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ABSTRACT The vacuum interrupter is widely used due to the advantages of no arc-extinguishing medium
and high insulation strength. However, the arc voltage generated by the commonly used CuCr contacts is
low. In hybrid DC circuit breakers (DCCB), hybrid automatic transfer switches (ATS), medium voltage
compound switches and other fields, it is difficult to rely on vacuum arc to complete natural commutation,
which restricts the development of hybrid switches. In order to understand the current commutation process
deeply, the influence of internal and external factors on the current commutation is analyzed by experiments.
The coupling mathematical model of arc-commutated branch is established. The criterion for the success of
current commutation is summarized. The parameters of the arc model are reconstructed through repeated
breaking experiments to explore the influence of internal factors on the arc characteristics. Based on
this, the influence law of arc current, contacts gap and transverse magnetic field (TMF) is analyzed.
An acceleration method of current commutation is proposed. A prototype for accelerating experiments
with an electromagnetic repulsion mechanism and TMF is developed. The commutated branch equivalent
to practical applications is built. The experimental results show that the commutation time is effectively
shortened and meets the requirements of practical applications through the acceleration method, which
provides new thought for the development of hybrid switches.

INDEX TERMS Vacuum interrupter, current commutation, dynamic threshold current, TMF, average
opening velocity, hybrid switches, parameters reconstruction.

I. INTRODUCTION
The action schemes of current-commutation type are more
and more widely used due to the better current breaking
capacity, more precise switching phase, lower steady-state
loss and faster switching speed [1], [2]. In application
fields such as hybrid ATS, hybrid DCCB, power electronic-
mechanical hybrid phase-controlled switches and uninter-
ruptible power supplies (UPS), the successful and rapid
commutation of current is the key [3]–[5]. Therefore, it is
of great significance for engineering to study the influence
factors and acceleration methods of current commutation
systematically.

In different applications, the current commutation process
has been studied based on different topologies. The DCCB
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based on the combination of IGCTs and fast vacuum cir-
cuit breaker (VCB) has been carried out by Meyer at the
EPFL (Ecole Polythectnique Federale de Lausanne) with the
company Sécheron SA [6]. The fast switching of the hybrid
automatic transfer switch (HATS) is realized in Huazhong
University of Science and Technology [7]. But the fault
current cannot be interrupted in this HATS. Tsinghua Uni-
versity has designed a fault current limiter based on vac-
uum arc current commutation at power frequency zero. The
current commutation is analyzed with a commutated branch
of reactor. The first peak of the fault current is not lim-
ited. The current commutation is realized only at power
frequency zero. The commutating characteristics in 10kV
natural-commutate hybrid DCCB are studied in [8]. The
influence of contact material and circuit parameters on the
commutation speed is analyzed. The arc voltage is increased
by 3-5 V by changing the contact material. Tokyo Institute
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of Technology investigates the effects of some parameters
including the contact diameter, separation speed, and cable
inductance in the SiC-MOSFET commutated branch on the
threshold current of the arc-less commutation by using copper
contacts [9]. The power electronic-mechanical hybrid phase-
controlled switches are designed in [10]. The influence of
the commutation speed on the opening window is analyzed.
The theoretical model of current commutation based on vac-
uum arc is proposed in [11]. The two basic models of Zero
Voltage Switch (ZVS) and Zero Current Switch (ZCS) of
hybrid DCCB are summarized. However, there is no method
to determine whether the commutation is successful or not.
The internal factors affecting the dynamic characteristics of
the arc are not analyzed.

In summary, the current commutation plays an important
role in the power system. Vacuum interrupters are widely
used in China’s medium voltage power system [12], [13]. The
voltage of the vacuum arc is low [14], [15]. The impedance
of the medium voltage commutated branch is generally high.
This restricts the development of hybrid switches and current
limiters with commutated branches. Most of the previous
researches are based on specific topology to study the current
commutation process in related applications. Although the
circuit model of current commutation has been established,
the effect of influence factors has not been discussed in detail.
There is a lack of analysis on whether the current commuta-
tion can be completed quickly and successfully. So far, there
is no effective acceleration method of current commutation
based on vacuum arc.

