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modifications, arc, capability Current (HVDC) Circuit Breakers (CBs) is one of the
main challenging factors for using HVDC grids. To
evaluate the arc interrupting capability in HVDC circuit
breakers, black box arc models are used to represent the
non-linear arc conductance depending on Cassie and
Mayrdynamic arc equations. A real line represents a part
of 500 kV electrical connection systems between Egypt
and Kingdom Saudi Arabia is simulated to be a faulty
load. Cassie breaker in normal operation doesn’t need
commutation circuit but in this study, we will investigate
the influence of using commutation circuit with Cassie
breaker. Itis founded that the commutation circuit doesn’t
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INTRODUCTION Acrc is considered the main aspect of the interruption

process. Many electric arc models are developed for

In September 2020, High Voltage Direct Current  describing arc behavior*® 22, Conventional arc models
(HVDC) Circuit Breakers (CBs) play a vital role in are classified into physical arc models and black box arc
the growth of HVDC power systems which can  models. The physical arc model describes the entire arc
widely help in rleg)lacmg fossil fuels with renewable  pepavior during the interruption. Therefore, it can be
energy sources' . The main usage of HVDC system is ,qaq 19 investigate the arc behavior in details but it
to connect two AC networks with different frequencies is very complicated to be applied. Otherwise, the black

and to transmit large amounts of power via. long box arc model can be considered the proper method to

distances®¢l, : . 21, 25-28]
The key challenge that faces the expansion of HYDC describe the arc b_ehawor - Black qu. mod(_als
represent the non-linear arc conductance variation with

CBs is the absence of natural current zero crossing. As a . .

matter offact in AC interrupting processes the gurrent time™ *. *. The choice of black box model
decrease to zero naturally. On the other hand in DC equatlo_ns to .determlr]e their .parameters_ is essential,
interrupting processes the current needs to be forced to ~ hence, it requires making certain assumptions about the
zero. Therefore, to form a HVDC CB, it is necessary to  arc behaviortt® 724,

install additional components on conventional AC circuit As the main purpose of the black box arc model is to
breaker to form artificial current zero crossing™®, Alot  describe the interaction between the arc and the electrical
of works have been directed to create artificial zero  circuit during the current interruption process, Cassie and
crossing in the DC current by using active and passive Mayr dynamic arc equations can be considered the most
commutation typest*® ¢, representative arc modelst**" 1%,
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For applying Mayr’s model to interrupt DC current
are sonance (LC) circuit is coupled in parallel with the
circuit breaker to generate self-excited oscillatory current
super imposed on the DC current forming zero current
crossing® 1" 22351 However, when applying Cassie’s
Model, there is no need to use a parallel resonance circuit
with the breaker, it is only required to make the steady
state arc voltage over supply voltage to decrease the
current quickly to zero™® 24, Besides, a circuit element is
used to control the rate of rise of recovery voltage
(RRRYV) and an absorber element to absorb the energy
stored in the system inductance after arc interruption.
These two circuit elements are used with the arc
simulation by both Mayr and Cassie modelst® ***3, This
study introduces some modifications on Cassie breaker
such as reducing the arcing time and voltage to increase
its efficiency and lifetime and its usage.

DC fault test bed modeling is carried out by
MATLAB/Simulink software to evaluate the capability to
protect the HVDC over head transmission line,
connecting Badr substation in Egypt and Elnabag
switching station. Such line represents a part of 500 kV
electrical connection systems between Egypt and
Kingdom Saudi Arabia.

MATERIALS AND METHODS

Modeling of HVDC circuit breaker: Figure 1 shows the
puffer type of SF6 gas CB structure including the
simulated arc, rated voltage of 525 kV, lightning impulse
withstand voltage of 1175 kV, rated normal current of
2000 A, rated short time current (1 sec) of 40 kA, rated
peak withstand current of 100 kA and rated short circuit
making current of 100 kA.

