1, April 2007. 

[38] N. A. Belda, C. Plet, R. P. P. Smeets, “Analysis of faults in multi-terminal HVDC grid for definition of test 

requirements of HVDC circuit breakers,” IEEE Trans. Power Del., vol. pp, no. 99, pp. 1-1, June 2017. 

[39] L. Liu, M. Popov, M. van der Meijden, V. Terzija, “The DC circuit breaker with necessary bidirectional interruption 

capability,” in Proc. 2016 IEEE PES Asia-Pacific APPEEC, 2016, pp. 25-28. 

[40] Y. Shan, U. o. S. D. o. Electronic, and E. Engineering, Direct Current Hybrid Vacuum Breaker. 2014. 

[41] S. Tokoyoda, M. Sato, K. Kamei, D. Yoshida, M. Miyashita, K. Kikuchi, H. Ito, “High frequency interruption 

characteristics of VCB and its application to high voltage DC circuit breaker,” in Proc. 2015 3rd International 

Conference on ICEPE-ST, 2015, pp. 117-121. 

[42] Zhang B, Wang J. A Relationship between Minimum Arcing Interrupting Capability and Opening Velocity of 

Vacuum Interrupters in Short-circuit Current Interruption [J]. IEEE Transactions on Power Delivery, 2018.  

[43] Schumann U, Giere S, Kurrat M. Breakdown voltage of electrode arrangements in vacuum circuit breakers[J]. IEEE 

transactions on dielectrics and electrical insulation, 2003, 10(4): 557-562. 

[44] M Popov, RPP Smeets, L van der Sluis, H de Herdt, J Declercq: Experimental and theoretical analysis of vacuum 

circuit breaker prestrike effect on a transformer, IEEE transactions on power delivery 24 (3), 1266-1274, 2009. 

 

http://b4.cigre.org/content/download/34038/1483266/version/1/file/cigre_b4_dc_grid_test_system_final_corrected_version_with_intro_v15.docx.%20Accessed%202014
http://b4.cigre.org/content/download/34038/1483266/version/1/file/cigre_b4_dc_grid_test_system_final_corrected_version_with_intro_v15.docx.%20Accessed%202014