Thus, to analyze the law of influence factors and explore
better acceleration methods, the current commutation is still
needs to be further studied. This paper is organized as follows.
In Section II, the influence law of internal and external factors
in current commutation of vacuum arc is summarized. The
criterion for the success of current commutation is proposed.
In Section III, the effect of internal factors on the vacuum arc
is deeply analyzed. We propose an acceleration method of
current commutation based on this. In Section IV, the effec-
tiveness of the acceleration method is successfully verified
in the experiment. Finally, important conclusions are drawn
based on the results of study in Section V.

II. INFLUENCE FACTORS
Regardless of the application and the topology of the circuit,
current commutation can be simplified as an arc branch and a
commutated branch in parallel. The natural-commutate pro-
cess based on vacuum arc is shown in Fig. 1.
uarc is the vacuum arc voltage. ue is the threshold volt-

age when the power electronic devices are turned on. L is
the inductive reactance of the commutated branch. Rth1 is
the equivalent resistance of the commutated branch. Rth2
is the equivalent resistance of the arc branch. The loop
equation can be expressed as uarc + iarcRth2 = ue + L

dipa
dt
+ ipaRth1

is = ipa + iarc
(1)

FIGURE 1. Topology of natural-commutate process. is is the current of the
main loop. iarc is the current of the arc branch. ipa is the current of the
commutated branch.

FIGURE 2. Test circuit topology and related equipment.

It can be seen that ue, L, Rth1, uarc, Rth2 and is are the
main factors affecting the commutation speed. They are
divided into external factors and internal factors in this paper.
The established factors for current limiting or breaking are
called external factors, including the types of the commutated
branches (resistive, inductive, power electronics), reactance
value, initial phase and current amplitude of the main loop.
The factors that affect the development of the arc are called
internal factors, including the contact velocity, the arc current,
and TMF. The influence factors and laws of the dynamic
process of current commutation are fully experimentally ana-
lyzed, regardless of the specific topology of each application
in this section. The test circuit and equipment are shown
in Fig. 2.

The L-C oscillating current source is used as a high current
generator. S2 is an input switch. S1 is an auxiliary switch. The
contacts with axial magnetic field (AMF) are widely used in
medium voltage VCBs. The arc voltage of the AMF contacts
is low, which is bad for natural commutation. We will carry
out research on this bad situation. Therefore, S3 is a 10 kV
VCB with cup-type AMF contacts. The total diameter of the
contact is 55 ± 0.2 mm. The end diameter is 45 ± 0.2 mm.
The vacuum interrupter diameter is 110±1 mm. The opening
distance is 10 mm. The interrupter of S3 remains unchanged
in this paper. When the test starts, S2 is first put in, and a
current with a frequency of 50 Hz is generated by the current
source. Then S3 opens and the current commutation starts.
After the commutation, S1 opens. The sequence of operations
is shown in Fig. 3. The opening and closing of each switch are
driven by charged capacitors through thyristors. T1 and T3 are
the trigger signals of the thyristors for opening coils of S1 and
S3. T2 is the trigger signal for closing coil of S2. When the
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FIGURE 3. Action sequence of each switch.

FIGURE 4. The current commutation of 4 m� resistor.

drive current of each actuator crosses zero, the corresponding
thyristor will naturally cut off. The length of energizing time
is related to the parameters of each actuator. In order to better
control the sequence of operations, the three actuators in this
section are the same model.

A. EXTERNAL FACTORS OF CURRENT COMMUTATION
The external factors that affect the commutation speed
include the types of the commutated branches, reactance
value, initial phase and current amplitude of the main loop.
When the commutated branch is a resistor and the resistance
is low (4 m�), the change of the commutation time with
the current amplitude is shown in Fig. 4 (initial phase: 90◦,
equivalent inductance of commutated branch L = 1.2 µH).
It can be seen that S2 is closed and the current source

is input at ta. The VCB S3 is shunted in parallel with the
resistor. The actuator of S3 starts to move at tb. The overtravel
is released during tb to tc. The contact pressure decreases
and the contact resistance increases, causing the voltage to
rise by 1 V-2 V. The contacts are separated at tc. The arc
begins to burn and the voltage rises rapidly, which marks the
beginning of the current commutation. Due to the equivalent
inductance, the current of commutated branch cannot com-
pletely follow the change of the arc voltage, but rises at a
different rate until the commutation is completed at td. The arc
is extinguished and the voltage drops sharply, which marks
the end of the commutation. When the peak of is is 1.5 kA,
the commutation time is 156µs. The peak current is increased
to 3.5 kA, and the commutation time is increased to 516 µs.
For the commutated branch of 4 m� resistor, when the peak

