
 
 

Delft University of Technology

Modeling, Experimental Validation, and Application of VARC HVDC Circuit Breakers

Liu, Siyuan; Popov, Marjan; Mirhosseini, Seyed Sattar; Nee, Simon; Modeer, Tomas; Ängquist, Lennart ;
Belda, Nadew; Koreman, Kees; van der Meijden, Mart A.M.M.
DOI
10.1109/TPWRD.2019.2947544
Publication date
2020
Document Version
Accepted author manuscript
Published in
IEEE Transactions on Power Delivery

Citation (APA)
Liu, S., Popov, M., Mirhosseini, S. S., Nee, S., Modeer, T., Ängquist, L., Belda, N., Koreman, K., & van der
Meijden, M. A. M. M. (2020). Modeling, Experimental Validation, and Application of VARC HVDC Circuit
Breakers. IEEE Transactions on Power Delivery, 35(3), 1515-1526. Article 8869738.
https://doi.org/10.1109/TPWRD.2019.2947544
Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.1109/TPWRD.2019.2947544
https://doi.org/10.1109/TPWRD.2019.2947544


Abstract—This paper deals with the modelling, hardware 
results and model validation by measurements of a VSC assisted 
resonant current (VARC) dc circuit breaker (CB) and the 
application within a future network by simulation. The newly 
emerging VARC dc CB can be used as a solution for the 
protection of offshore multi-terminal HVDC (MTDC) grids. In 
this paper, the proposed VARC dc CB is modelled in detail in a 
PSCAD environment, by taking into account dielectric strength of 
the vacuum gap, high-frequency current quenching ability and 
parasitic components. The PSCAD-model is then verified by data 
from the testing of a 27 kV VARC dc CB prototype with 
maximum current interruption capability of 10 kA. Additionally, 
the initial transient interruption voltage and current slope at 
zero-crossing during the interruption are analyzed. With respect 
to scaling to a higher voltage level, three types of series connected 
modules are presented and the performances are compared. The 
performance of the series connected modules is simulated in a 
model of a 4-terminal HVDC grid. The obtained results validate 
the VARC dc CB as a promising solution for the dc fault isolation 
in MTDC grids. 

Index Terms—HVDC circuit breaker, VARC, PSCAD, circuit 
breaker performance, HVDC grid, transient analysis. 

I. INTRODUCTION

HE  integration of sustainable and renewable technologies 
is changing the existing transmission system [1]. 

Significant progress has been made toward the development of 
Voltage Source Converters (VSCs) in the last few years, which 
enable meshed HVDC grid to provide a promising 
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technological solution for the connection of offshore wind 
farms [2]. The meshed HVDC grids are urgently needed to 
utilize the potential of offshore energy resources, which 
provide sustainable and renewable energy [3]. However, 
several major technical barriers need to be conquered before the 
MTDC grids are realized [4] [5]. Among them, reliable, fast, 
low-loss and cost-effective HVDC CBs are key components 
needed to realize the MTDC grid [6]. 

Due to the absence of current-zeros in a dc system, the 
development of dc CBs is more difficult than that of ac CBs [7]. 
HVDC CBs are used to clear dc fault currents and isolate the 
faults from the HVDC converters, typically the half-bridge 
based modular multilevel converters (MMC) [8][9]. The dc 
faults also need to be cleared in a very short time to prevent the 
blocking of full bridge MMCs [10]. Furthermore, the fast 
transients and high short-circuit currents make the dc fault 
interruption more difficult [11]. The energy stored in the 
inductance in the HVDC lines needs to be dissipated by the dc 
CB in order to interrupt the dc fault current [12]. Hence, the dc 
CB comprises an “energy absorbing branch” containing surge 
arresters (SAs), connected in parallel with the mechanical 
switch, and during interruption, the line current is forced to 
commutate to this branch. The clamping voltage of the SA 
therefore determines the transient interruption voltage (TIV) 
that occurs across the interrupting switch during current 
suppression. The requirements for the energy absorber are large 
absorption capability, voltage limitation and fast dissipation 
capability. 

Substantial research on HVDC CBs has been done so far and 
different topologies and concepts have been proposed to protect 
the multi-terminal HVDC grids [13][14][15]. These HVDC 
CBs can be sorted into two categories: mechanical circuit 
breakers and hybrid circuit breakers. In both cases the line 
current is carried by mechanical contacts during normal 
operation in a “main branch” while, at switching events, it is 
temporarily transferred to a parallel branch. In the hybrid 
breaker, this branch comprises a string of series-connected 
semiconductor devices having turn-off capability (e.g. IGBTs) 
which extinguishes the line current. Mechanical circuit 
breakers, on the other hand, utilize a parallel branch called 
“current injection branch”, which injects an additional current 
component through the arc between the contacts of the breaker, 
while they are parting at opening. The injected current causes a 
zero-crossing of the total current passing through the 
mechanical switch, quenching the arc and stopping further 
current conduction. Once the current in the main branch has 
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been eliminated the voltage across the temporary branch 
increases until it reaches the clamping voltage of the SA 
causing the line current to move into the latter. 

