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Abstract—The vacuum interrupter is used as the key
component of an active DCCB due to its excellent interruption
and dielectric recovery characteristics after current zero. The
vacuum interrupter can only interrupt the fault currents below
the limitation of a critical di/dt and TIV, otherwise it causes a re-
ignition and the interruption failure. In this paper, a detailed
active injection DC CB model is developed, considering operation
delay of switches, parasitic parameters of switches and thorough
control logic. The limitation dielectric strength between the
vacuum gap is defined by the cold break down voltage. Based on
the numerical modelling, investigation will be performed to see
the performance of DC CB with a failure interruption on the first
current zero. The simulation results can help to optimize the
injection circuit parameters when DC CB has a failure on the
first current zero and has to interrupt in the next current zeros.
This algorithm will consider predefined threshold of di/dt,
chopping current and variable operation time in different
scenarios.

Keywords—HVDC circuit breaker, fault interruption, di/dt,
active injection, PSCAD simulation

I

The insistent demands of renewable energy significantly
promotes the topology of the future energy transmission
systems. Significant progress has been made on the
development of Voltage Source Converter (VSC) based HVDC
grids in the last few years, which enable meshed HVDC grid to
provide a promising technological solution for the connection
of offshore wind farms [1]. The development of meshed HVDC
offshore grids is hindered by a few technical barriers. One of
the main barriers is the lack of reliable, fast, low loss and cost
effective HVDC circuit breakers (CB), which can allow
isolation of fault segments of the HVDC grid and keep the
healthy areas operating continuously [2].

INTRODUCTION

Due to the absence of a natural current zero in DC system,
traditional AC circuit breakers cannot clear the fault that occurs
in HVDC grids. An artificial current zero is generated by active
injection of high frequency oscillation current. Besides the
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generation of current zero, the DCCB also needs to withstand
the transient interruption voltage (TIV) and dissipate the
magnetic energy stored in DC system. The vacuum interrupter
can only interrupt the fault currents when the current slope at
current zero (di/dt) below the critical limitation and TIV less
than the insulation strength of vacuum interrupter.

Large numbers of researches have been done on the
limitation of vacuum interruption. Mathematical modeling of
the high frequency behavior of vacuum interrupters is
performed in [3], and the critical di/dt is measured as 150-1000
A/us for AC CBs at high frequency. Overvoltage and re-
ignition behavior of vacuum interrupter are carried out in [4] by
numerical modelling and the interruption is determined by the
critical di/dt and dielectric strength. However, the important
failure scenarios of DC current interruption are not investigated
so far.

In this paper, a detailed active injection DC CB model is
developed, considering chopping current of switches, gap
distance dynamic and thorough control logic. The limitation
dielectric strength between the vacuum gap is defined by the
cold break down voltage. Based on the numerical modelling,
investigation will be performed to see the performance of DC
CB with a failure interruption on the first current zero. The
simulation results can help to optimize the injection circuit
parameters when DC CB has a failure on the first current zero
and has to interrupt in the next current zeros. This algorithm
will consider predefined threshold of di/dt and insulation
strength in different scenarios. And the results obtained in
PSCAD platform will be analyzed by equations.

II. MODELLING OF THE MECHANICAL DC CB

A. Model Structure and Parameters

Figure 1 shows the structure of mechanical DC CB model
[5], which consists of three branches, namely, the main branch,
the current injection branch and energy absorption branch.
Three high speed 72.5 kV vacuum interrupters (S;,, S;, and S.)
are connected in series in the main branch to withstand the
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system voltage. A residual breaker (S,) is used to insulate the
CB after current interruption. A switchable resonant circuit in
connected in parallel with the vacuum interrupters (VIs) which
is comprised of inductor (L), capacitor (C, .5) and injection
switch (S;). The surge arrester (SA) absorb the residual energy
in DC grid after interruption. The one and only external trip
signal Kgiq is a logic signal (Kgig=1 is close; Kgig=0 is open).
The DC CB parameters are shown in Table 1.
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Figure 1 Structure of Mechanical DC CB
Table 1 Parameters
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Resonant Branch Parameters | Label Value
Rated voltage Ve 200 [kV]
Resonant branch inductance L, 400 [uH]
Resonant branch capacitance C, 2.5 [uF]
SA rated/ clamping voltage Vsa | 200/300 | [kV]
VIs operation delay Tinec 4 [ms]
S; closing delay Ty s3 4 [ms]
Inductance of current limiter Lc 75 [mH]

B. DC CB Operation Sequence

The detail DC CB operation sequence is obtained from [1],
Figure 2 illustrates the fault current interruption process and the
relevant voltages, currents and switch states. The trip order is
sent 2 ms after the fault inception. Afterwards, the DC CB
begin to operate as soon as it receives the trip signal.

Peak
fault
current

Faull
inception

System
voltage

Line
current

Current
injection

Current
zero

Relay | , i¢
time
Break
time
interruption
Trip time
order
4
o | S, state
1 .
. I S, state 1 -- Close
| 0 -- Open
1 | S; state

Figure 2 DC CB operation sequence

560

C. Fast Operation Mechanism

In order to promptly interrupt the fault, a fast operating
mechanism is applied to the vacuum interrupter. Figure 3
shows the structure of the fast operating mechanism. The fast
operating mechanism is used to drive the 72.5 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.
And the driving unit provides the power for opening and
closing operation. The full gap distance of one vacuum
interrupter is 20 mm.