FIGURE 5. The current commutation of 20 m� resistor.

current is greater than 5 kA (5 kA, 6 kA), the commutation
time is greater than 1 ms (1072 µs, 1628 µs).
The resistance of the commutated branch is increased to

20 m�, and the change of the commutation time with the
current amplitude is shown in Fig. 5 (initial phase: 90◦, L =
1.2 µH).
When the peak current is the same, the increase in resis-

tance increases the commutation time. When the contacts are
separated at tc, the arc voltage rises rapidly. The current in
the resistor increases rapidly. The current rising rate drops to
0 at to, which is clearly different from (a) (b) (c) in Fig. 4.
The transient current rising rate (TCRR) of the commutated
branch is defined as

dipa
dt
=
uarc + iarcRth2 − ipaRth1

L
(2)

When TCRR is zero, the current of commutated branch
cannot continue to increase. If the arc current does not cross
zero at this moment, it will be difficult for the AC current
commutation to extinguish the arc in a short time. As for the
DC commutation, the arc will always be shunted with the
commutated branch, resulting in failure of breaking. For a
better understanding, let the numerator in (2) be zero, and
define the dynamic threshold current as

itd = [uarc(t)+ iarc(t)Rth2]
/
Rth1 (3)

The dynamic threshold current is time-varying. When ipa
reaches the dynamic threshold current, the TCRR is zero.
When the resistance is 20 m�, it takes about 1 ms from tc
to to. After to, TCRR is negative. It is difficult for the arc
current to cross zero quickly to complete the commutation.
When the resistance is 4 m�, if the current is is low ((a), (b)
and (c) in Fig. 4), it is difficult for ipa to touch the dynamic
threshold current, so the current commutation is completed
quickly within 1 ms. When the peak of is increases to 6 kA,
ipa just touches itd, and the commutation speed slows down
significantly.

The commutated branch is changed to diodes, and the
change of the commutation time with the current amplitude
is shown in Fig. 6 (initial phase: 90◦, L = 1.2 µH).
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FIGURE 6. The current commutation of diodes. The commutated branch is
a single diode in (a), (b) and (c). The commutated branch is composed of
three diodes connected in series in (d).

FIGURE 7. The current commutation of an inductor.

When the commutated branch is a single diode, the current
commutation is similar to the 4 m� resistor. The commuta-
tion time increases with the increase of is. The TCRR is

dipa
dt
=
uarc + iarcRth2 − ue − ipaRth1

L
(4)

and the dynamic threshold current is

itd = [uarc(t)+ iarc(t)Rth2 − ue]
/
Rth1 (5)

When the peak of is reaches 6kA, ipa just touches itd at to.
The number of diodes is increased to 3, and the commutation
time is shown in Fig. 6 (d) when is is 6 kA. In this case, ipa
obviously touches itd, and the commutation time is increased
to 2318 µs. Since is decreases after to, the commutation is
barely completed.

The commutated branch is changed to an inductor (25µH),
and the change of the commutation time with the current
amplitude is shown in Fig. 7 (initial phase: 90◦, equivalent
resistance of commutated branch Rth1 = 4 m�).

When the commutated branch is an inductor, the TCRR
is the same as Eq. (2), but the value of L is much larger.
The inductor is made of hollow flat copper wire. TCRR is
limited due to the large inductance, which also leads to a

long commutation time. Since is is a positive AC half wave,
it drops in the second half, so the commutation is completed
before is crosses zero. But the dynamic threshold current is
not touched from beginning to end.