Therefore, some similarities exist with regards to the basic 
operation principle of HVDC CBs in the sense that the line 
current is consecutively moved between the three branches, 
ending up in the energy absorption branch.  

An advantage of mechanical dc CBs is the low conduction 
losses. However, the long operation delay of traditional 
spring-based driving mechanisms cannot meet the requirements 
of fast interruption in dc grids. Recently, the development of 
ultra-fast actuators based on electromagnetic repulsion 
mechanisms makes it possible for mechanical dc CBs to clear 
faults within a few milliseconds [16][17][18]. The hybrid dc 
CBs, comprising both semiconductors and mechanical 
interrupter components, combines the advantages of both fast 
interruption and low on-state losses. Various hybrid dc CB 
topologies have been proposed in [19][20][21]. During the fault 
current interruption, the series-connected semiconductor 
devices need to withstand the very high TIV, resulting in 
relatively high component costs for hybrid dc CBs.  

A newly emerging dc CB concept, the 
voltage-source-converter resonant current (VARC) dc CB, has 
been proposed in [22] and [23]. The VARC CB utilizes a 
voltage source converter (VSC) and a series-resonant circuit to 
effectuate the commutation. The VSC generates a high 
frequency oscillation current, the amplitude of which gradually 
increases every half cycle until a zero-crossing is created in the 
arc current. In [24], the VARC main circuit design aspects are 
described and the single module prototype test results are 
demonstrated. For an HVDC application, several VARC 
modules need to be connected in series in order to reach a 
sufficient voltage level for the full-scale circuit breaker. For the 
implementation of VARC CB in an MTDC grid, a detailed 
model is essential for the transient studies and performance 
investigations. 

The main contribution of this paper is a VARC dc CB model, 
comparison with existing experimental results, and the 
comparison of different topologies for series-connection of 
breaker modules. 

The paper is organized as follows. In Section II, detailed 
modelling of the VARC HVDC CB is presented, including its 
operation principle and timing sequence.  The performance of 
the model compared to existing experimental test results is 
presented in Section III, including an analysis of the initial 
transient interruption voltage (ITIV). In Section IV, a high 
voltage breaker consisting of VARC dc CB modules is 
modelled. Three topologies for series connection of VARC 
modules are demonstrated and analyzed in a 4-terminal HVDC 
grid. Finally, conclusions based on the results of the study are 
presented in Section V. 

II. DC CIRCUIT BREAKER MODELING 

A. Structure of the VARC dc circuit breakers 
Fig. 1 illustrates the structure of the VARC dc CB. The 

VARC dc CB consists of three principal branches, which are 

the main branch, the current injection branch and the energy 
absorption branch. The main branch comprises a vacuum 
interrupter (VI), a fault current limiting reactor (LDC), and a 
residual circuit breaker (RCB). The VI is actuated by an 
ultra-fast Thomson-coil mechanism to achieve a sufficient 
contact gap distance in a short time, ensuring adequate 
dielectric strength for the VI to be able to withstand the TIV 
during interruption. The fault current limiting reactor 
effectively prevents the increase of the fault current from rising 
too fast and limits its amplitude at the interruption instant. The 
residual circuit breaker is used to separate the main circuit of 
the breaker from the grid after an interruption. The current 
injection branch consists of two parts: the first part is an 
oscillation circuit composed of a capacitor (Cp) and an inductor 
(Lp); the second part is a VSC, energy storage capacitor (CDC) 
and a charging circuit (VDC, RCH and SCH) for the energy storage 
capacitor. The VSC can be controlled to rapidly increase the 
amplitude of the oscillating current by keeping its output 
voltage in the same direction as the oscillating current. The 
current injection branch capacitor (Cp) in the VARC CB is not 
pre-charged. Instead, the VSC energy storage capacitor (CDC) is 
pre-charged, at relatively low voltage level, before the 
operation of the VARC CB.  

 

 
Fig. 1. Configuration of VARC circuit breaker 

B. Operating principles and timing sequence 
Fig. 2 illustrates the current and voltage waveforms during a 

typical interruption, where Iline is the current through the VARC 
dc CB, IOSC is the oscillation current in the current injection 
branch, VOSC is the voltage across the VSC, Ivi is the current 
through the VI, ISA is the current through the SA and Vvi is the 
voltage across the VI. The detailed operation sequence is 
explained as follows: 
1) t0 - t1: Before the operation of the CB, the VSC energy 

storage capacitor (CDC) is pre-charged by the charging 
circuit.  

2) t1 – t2: A fault occurs at instant t1. As a result, the line 
current begins to rise, and the rate-of-rise of the line 



 

current is limited by the fault current limiting reactor (LDC). 
At instant t2, a trip signal is sent to the VARC dc CB.  

3) t2 – t3: The VARC dc CB receives the trip signal at t2 and 
the ultra-fast actuator starts to drive the separation of 
contacts. The contacts in the VI reach a sufficient gap 
distance to withstand the TIV at t3.  