As it is known, the HVDC arc can be considered as
anonlinear phenomenon which occurs due to two factors.
The first one is the high short circuit current that
generates heat leading to the circuit breaker contacts
and quenching medium temperatures increase,
consequently, a sufficient quantity of electrons are
emitted. In addition, at the arc initiation when the value
of the voltage between the two contacts exceeds the
ionization voltage of the inter-electrode gas, the gas may
be sufficiently ionized.

Compressed
Gas SF6

SF6 gas has electronegativity characteristics which means
that the SF6 gas takes the free electrons far away from the
field as a result of this action; the SF6 gas becomes
electrically unstable and leaves the electrons quickly.
Consequently, the electrons move in a random motion,
where the only way to reignite the arc is to achieve an
oriented motion of the free electrons.

Black box arc models are applied using the
models of Mayr and Cassie. Mayr’s equation can be
deduced from the energy balance equation as given in

(Eq. 1):
dQ/dt=P(H)-P(Q) 1)

Where:

P(H) = The heat generated with the assumption that the
cooling power

P(Q) = The arc conductance

9(Q)

Avrbitrary functions of Q
The general form of the dynamic arc equation of
current i is represented as follows:

dg/dt = (1/[dQ/dg]*(i*/g-p) 2

By further assumption of Q = Q0. In (g/G0) where
QO and GO are constants describing the arc, the thermal
time constant is defined by &= QO/p. Thus, Mayr
dynamic arc equation can be presented as given in (Eqg. 3):

(p*&/g) *dg/dt =i*/g-p (3)

It is worth mentioning that by eliminating the
hypothesis has the time constant ¢ and cooling power
are constants, it leads to a generalized form of Mayr’s
equation as given below in Eq. 4, where p is the arc
voltage:

(Vg)*dg/dt =1/ &*(gu’/p-1) (4)

Meanwhile, Cassie defines the arc behavior with the
following hypothesis and assumptions the arc column has

Moveable (puffer)

cylinder

Fixed contact

N,
Nozzle
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contact

= /\ Q’\(‘_-:_
FoN
Arc !

Fig. 1: The puffer type of SF6 circuit breaker structure
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Fig. 2: The main circuit breaker of Cassie model

a cylindrical shape filled with highly ionized gas and free
electrons, arc cylindrical column has uniform temperature
and current density but its diameter is altered in time and
accommodate the change in current, arc voltage is
considered constant during the arc process and finally, the
power dissipation is considered proportional to the
column cross sectional area. With these assumptions, a
linear relation between arc conductance and energy
storage capacity of the arc is presented by the following
(Eg. 5) which represents the last form of Cassie’s
equation (Fig. 2).

(Ug)*dgdt =1/ 5*(u*/Uc?-1) (5)
Where:
& = The arc time constant
p = The arc power loss coefficient
g = The arc conductance (i/u)
u = The arc voltage

Uc = The steady state arc voltage

After simulating the non-linear arc conductance using
black box arc models, it should be noted that there is a
need to wuse additional circuit elements that
connected with HVDC CB to interrupt the electrical
arc™ (Fig. 2).

RESULTS AND DISCUSSION

Figure 2-4 show the results of applying Cassie
model test bed 15 where the rated current and line
to line fault circumstances are 750 A and 20 KA,
respectively.

Itis also observed that when the DC current reaches to
20 KA, the fault is detected and the DC circuit breaker
contacts started to open at 0.01 sec as shown in
Fig. 2 and 3. It is also noticed that from (Fig. 1-13)
at the point of 0.0188 sec, the HVDC CB completely
interrupts the arc current and extinguishes the arc and this
means that the circuit breaker needs >3.8 m sec to
interrupt the fault current. As the max peak of voltage
value across CB in this system is 700 kV as shown
in Fig. 2.
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Fig. 10: The current through the surge arrester