It is found through tests that the threshold current is mainly
limited by uarc, Rth1, Rth2 and ue. The TCRR is limited by the
value of L. Once ipa touches itd, TCRR will be zero, and the
commutated current cannot continue to increase at this time.
For DC commutation, the arc will always be shunted with
the commutated branch to reach dynamic balance, resulting
in failure of breaking. For AC commutation, this will make
it difficult to extinguish the arc in a short time. At present,
whether in AC or DC applications, most of the commutation
branches are power electronics. The equivalent inductance
L is very low, so it can be defined as follows. If ipa never
touches itd before is crosses zero, this commutation is defined
as a successful commutation. In order to solve whether the
commutation can be successful in practical applications, for
any commutation process, when ipa reaches itd, the limit
condition is satisfied

uarc(t) = [is(t)Rth1 + ue]− (Rth1 + Rth2) iarc(t) (6)

Simultaneous Eq. (1) and (6), when is(t) is known, if t = t0
exists so that (1) and (6) are tenable at the same time, then the
commutation process can be judged as failure. The uarc and
iarc in the above equations need to be constrained as follows

iarc(t) = g(x,iarc,mag)uarc(t) (7)

where g is the conductance of the arc. x is the arc length.mag
represents the influence of the external magnetic field or the
magnetic field generated by contacts. In addition, the cathode
and anode phenomenon also affects the arc conductance. The
literature shows that [16] the arc is diffuse when the arc
current is less than 10 kA. The arc above 10 kA may have
pinch effect. The peak currents in the experiments in this
paper are all less than 10 kA, and the arc is in a diffusion
state. Therefore, the anode and cathode phenomenon can be
considered to have the same influence on the conductance
in each experiment. The conductance g can be obtained by
parameters reconstruction in section III.

In practical applications, a lower Rth2 is often desired.
So the feasible way to increase the dynamic threshold current
is to increase uarc or decrease Rth1 and ue. It makes it harder
for ipa to touch itd. TCRR will be increased by reducing L,
and the commutation speed will be accelerated.

When the peaks of is are 1.5 kA, 3.5 kA and 6 kA, the initial
phase is changed from 18◦ to 162◦ (1st to 9th ms), and the
commutation times are shown in Fig. 8.

Due to the time scatter of the circuit breaker, the initial
phase is not exactly the target phase. The relationship
between the initial phase and the commutation time can be
shown by connecting the results of multiple tests. In sum-
mary, when the reactance of the commutated branch is
low or the peak of is is low, the current is easily commutated.
According to previous experience and literature [17], if the
total operating time of the circuit breaker is required to be in
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FIGURE 8. The data points are marked as solid when the commutation
time is greater than 1 ms. The data points are marked as hollow when the
commutation time is less than 1 ms.

the millisecond level, no matter in DC or AC applications,
the commutation time is not allowed to be too long. If the
commutation time can be guaranteed to be less than 1 ms,
the requirements of most applications can be met. There-
fore, we define the external conditions as simple conditions
when the commutation time is less than 1 ms. When the
resistance Rth1, inductance L, on-state voltage drop ue, is
increases, or the initial phase is changed, the commutation
time will increase. The external conditions when the commu-
tation time is greater than 1ms can be defined as difficult con-
ditions. Under difficult conditions, it is necessary to study the
influence of internal factors, so as to explore the acceleration
methods of current commutation.

B. INTERNAL FACTORS OF CURRENT COMMUTATION
The controllable internal factors of current commutation
include magnetic field and contact velocity. The AMF
restrains the arc severely. The radial loss of ions and electrons
is reduced. The arc voltage is reduced. According to (5),
the dynamic threshold current and TCRR will be reduced.
It is not conducive to the acceleration of current commutation.
Therefore, the influence of TMF on the commutation process
is studied by external permanent magnets in this paper. Two
groups of permanent magnets are placed horizontally outside
the interrupter at equal distances from the center of the con-
tact. Each group consists of several independent permanent
magnets connected in series. The N pole of one group faces
the S pole of the other group.

Three difficult conditions are studied, a resistor (20 m�,
branch 1), three diodes in series (branch 2) and an induc-
tor (25 µH, branch 3). The peak of is is 6 kA. The
transverse magnetic field intensity at the center of two
groups of permanent magnets is 25 mT. The commutation
processes when the initial phase is about 90◦ are shown
in Fig. 9.

The commutation processes are almost unaffected for
branch 1 and branch 3. The commutation time of branch 2
is shortened by only 0.3 ms. Significant acceleration is not
found when only the TMF is applied. The permanent magnet
actuator (PMA) is used as the opening mechanism in this
section. The average opening velocity can be controlled by
adjusting the pre-charge voltage of the drive capacitor. The
opening displacement and the time scatter of the contacts are
shown in Fig. 10 (a) and (b).