4) t3 – t4: Shortly before the VI reaches sufficient contact 
separation at t3, the VSC is activated. The oscillating 
current is generated, and its amplitude gradually increases 
every half cycle until a zero-crossing is created in the arc 
current. 

5) t4 – t5: The VI stops to conduct at t4. As the VI is connected 
in parallel to the oscillation branch, the initial transient 
interruption voltage (ITIV) across VI equals the 
remaining voltage of the current injection branch 
capacitor. At the same time, the line current is 
commutated to the current injection branch. During t4 – t5, 
the system keeps charging the current injection branch 
capacitor, until its voltage reaches the clamping voltage of 
SA at t5. 

6) t5 – t6: The SA starts to conduct at t5, and the line current is 
commutated into the energy absorption branch. The SA 
current then decreases until it drops to zero at t6. 

7) t6 – t7: After the fault current interruption, some leakage 
current may exist in the system, as well as a low frequency 
interaction between the capacitor in the circuit breaker and 
the inductance connected in series with the breaker. The 
residual circuit breaker is opened at t7 to clear the leakage 
current and separate the breaker main circuit from the 
grid. 

 

 
Fig. 2 Relevant voltage and current waveforms of the VARC dc CB. 
 
The VSC oscillation is enabled at t3, so that the VARC dc CB 
can interrupt both the load current and the fault current 
successfully. If the VSC is enabled too early, the current-zero in 
the VI might be created too early for the contact gap to 
withstand the TIV. The choice of components for the resonant 
circuit depends primarily on the desired TIV and the maximum 

breaking current. The characteristic impedance of the resonant 
circuit is chosen close to the ratio between the TIV and the 
maximum breaking current, whereas the resonant frequency is 
chosen to provide good conditions for the VI. The current 
withstand capability of all the components in the current 
injection branch should also match the maximum breaking 
current. Details about how to design and choose the parameters 
of the resonant circuit and other components of the VARC dc 
CB are presented in [24].  

The maximum fault current is determined by the LDC in the 
DC system and the fault current rise time, which consists of the 
protection relay tripping time and the dc CB operating time. 
More explanation about these time instants can be found in [25]. 
The IGBTs used in the VSC are not required to turn off high 
currents, since the VSC always switches very close to the 
current zero crossings. This means that voltage stresses on the 
converter are minor, however, the peak currents in the 
converter are as high as the peak fault current. Due to the short 
time that the converter needs to conduct these currents, it does 
not present any particular challenges for common off-the shelf 
components. 

C. Oscillation current and current slope at zero-crossing 
The excitation of the resonant branch current using the VSC 

is enabled at instant t3. In the current injection branch, the CDC 
is in series with the Cp, thus the equivalent capacitance in the 
oscillation circuit (COSC) can be obtained by (1). The voltage 
across COSC equals the pre-charging voltage (VDC). Hence, the 
amplitude of the oscillation current in the first half cycle (I1p) is 
given by (2), and the oscillation angular frequency (𝜔𝜔 ) is 
expressed by (3). In the next half cycle, the voltage of the VSC 
(VOSC) is reversely connected to the oscillation circuit. The VOSC 
is changed from -VDC to +VDC. Subsequently, a -2VDC voltage 
step is added to the oscillation circuit, which causes the 
oscillation current amplitude to increase by 2I1p every half 
cycle. Thus, INp is the current amplitude of the Nth half cycle (4), 
and N can be calculated by (5). Therefore, the oscillation 
current in time (IVSC(t)) can be determined by (6). When the 
fault current (𝐼𝐼𝑓𝑓 ) is interrupted at 𝑡𝑡I , then zero-crossing is 
generated at 𝑡𝑡I  (7). Equation (8) gives the current slope at 
zero-crossing. 

It should be noted that the stray resistance in the oscillation 
branch is neglected. In practice, the oscillation current is 
slightly lower due to the damping by stray resistance [24]. 

 

𝐶𝐶OSC =
𝐶𝐶p𝐶𝐶DC
𝐶𝐶p + 𝐶𝐶DC
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(3) 

𝐼𝐼𝑁𝑁𝑝𝑝 = (2𝑁𝑁 − 1)𝑉𝑉DC�
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(4) 

𝑁𝑁 = ⌈𝜔𝜔𝑡𝑡 𝜋𝜋⁄ ⌉ (5) 
𝐼𝐼VSC(𝑡𝑡) = 𝐼𝐼𝑁𝑁𝑝𝑝 sin(𝜔𝜔𝑡𝑡) (6) 
𝐼𝐼f − 𝐼𝐼VSC(𝑡𝑡I) = 0 (7) 
d𝑖𝑖 d𝑡𝑡⁄ = 𝐼𝐼VSC′ (𝑡𝑡I) (8) 



 

 
The oscillating circuit is designed based on the maximum 

fault current needs to be interrupted. The dimensioning of Cp, 
CDC and Lp parameters is a trade-off between the sizing of the 
components, the high frequency current quenching capability 
and the peak value of oscillation current. Based on the 
equations (1)- (5), the oscillation current (Iosc) should be 
higher than fault current (If) to generate current-zero. And the 
current slop at current zero should be lower than the maximum 
current quenching capability of VIs. The current quenching 
capability of a VI varies with several factors such as di/dt prior 
to current zero, the frequency of injected current and peak 
current prior to current zero. Since there has been no measured 
data available, the data published in [26] are used, in which the 
maximum value range of interruptible di/dt is 150-1000 A/μs. 
These values have been obtained for 50 Hz ac CBs, and they are 
used as an estimate of the quenching capability at higher 
frequency. 