The test shows that for Cassie model the value of the
steady state arc voltage should be over than the supply
voltage to decrease the value of fault current to reach zero

quickly, otherwise the breaker cannot effectively interrupt
the fault current. It is noticed that, during the interval time
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Fig. 12: The subsystem of multi break circuit breaker

near current zero crossing, not only the arc current is
decreased but also the arc voltage is decreased as
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shown in Fig. 2. It is noticed that the current
through surge arrester is 3900 A as shown in Fig. 2-4.
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Table 1: Simulation parameters of the model of Cassie

Default values

Models Parameters
Normal circuit breaker U(KV) 750
G (nsec) 100
R, (©) 75
C, (uF) 0.001

Actually, as the principle of Cassie arc model
depends on the convection loss in the region of high
current, so that, the Cassie arc model is not fit near current
zero crossing (Table 1).

Figure 2-9 show the results of applying Cassie
model test bed after adding Commutation circuit not
for making resonance to get zero crossing but for
changing the circuit breaker impedance to reduce both of
arcing time and voltage as it shown in Fig. 2-7 where the
rated current and line to line fault circumstances are
750 A and 20 KA, respectively. It is also observed that
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when the DC current reaches to 20 kA, the fault is
detected and the DC circuit breaker contacts
started to open at 0.01 sec as shown in Fig.2-7
(Table 2 and 3).

It is also noticed that from Fig. 2-7 at the point of
0.0118 sec, the HVYDC CB completely interrupts the arc
current and extinguishes the arc and this means that the
circuit breaker needs 6.8 m sec to interrupt the fault
current. As the max peak of voltage value across CB in
this system is 570 kV as shown in Fig. 2-6. It is also
noticed from Fig. 2-9 that the current through surge
arrester is 15 A.

Figure 2-10 show the results of applying three
series poles circuit breaker of Cassie Model test bed
after adding commutation circuit not for making
resonance to get zero crossing but for changing the circuit
breaker impedance to reduce both of arcing time and
voltage as it shown in Fig. 1-17 and where the rated
current and line to line fault circumstances are
750 A and 20 KA, respectively. Itis also observed that
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Table 2: Simulation parameters of the model of Cassie after adding
commutation circuit

Models Parameters Default values
Circuit breaker after adding U(KV) 750
commutation circuit & (nsec) 100
Rp (Q) 75
Cp(nF) 1
L1,L2,L3,L4,L5(mH) 0.25
C1,C2,C3,C4,C5(quF) 25

Table 3: Simulation parameters of Cassie after using multi-break and
commutation circuit

Models Parameters Default values
Circuit breaker after using U, (KV) 750
multi-break and commutation & (u sec) 100
circuit Rp (©) 75
R1, R2, R3(Q) 0.15
Cp (uF) 1
C6,C7,C8 (pF) 100
L1, L2, L3, L4, L5(mH) 025
C1,C2,C3,C4,C5 (uF) 25
15 F
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Fig. 17: The current through surge arrester

when the DC current reaches to 20 kA, the fault is
detected and the DC circuit breaker contacts started to
open at 0.01 sec as shown in Fig. 1-17.

It is also noticed that from Fig. 1-17 at the point of
0.012 sec, the HYDC CB completely interrupts the arc
current and extinguishes the arc and this means that the
circuit breaker needs 7 m sec to interrupt the fault
current. As the max peak of voltage value across CB in
this system is 570 kV as shown in Fig. 1-17. The voltage
at each pole reaches 190 KV then saturates at 167 kV as
it is shown in Fig. 1-17.

CONCLUSION

In this study, black box arc model is used to represent
the non-linear arc conductance depending on Cassie
Model. Cassie’s Model isn’t used in as much as Mayr, so
we will make some modifications to increase its
efficiency and usage. It is found that the arcing time is
reduced by increasing the number of parallel branches of
commutation circuit, decreasing the arcing time constant.
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Itis also concluded that using multi-break circuit breaker
is better than using number of cascaded series circuit
breakers.
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