FIGURE 9. The effect of applying only TMF on current commutation under
difficult conditions.

FIGURE 10. The opening characteristics of PMA and its influence.

The pre-charge voltages are 150 V, 170 V and 200 V.
The corresponding average opening times are 18.64 ms,
16.53 ms and 15.26 ms. The average opening velocities are
0.5 m/s, 0.6 m/s and 0.7 m/s. The effect shown in Fig. 10(c)
is produced only when the peak current is 1.5 kA and the
commutated branch is a single diode. The commutation time
is accelerated by a maximum of 0.3 ms. When the conditions
are branch 1, branch 2 or branch 3, the commutation time
hardly changes. Therefore, the commutation process is not
significantly affected by changing the contact velocity in a
small range. For difficult conditions, it is difficult to accel-
erate commutation only by increasing the average opening
velocity.

III. PRINCIPLE ANALYSIS OF INTERNAL FACTORS
In order to improve the dynamic threshold current and com-
mutation speed, the interaction theory of TMF and the move-
ment of contact will be studied in this section, so as to obtain
an effective acceleration method for current commutation.

A. THE RECONSTRUCTION THEORY OF
CASSIE-MAYR PARAMETERS
The effect of internal factors on the arc can be deeply ana-
lyzed through the reconstruction of arc parameters. When the
arc is in a high current, the mathematical form of the arc can
be expressed as the Cassie model

τ1
1
g
dg
dt
=

u2

E2 − 1 (8)

where τ1 is the Cassie time constant; E is the Cassie voltage;
g is the arc conductance; u is the arc voltage. For any moment
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t of the breaking experiment, we take

1
g
dg
dt

∣∣∣∣
t
= A1

1
g
dg
dt

∣∣∣∣
t+1t
= A2

u2
∣∣∣
t
= B1

u2
∣∣∣
t+1t
= B2 (9)

Suppose that during1t , τ1 and E remain unchanged. Then
at time t , Eq. (8) can be written as

A1τ1 =
B1
E2 − 1 (10)

At t +1t , Eq. (8) can be written as

A2τ1 =
B2
E2 − 1 (11)

Combining (10) and (11), when the breaking experiment is
completed, τ1 and E2 at any time t can be expressed as

τ1 =
B1 − B2

A1B2 − A2B1
(12)

E2
=

A1B2 − A2B1
A1 − A2

(13)

Let1t → 0, Cassie parameters at any time in any breaking
experiment can be reconstructed as

τ1 =
d
(
u2
)/
dt

u2 · ddt

(
1
g
dg
dt

)
−

1
g
dg
dt

(
d(u2)
dt

) (14)

E =

√√√√u2 −
1
g
dg
dt

d
(
u2
)/
dt

d
dt

(
1
g
dg
dt

) (15)

When the arc is in a low current before zero, the mathe-
matical form of the arc can be expressed as Mayr model. The
typical expression is as follows

τ2
1
g
dg
dt
=
ui
N
− 1 (16)

where τ2 is the Mayr time constant; i is the arc current; N is
the power dissipation of the arc column. In the sameway [18],
Mayr parameters at any time in any breaking experiment can
be reconstructed as

τ2 =
d (ui)

/
dt

ui · ddt

(
1
g
dg
dt

)
−

1
g
dg
dt

(
d(ui)
dt

) (17)

N = ui−
1
g
dg
dt
·
d (ui)

/
dt

d
dt

(
1
g
dg
dt

) (18)

FIGURE 11. The breaking experiments without TMF.

FIGURE 12. The breaking experiments with TMF.

B. INTERACTION THEORY OF INTERNAL FACTORS
In order to increase the contact velocity, the opening mecha-
nism is changed to a repulsion actuator. The breaking exper-
iments of the vacuum interrupter are carried out separately
with or without TMF. The arc model in both cases are con-
structed to analyze the interaction theory of TMF and the
movement of contact.

The commutated branch T of the experimental topology
in Fig. 2 is removed. The capacitor voltage of the current
source is adjusted so that the peak value of is changes from
1 kA to 6 kA. The step size is 250 A. The total number of
arc breaking experiments with and without TMF is 42 times.
The current and voltage of breaking are shown in Fig. 11 and
Fig. 12.