The upper and lower limits of oscillating frequency, 
according to [27] is usually 3 kHz to 10 kHz. The oscillating 
frequency determines the current slope at current zero and the 
choice of Cp and Lp parameters. 

 

D. VI Electrical Model  
The VI is modelled as an ideal resistive switch with parasitic 

components in parallel. The state of the VI can be divided into 
three categories, namely the closed state, the operating state and 
the open state, as shown in Fig. 3.  

 

 
Fig. 3. VI state transitions 

 
The closed state is modelled as a low resistance with the value 

of 80 µΩ [28]. The operating state represents the scenarios of 
re-ignition, restrike and arcing. According to [29], the arc 
voltage in VIs is in the order of 20 V to 80 V, which depends on 
the characteristics of the VIs. The model takes into account the 
arc characteristic by utilizing a voltage source with a value of 
50 V, which represents the arc voltage during current 
oscillation. As a result, the operating state is modelled as a low 
resistance in series with a dc voltage source as shown in Fig. 3. 
The dc voltage source direction is the same as the oscillation 
current direction. The open state is modelled as a high 
resistance with the value of 1 TΩ [28].  

The parasitic components of the VI are explained in [30] and 
[27], which are used for system transient studies. In [27], the 
parasitic capacitance, the inductance and the resistance are 
connected in series, which are with the value of 0.2 nF, 50 nH 
and 50 Ω, respectively. 

The dielectric strength of the VI is a very important 
parameter for the analysis of switching transients [30]. When 
the TIV absolute value exceeds the insulation strength during 
the interruption process, the VI might not withstand the TIV 
and a re-ignition could occur. The insulation strength (Ub) of 
the VI depends on the gap distance (s) when s≥5 mm [31]; f and 
α are parameters depending on the geometry of the coplanar 
profile, as (9) where f is 30 kV and α is 0.45. The dynamic gap 
distance (s) can be obtained as (10) from [22].  

The dc CB operates as soon as it receives the trip signal. The 
actuator operating delay (ts) is 1 ms. During the first 
millisecond of the actuator opening operation, the actuator 
experiences pre-tightening force and the gap distance remains 
zero during this period. Afterwards, the contact separates very 
quickly with a velocity of 3 m/s, and the gap distance increases 
linearly until the moving contact hits the damper. 

 
𝑈𝑈𝑏𝑏(𝑠𝑠) = 𝑓𝑓𝑠𝑠α  (9) 

𝑠𝑠 = 𝐶𝐶(𝑡𝑡 − 𝑡𝑡𝑠𝑠) (10) 

The dynamic gap distance is modelled by making use of the 
dielectric strength. Once the TIV exceeds the dynamic 
dielectric strength, the VI cannot withstand the TIV and a 
re-ignition occurs. If the TIV does not exceed the dielectric 
strength during the interruption, the VI will remain in open 
state.  

The vacuum arc is not stable when conducting low current. 
The chopping current represents the current through the 
interrupter required for an arc to be sustained. The chopping 
current of the VI mainly depends on the contact material. The 
chopping current of Cu/Cr contacts varies from 3-8 A [32], [33]. 
In this paper, a reasonable chopping current is chosen with the 
value of 5 A. Above this current, the interrupter switch model 
remains in the closed state. If the VI current drops below the 
chopping level, the VI is assumed to chop immediately and 
switch to the open state. 

III. MODEL COMPARISON WITH EXPERIMENTAL RESULTS 

A. Experimental data 
A VARC dc CB module prototype with a designed current 

interruption capability of 10 kA and TIV of 40 kV, see Table 1, 
was constructed by SCiBreak for testing within the 
PROMOTioN EU-project. The prototype of the tested module 
is shown in Fig. 4 [24].  

A series of tests were carried out in 2018 at DNV GL KEMA 
laboratories in Arnhem, including short-circuit interruption 
tests in both current directions and a nominal current 
interruption test. 

The dc CB test circuit was supplied by AC short-circuit 
generators operated at low power frequency, 16.7 Hz. A  
simplified equivalent circuit is shown in Fig. 5 a) [34]. The test 
circuit was energized by the 16.7 Hz AC voltage source in 
series with a making switch (MS) and an equivalent inductor 



 

(Leq). A master breaker is employed to ensure the supply half a 
cycle current needed for the test. A short-circuit is applied at 
making angle 𝜃𝜃 on the source voltage waveform to ensure 
quasi-dc voltage during the entire current interruption process. 
After a short-circuit current starts to flow, a trip signal was sent 
to the VARC dc CB to start the current interruption process. 
The test circuit parameters for the tests at 10.6 kA are shown in 
Table 2. 