Vacuum
interrupter

Insulation
pole

Spring unit

Driving Unit

g
A

Figure 3 The structure of the fast vacuum circuit breaker

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 remains 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 4 shows the
measured variation of the dynamic gap distance in vacuum
interrupter with the time, which is measured by high speed
camera.

Oil damper

GapDistance

GapDistance (mm)

Time (s)

Figure 4 Dynamic gap distance
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III. VACUUM INTERRUPTION LIMATATION

A. Insulation Strength

For now, no commercial single break vacuum interrupters
are available to withstand 200 kV, so three vacuum interrupters
are connected in series to withstand the system voltage together,
as shown in Figure 1. With the help of voltage sharing resistors
and capacitors, it assumes that the three vacuum interrupters
share the voltage equally. The insulation strength (Uy) of the
vacuum interrupter is a function of the gap distance (s) [7]; f
and a are parameters depending on the geometry of the
coplanar profile, as (1) where fis 30 kV/ (mm)* and a is 0.45.
As a result, the total insulation strength (Ujs) of the DCCB is
three times of the single vacuum interrupter (2), Ny; is the
number of the VIs. Then we get the equivalent equation as (3).

Uy(s)=f *s" 1
Uis=Ny;* Uy(s) 2
Uis= Ny ® fos5” 3)

The total insulation strength (Ujs) of VIs versus time based
on gap distance dynamic can be obtained by (3), and the results
is shown in Figure 5. 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: le" Q). 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: le” Q).

B. 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. The maximum value range according to [3],
is 150-1000 A/us and this value is influenced by many factors,
such as the interruption current and the current frequency.
These parameters are measured at 1.8 MHz with a small gap
distance in the order of several hundred micrometers. The CB
is not capable to interrupt fault current at zero crossing if the
di/dt value is higher than the limitation. If the DCCB failed to
interrupt the fault current on the first current zero, the DC CB
still has a chance to interrupt the current in the coming current
zeros, for the reason that the superimpose of oscillation current
and rising fault current will generate current zero with less di/dt.
Until the di/dt decreases less than the limitation, the fault
current can be cleared by the vacuum interrupter. In [8]-[11],
the critical of di/dt current derivative are considered as a
constant. An method for determination of the quenching
capability of a black-box VI model is proposed by [12], a linear
equation (4) is used to define the high frequency capability

di/dt=C(t-t))+D 4

The constant in (4) is also given in [12] and [4], where C
and D is -0.034 A/us and 255 Alus, respectively. t, is the
contacts separating instant. The vacuum interrupter can clear
the fault current at zero crossing when the di/dt is below the
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limitation, otherwise, the vacuum interrupter is not capable to
clear the fault.

T T
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Figure 5 Corresponding insulation strength and TIV versus time

IV. SIMULATION VERIFICATIONS

A. Demonstration System

Figure 6 shows the demonstration system, the DC CB is
interfaced to a DC source and the fault occurs at t=0.01s. The
parameters of the system are shown in Table 2. The nominal
load current is 1 kA.

Kgrid
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Rde " Cablel
MCB I }

| {
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Figure 6 Demonstration system

Table 2 Demonstration system parameters

Parameter Value
Vdc 200 kV
Rye 0.1Q
DC cable 1 10 km frequency dependent(phase) model
DC cable 2 10 km frequency dependent(phase) model

Rt (low impedance) 0.1Q

Ryoaq (rated load) 200 Q (Suggested value to give required load
current, but may be different depending on DC

CB rating)

B. Simulation results

Figure 7 shows the result of the TIV during a failed
interruption caused by an early injection. The making switch
closes at 3.5 ms after the trip signal is applied, which is 0.5 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 zoom in figure,
TIV begins to build up from t=15.5 ms until it exceeds the
critical gap insulation strength. At this instant, a re-ignition
occurs and the voltage across the vacuum interrupter drops

Authorized licensed use limited to: TU Delft Library. Downloaded on July 24,2020 at 08:56:01 UTC from IEEE Xplore. Restrictions apply.



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 280 kV (5) during TIV build up process and
the capacitor discharges through the inductor when a re-
ignition occurs generating a higher current impulse (I c) in (6),
as shown in Figure 8. The vacuum interrupter current in second
half cycle is (7), the current through the vacuum interrupter (Iy;)
drops to zero a half cycle later. The TIV builds up again until it
reaches the clamping voltage of surge arrester. The current is
then commutated into the energy absorption branch (Ig,).

Ve = Veiamp = 1.5V, (%)
Ie=Ve E ©)
Ly = If + ;¢ (7
500 —
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Figure 7 TIV during an interruption failure caused by early injection
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Figure 8 Currents during an interruption failure caused by early injection

V. CONCLUSION

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 fast operation mechanism.
Detail scenario of interruption failure as first current zero
caused by early injection is 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
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critical values, the fault current can be cleared by the vacuum
interrupter. During the process of re-ignition, 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,
the contact distance defines the amplitude of the withstand
voltage. This implies that when a re-ignition 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
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