In the breaking experiments without TMF, the arc voltage
increases with the increase of arc current, which reflects the
positive resistance characteristics. Comparing Fig. 11(b) and
Fig. 12(b), the corresponding voltage under the same current
is significantly elevated in the breaking experiments with
TMF. When the current is high, the arc voltage decreases
as the current decreases. When the current drops, the arc
voltage tends to increase obviously. When the peak current
is 1kA and the initial phase is about 30◦, the arc voltage
even keeps increasing. During the low current period before
zero, the voltage rises rapidly and the amplitude of the noise
increases. This is mainly due to the combined effect of TMF
and the rapid increase of the opening distance. Fig. 13 and
Fig. 14 shows the Cassie parameters reconstructed from the
breaking experiments according to (14) and (15) when the arc
current is high.

The threshold current here refers to the current boundary
between Cassie and Mayr. Before the current drops to the
threshold current, the Cassie parameters can be calculated.
After the current is less than the threshold current, the Mayr
parameters can be calculated. Connect the corresponding E2

points when the current is equal to the threshold current to
form the C-M boundary. In other words, the C-M boundary
is the boundary of the Cassie and Mayr parameters when the
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FIGURE 13. E2 and τ1 of Cassie model without TMF.

FIGURE 14. E2 and τ1 of Cassie model with TMF.

current is the threshold current. The characteristics of the arc
will be affected by TMF from arc shape, plasma evolution,
cathode and anode phenomena. This affects the parameters
of Cassie and Mayr. The original representation of the Cassie
model is

1
g
dg
dt
=

1

g · P−1loss
(
dq
dg

) (g · u2
Ploss

− 1
)

(19)

where Ploss is the power loss caused by energy dissipation; q
is the energy of arc column. Comparing (8) and (19), we can
see  τ1 = g ·

(
dq
dg

)
· P−1loss

E2
= Ploss

/
g

(20)

When the power loss increases, the Cassie voltage E
increases. When the arc voltage u is greater than E , the arc
temperature will increase. Thermal dissociation will increase.
The arc conductivity g tends to increase. τ1 means the time
required for the arc resistance to increase n times when the
arc current disappears. It can be seen from the figure that E2

is not a constant, but changes with factors such as current
and contacts gap. Compared with the condition without TMF,
E2 in each experimental curve is improved after TMF is
applied. This makes it more difficult for the arc voltage u to
be greater than E . Thermal dissociation is harder to increase.
The conductance g drops. The power loss increases. Due to
data noise,τ1 without TMF ismainly distributed between 5µs
−20 µs. After TMF is applied, τ1 increases slightly, and the
distribution becomes 10 µs- 30 µs. In order to make it clear,
the high frequency components in the figure are filtered out.
The thermal inertia of the arc increases slightly. Fig. 15 and
Fig. 16 shows the Mayr parameters reconstructed from the
breaking experiments when the arc current is low.

In the Mayr model, when the arc power is greater than
the dissipation power N , the arc temperature will increase.

FIGURE 15. N and τ2 of Mayr model without TMF.

FIGURE 16. N and τ2 of Mayr model with TMF.

FIGURE 17. The decoupling of opening distance-current-TMF.

Thermal dissociation will increase. The arc conductivity g
tends to increase. Due to the thermal inertia (τ2) of the arc,
the increase in arc temperature or conductance g tends to be
slow. Comparing Fig. 15 and Fig. 16, the dissipation power
N is also time-varying. Compared with the condition without
TMF, N in each experimental curve is improved after TMF is
applied. This makes it more difficult for the input power ui to
be greater than N . Thermal dissociation is harder to increase.
The conductance g drops. Due to the low current, τ2 is mainly
distributed between 5µs-7µs with or without TMF. TMF has
little effect on the thermal inertia in Mayr model.

It is difficult to discuss the influence of internal factors (the
contact velocity, the arc current, and TMF) on arc characteris-
tics from the above experimental curves. Because the opening
distance and arc current in each curve change with time. The
parameters of Cassie and Mayr model are affected by various
factors at the same time. In order to realize the decoupling of
opening distance-current-TMF, the change of reconstruction
parameters with opening distance are shown in Fig. 17 under
the same current.