 

 
Fig. 4 Prototype of VARC dc CB  

 

 
 
Fig. 5 a) Equivalent circuit for dc CB tests b) VARC CB with parasitic 
parameters. 
 
Table 1 Parameter of the tested VARC CB module prototype 
VARC CB Parameters Label Unit Value 
SA clamping voltage  Vclamp kV 40 
Oscillation inductance Lp µH 19 
Oscillation capacitance Cp µF 2.5 
Energy storage capacitance CDC mF 3.75 
Parasitic Parameters    
Capacitance across SA  C_x1 nF 5.2 
Capacitance from module 
terminal to ground C_x2 pF 15 
Capacitance across vacuum gap C_x3 nF 0.2 
Resistance across vacuum gap R_x3 Ω 50 
Inductance across vacuum gap L_x3 nH 50 
Stray resistance  R Ω 0.05 
 
Table 2 Test circuit parameters  
Parameters Value 
AC source voltage 6.76 kV 
Series reactor 9.83 mH 
𝜃𝜃  13° 
 

B. Model Verification 
Comparisons of the results from the earlier experiments and 

a simulation is shown in Fig. 6 and Fig. 7. In this particular test 
case, the trip signal is sent to the VARC dc CB at t=0 ms, and 
the ultra-fast actuator starts to drive the separation of VI. At 
t=2.8 ms, the gap reaches a sufficient length to withstand the 
TIV, and the VSC is activated.  

 

 
Fig. 6 Line currents and oscillation currents; comparison of simulated and 
experimental results. 
 

 
Fig. 7 VI voltages and oscillating voltages; comparison of simulated and 
experimental results. 
 

Consequently, the oscillation current in the current injection 
branch starts to oscillate, and the amplitude increases gradually 
until a current-zero is created in the VI, and the arc is 
extinguished. The initial VDC is 1.6 kV, and it decreases 
gradually with the oscillation. As soon as the fault current is 
interrupted in the VI, the voltage VVI rises sharply and the peak 
of the Vvi is approximately 47 kV. The high frequency 
oscillation is due to the stray impedance of VI. The high 
frequency oscillation superimposed on the voltage across the 
SA, which is limited by the clamping voltage of the SA. The 
clamping voltage of the SA is 40 kV. The current is 
commutated into the SA at t=3 ms. Thereafter, the energy is 
absorbed by the SA and the current gradually decreases towards 
zero. It can be seen that there are differences between the 



 

measured and simulated voltage after current interruption. This 
difference stems primarily from differences in I/V 
characteristics of the default surge arrester model of PSCAD, 
and the physical devices used in the experiments. The 
motivation for retaining this model is to not introduce custom 
components into the modelling. By making use of measured 
current and voltages across the SA, the energy absorption of the 
tested module is determined and verified by simulated results as 
shown in Fig. 8. The slight difference in the energy absorption 
of around 2% again results from the differences in the 
characteristics of the SA model of PSCAD and that of the 
physical SA. Consequently, the difference in SA characteristics 
also leads to the difference in VVI  after fault interruption. 
 

 
Fig. 8 Energy absorption of the SA; comparison of simulation results and 
experimental results 
 
The results of the simulations are in good agreement with the 
values measured during the interruption.  

C. Initial Transient Interruption Voltage (ITIV) 
The ITIV across the VI at the instant of current-zero is of 

some interest, since it may impact the current interruption 
capability of the VI. Before the dc CB operates, the VSC energy 
storage capacitor is pre-charged to 𝑉𝑉DC . By changing the 
direction of the output voltage of the VSC at each current-zero 
of the current injection branch current, a voltage step of size 
2𝑉𝑉DC, and alternating polarity, is superimposed on the resonant 
circuit. The voltage across the current injection branch 
capacitor, and the peak voltage across it during the Nth half 
cycle can be calculated using (12) and (11) respectively. As the 
VI is connected in parallel with the oscillation circuit, the VI 
voltage at t=𝑡𝑡I (𝑉𝑉viI) is (14).  

𝑉𝑉𝑛𝑛𝑝𝑝 = (2𝑁𝑁 − 1)𝑉𝑉DC (11) 

𝑉𝑉SA(𝑡𝑡) = (−1)𝑁𝑁𝑉𝑉DC + (−1)𝑁𝑁+1𝑉𝑉𝑛𝑛𝑝𝑝 cos(𝜔𝜔𝑡𝑡 − 𝑁𝑁𝜋𝜋) (12) 

𝑡𝑡I = sin−1(𝐼𝐼f 𝐼𝐼OSC(𝑡𝑡I)⁄ ) (13) 

𝑉𝑉viI = 𝑉𝑉SA(𝑡𝑡I) (14) 

The ITIV is determined by the fault current 𝐼𝐼f, the energy 
storage capacitor voltage, 𝑉𝑉DC,  and interruption instant , 𝑡𝑡I . 
ITIVs corresponding to interruption of different levels of fault 
current, with the same type of breaker main circuit, are shown 
in Fig. 9. After several half-cycles of oscillation, the oscillating 
current in the current injection branch is sufficient to generate a 

current zero-crossing in the VI. When the fault current 
increases from 1 kA to 2.3 kA, the ITIV across the VI changes 
from -5 kV to approximately 0 kV. In each interval from 1-8, 
the ITIV decreases from a maximum value to zero when a fault 
current increase. The VI can withstand -20 kV easily. When the 
current through the VI reaches zero crossing, the ITIV across 
VI increases promptly as a step voltage. This is a challenge for 
the VI in the VARC dc CB. For now, no results have been 
published regarding the rising rate of the ITIV. However, it 
should be pointed out that the negative spike of ITIV should be 
kept as low as possible. 

 

 
Fig. 9 The relationship between fault currents and ITIV 

 
This peak value of ITIV not only depends on the fault current 

but it also depends on the Lp and Cp which define the oscillation 
current frequency. The difference of VOSC between the 
simulated results and the experimental results are due to the 
measurement in the experiments. The voltage across VSC in 
the experiment is measured after the dc CB is triggered. While 
the voltage across VSC in the simulation is measured 
throughout the time of the interruption process. 

IV. VARC DC CB USING SERIES CONNECTED MODULES 
In order to use the VARC dc CB in multi-terminal dc grid, 

the voltage rating of the design should be scaled to the system 
level of the network. At the present time, no commercial 
single-break VIs are available for more than 126 kV. Therefore, 
several dc CB modules need to be connected in series to 
construct a breaker for high voltage. Due to the voltage 
clamping property of the SAs inside the CB modules, n CB 
modules can be connected in series to achieve the same TIV as 
one single module (15) with an imagined UHV VI. The 
distance s1 in the equation is the gap distance in one single 
equivalent module, and sn is the gap in n modules. As we can 
see from (16), the sum of gap distance in n modules, for the 



 

same dielectric withstand capability, is shorter than that in a 
single VI. The insulation strength (Ub) of the VI is a function of 
the gap distance (s) [31]; f and α are parameters depending on 
the geometry of the coplanar profile, as (15) where f is 30 kV 
and α is 0.45. 

fs1α = 𝑛𝑛𝑓𝑓𝑠𝑠𝑛𝑛𝛼𝛼  (15) 

𝑛𝑛𝑠𝑠𝑛𝑛
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(16) 

The total opening velocity for equivalent dielectric withstand 
capability in n modules, 𝑣𝑣𝑛𝑛 , can be calculated by the same 
principle (17), (18). 𝑣𝑣1is the opening velocity in a single VI. 

𝑣𝑣1 = 𝑠𝑠1 𝑡𝑡⁄  (17) 

𝑣𝑣𝑛𝑛 =
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(18) 

According to (18), in order to achieve the same dielectric 
strength, the series connection separating velocity vn is lower 
than that of one module v1. Therefore, with the same ultra-fast 
driving mechanism of the dc CB, the series connection can 
achieve higher dielectric strength within a shorter time. 

A. Structure of Series Connection 
Three types of series-connection topologies are shown in 

Fig. 10 a)- c). During steady state, the performance of these 
three topologies is the same. The difference between these 
structures is mainly the connection of SAs. The series 
connection topologies are designed to withstand the maximum 
system operation voltage, and the SA clamping voltage is 
selected to be 1.5 times the rated system voltage.   
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Fig. 10 Series connection topologies of VARC CB modules 

A benefit of the modularized construction of the dc CB is 
that the SA energy rating can be selected in such a way that n-1 
modules successfully can operate as a full circuit breaker, 
making redundancy inherent in the concept. In the 
configuration shown in Fig. 10 a), n modules are simply 
connected in series. For the MTDC grid, the fault current 
amplitude at each terminal is different, which depends on the 
MTDC structure, cable length and power flow. Therefore, the 

required dc CB rating depends on its application and location. 
Meanwhile, for the future MTDC grid more terminals will be 
connected to the existing grid, which results in the change of 
fault range. As shown in the configuration Fig. 10 b) and c), an 
additional external SA is connected in parallel with the series 
modules. The prospective clamping voltage external SA is 1.5 
times the rated system voltage, and the SAs inside the VARC 
modules are higher than 1.5 times the rated system voltage. In 
this way, the majority of the energy resulting from the 
interruption is absorbed by the external SA, and the module 
design is not affected by the energy rating required by the 
internal SA. For example, the possible effect from varying SA 
stray capacitance inside the breaker module can be disregarded.  

B. Performance with Different Internal SAs Clamping 
Voltages. 

Fig. 11 and Fig. 12 shows the fault current interruption 
performance for different internal SA clamping voltages and 
associated energy absorption by the external SA for the 
topologies b) and c), respectively. It should be pointed out that 
when all the modules operate at the same time, topology b) and 
topology c) have the same performance. Hence, only one group 
of results are shown.  

 

 
Fig. 11 Comparison of VI voltages and line currents for different clamping 
voltages for topology b) as shown in Fig. 10. 

 
Described topologies in Fig. 10 consists of four 80 kV 

modules connected in series. The clamping voltages of the 
internal SAs in each module are 120 kV, 140 kV and 160 kV, 
respectively. The clamping voltage of the external SA is 
1.5×320 kV = 480 kV. In case when the internal clamping 
voltage of each module is 120 kV, the internal SAs absorbs 15.4 
MJ, whilst the absorption of the external SA is 18.3 MJ. For 
clamping voltages of 140 kV and 160 kV, the external SA 
absorbs almost all the energy whilst the energy absorption by 
the internal SAs is negligible. By increasing the clamping 
voltage from 120 kV to 140 kV, the current interruption time 
decreases and the absorbed energy decreases to 32.6 MJ. 
Furthermore, when the clamping voltage is 160 kV, the 
interruption time remain the same. And the energy absorption 
in this case is 32.5 MJ. 

 



 

 
Fig. 12 Comparison of external SA energy absorption for different clamping 

voltages for topology b) as shown in Fig. 10. 
 

C. Performance with Different Operation Delay 
This example demonstrates the module performance for 

different operation delays for type a), b) and c) topology. In this 
case, the VSC oscillation is enabled around 3 ms. Exact 
operation times are slightly different from each other, which are 
2.8 ms, 2.9 ms, 3ms and 3.1 ms for module 1,2,3 and 4, 
respectively. 

Fig. 13 shows the voltages across the VIs during the fault 
current interruption by the four modules. The time of initial 
voltage rise corresponds to the instant when the current zero is 
reached. The oscillation currents in module 1 and 2 are injected 
earlier than expected, whilst for module 4 the injection is 
delayed. For type b) and c), the internal SAs clamping voltage 
in each module is set to 140 kV. Fig. 14 shows the energy 
absorption of each topology. Type a) has only internal SAs 
whilst type b) and c) have also an external SA which is denoted 
by an subscript “EX”. 

It can be seen that for type a), the voltages across four 
modules are limited by the internal SAs to a value of 120 kV 
and the instant of energy absorption for all four modules is in 
line with the instant when clamping voltage is reached as 
shown in Fig. 13 (a). The energy absorption is not equally 
divided among the SAs of the modules. For type b), the 
voltages across module 1, 2, 3 reaches 140 kV, which are 
limited by the internal SAs. After the current is interrupted, the 
voltage across all four modules are limited by the external SA 
with the value of 480 kV (EsaEX), which is four times 120 kV as 
shown in Fig. 13. Thereafter, the voltage is distributed equally 
among the modules and great amount of the energy is absorbed 
by the external SA as shown in Fig. 14 (b).  
 
For type c), energy absorption begins at the time when the 
clamping voltage of the first module is reached. It is then shared 
equally among the modules even during different operation 
delays. For this topology, each module makes use of an external 
SA, which in this example has a clamping voltage of 120 kV. 
As the values of the clamping voltages of the internal SAs are 
140 kV, all the energy will be absorbed by the external SAs. 
This is clearly demonstrated in Fig. 14 c) and d).  
 

 
Fig. 13 VI voltages of four modules for different operation delay; upper graph - 
type (a) topology; middle graph – type (b) topology; lower graph – type (c) 
topology. 
 

 
Fig. 14 Energy absorption of the SAs; (a) topology a); (b) topology b); (c) 
topology c) – internal SAs; (d) topology c) external SAs. 

D. Interruption Performance of Series Connected Modules 
The performance of a dc CB consisting of series connected 

modules is demonstrated in a 4-terminal MTDC system. A 
feasible MTDC network is developed for future offshore 
windfarms and some of the data about the components of the 
demonstration system are taken from [35]. The converters are 
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half-bridge bipolar MMCs. The configuration of the studied 
4-terminal MTDC system is shown in Fig. 15. Converters 
MMC2 and MMC4 connect the offshore wind power plant, and 
MMC1 and MMC3 connect the onshore AC grid. The MMC1, 
MMC2 and MMC4 are connected to each other by a 200 km 
cable, and MMC4 is connected to MMC3 by cable with a 
length of 120 km. The data of the 4-terminal MTDC system is 
shown in Table 3, and it is modelled in a PSCAD environment.  
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Fig. 15 Configuration of demonstration system 
 
Table 3 Data of demonstration 4-terminal MTDC system 

Parameter Converters 

MMCs 1 MMC 2 MMC 3 MMC 4 

Active power 1200 MW 1000 MW 800 MW 1000 MW 
Control mode PVdc PQ PVdc PQ 
Reactive power 0 MVAR 0 MVAR 0 MVAR 0 MVAR 
DC link Voltage ±320 kV 
Rated power 1200 MW 
Number of SMs per arm 400 
Arm capacitance Carm 22 µF 
Arm reactor Larm 42 mH 
Arm resistance Rarm 0.08 Ω 
AC converter voltage 166 kV 
Transformer leakage reactance 0.18 p.u 

AC grids and windfarms 
AC grids voltage 400 kV 
Windfarm output voltage 66 kV 

 
The VARC dc CBs and the current limiting inductors are 

implemented at each bus terminal. In each of these VARC dc 
CBs, 12 modules are connected in series with the configuration 
shown in Fig. 10 c). Two representative fault current 
interruptions are demonstrated in the 4-terminal MTDC system, 
which are short-circuit fault current interruption and reverse 
current interruption, respectively. It is noticeable that the fault 
current amplitudes are influenced by the fault location and the 
fault resistance. The fault is assumed to be detected instantly, 
and the trip signal is sent to the dc CB at the same time. The 
demonstration results are shown as follows: 

a) Short-circuit fault current interruption 
Fig. 16 shows a successful fault current interruption by the 

VARC dc CB located at B21 positive pole. The pole-to-pole 
fault occurs at 100 km of Cable12, with a fault resistance Rf 
=0.1 Ω. The fault occurs at t=0 ms, and the line current starts to 

rise consequently. The fault current at dc CB B21 starts to rise 
at t=0.6 ms.  

The fault current rate-of- rise is limited due to the inductance 
in the system. The trip signal is sent to the dc CB at t=2 ms, and 
as soon as dc CB receives the trip signal, the ultra-fast actuator 
starts opening the VI contacts. At t=5 ms, the gap reaches a 
sufficient size to withstand the TIV, and the VSC oscillation is 
enabled. Hence, the oscillation current in the current injection 
branch starts to oscillate, and its amplitude increases gradually 
until the current-zero is reached. As soon as the fault current is 
interrupted in the VI, VDCCB rises sharply and reaches a peak 
value of ~ 510 kV, which is limited by the clamping voltage of 
the SA. High frequency oscillation voltage superimposes on the 
peak of VDCCB due to the parasitic components existing in the 
circuit. The SA starts conducting at t=5.1 ms when VDCCB 
reaches the clamping voltage, and the current is commutated 
into the SA. Thereafter, the energy stored in the system is 
absorbed by the SA and the SA current gradually decreases 
towards zero. One may note that the ITIV for this case has a 
negligible value. As explained in III.C, the ITIV depends on the 
oscillating current during the interruption process. In the case 
when the fault current is close to the peak of the oscillating 
current, the ITIV may have low or negligible values. 

 

 
Fig. 16 Performance of short-circuit fault current interruption by B21. 

b) Reverse direction current interruption 
The performance of the VARC dc CB located at B21 

negative pole during reverse direction current interruption is 
demonstrated in Fig. 17. The dc CB experiences a pre-fault 
current of -1 kA. The VARC dc CB interrupts the fault current 
in the typical manner after receiving the trip signal. The VARC 
CB is capable of interrupting bidirectional fault current. 
Meanwhile, withstanding the TIV of the opposite polarity as 
well. 



 

 
Fig. 17 Performance during reverse direction fault current interruption by 
breaker B21. 

V. CONCLUSION 
The VARC dc CB provides a dc interruption solution for 

multi-terminal HVDC grids. The implementation of ultra-fast 
actuator significantly improves the capability to clear the fault 
within 3 ms after receiving a trip signal.  

When the oscillation current amplitude gradually increases 
every half cycle, until a zero-crossing occurs, the worst-case 
current slope at current-zero significantly is reduced for both 
the nominal current interruption and the short-circuit 
interruption. This improves the current interruption capability 
of the mechanical switch. 

The developed model, however, cannot be used as a 
deterministic model for a risk assessment for the interruption in 
practice. The VARC dc CB model can, however, be used for 
overvoltage analysis, fast transient analysis and re-ignition 
performance analysis. These phenomena play a very important 
role during dc current interruption and as such it can be used to 
study the effect of current interruption in an actual network 
topology, and how different network parameters affect the dc 
CB. Meanwhile, the parasitic components existing in the circuit 
can be calculated by the model, which may have impacts on the 
transient performance during current interruption.  

The developed VARC dc CB model is compared by 
measurements from the experimental results performed with 
the prototype design shown in Figure 4. The current waveforms 
obtained from the simulation studies show good agreement 
with the experimental results. The small difference can be seen 
in the VI voltage due to the difference of the SA characteristic 
applied in the simulation and the actual one resulting from the 
SA installed in the dc CB.  The ITIV is computed and analyzed. 
The measured values resulting from the experiments are 
slightly lower than the computed results because of the parasitic 
components. When an existing grid is connected to a future 
MTDC, the fault current ratings are expected to increase. Since 
the VARC dc CB operates on the principle of gradually 
increased oscillation current, the breaker is inherently suitable 
for a wide range of fault currents, up to the peak current 
injection branch current that can be carried without exceeding 
the maximum capability of components.  

The VARC dc CB can be implemented for higher voltage 
levels by connecting breaker modules in series. Topology c) 
shows better performance as the voltage and energy absorption 
is equally distributed among the modules. The performance of 
short-circuit interruption and reverse current interruption are 
demonstrated in a 320 kV, 4-terminal HVDC grids. Based on 
the extensive study and achieved results, VARC dc CB is a 
promising topology that can be applied in MTDC grids 
applications. We also point out that in the future more work will 
be done in order to see the performance of the dc CB for 
different pre-fault currents, reclosing, different network 
topologies and different fault locations.  
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