When the arc current is the same, the application of
TMF causes the overall increase of N and E2. This means
an increase in the power dissipation of the arc energy.
The increase is small when the opening distance is small.
As x increases, the effect of TMF increases rapidly. That
is, the opening distance amplifies the effect of the magnetic
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FIGURE 18. The curved surfaces of arc conductance.

field. This also explains why the acceleration effect of TMF
is not obvious with PMA in Section II. The PMA only moves
4mm at the 8th ms. It can be seen from Fig. 17 that this hardly
contributes to the increase in power dissipation. In other
words, the dissipation power of the arc can be increased faster
by applying TMF while increasing the contact velocity. The
resistance and voltage of arc will be increased. The current
commutation will be accelerated.

Taking x and arc current as the bottom coordinate, and the
arc conductance g as the z coordinate, the curved surfaces
of arc conductance with and without TMF are calculated
by interpolation algorithm, as shown in Fig. 18. The arc
conductance becomes smaller due to TMF. (The effect of
the opening distance described in this section is actually the
combined effect of integration of TMF on time and opening
distance. But the amplifying effect of opening distance on
TMF is considered to be more powerful in this paper.)

IV. ACCELERATION METHOD AND PROTOTYPE
A. THEORETICAL CRITERION FOR THE
SUCCESS OF COMMUTATION
As mentioned before, if ipa never touches itd before is crosses
zero, this commutation is defined as a successful com-
mutation. Combining commutation equations in Section II,
the reconstruction parameters in Section III and Fig. 17,
the criterion for the success of the current commutation can
be fully described. For any commutation process, the com-
mutation equations can be expressed as

uarc(t)+ iarc(t)Rth2 = ue + L
dipa
dt
+ ipa(t)Rth1

is(t) = ipa(t)+ iarc(t)
iarc(t) = guarc(t)
g = [1− ζ (i)] gm + ζ (i) gc

(21)

where ζ (i) is a step function, which changes from 0 to 1 at the
Cassie-Mayr threshold current. gm and gc are the conductance
in Mayr and Cassie models, which are determined by

τ1
1
gc

dgc
dt
=

u2

E2 − 1 (22)

τ2
1
gm

dgm
dt
=

ui
N
− 1 (23)

where τ1, E , τ2, and N are obtained from the interpolation
surface of the opening distance and arc current according to
Fig. 17. The limit condition of current commutation can be

rewritten as

uarc(t)+ (Rth1 + Rth2) iarc(t) = is(t)Rth1 + ue (24)

For any current commutation process of any topology,
simultaneous Eq. (21), (22), (23) and (24), when is(t) is
known, if t = t0 exists so that the equations are satisfied at
the same time, then the commutation process can be judged
as failure.

B. ACCELERATING EXPERIMENTS OF PROTOTYPE
The 5SHY 42L6500 type IGCT is used as a commutated
branch in the previous research 10 kV natural commutation
hybrid DCCB [19]–[21]. The voltage drop of a single IGCT
is

udrop = ush + iRslope (25)

where ush is the threshold voltage; Rslope is the on-state
resistance. The maximum turn-off current of a single IGCT is
3.8 kA. The overvoltage when breaking short-circuit current
is 2.5 p.u. If the turn-off current capacity is required to be
6 kA, two IGCTs are required to be connected in parallel and
then cascaded to 4 levels [22]. According to the data sheet,
the voltage drop would be 14 V.

For some hybrid AC fast ATS, the lines waiting to be cut
require rapid commutation.Most of them belong to the Power
Contactor (PC) class. Only low current can be transferred.
If the commutation speed under high current can be increased,
the equipment capacity will be increased. This makes it possi-
ble to be upgraded to Circuit Breaker (CB) class. The voltage
level and breaking capacity of hybrid switches based on
vacuum interrupter-power electronics will also be improved.
The voltage drop of the commutated branch of this type of
equipment is 13 V-14 V according to (25).

The equivalent accelerating experiments are performed
using cascaded diodes (ZP600A). According to the data
sheet, the on-state voltage drop of ZP600 at rated current
is VFM < 1.8V. Since it is a sine half-wave current in the
experiments, the transient overload capability of the diode is
fully utilized. Therefore, two diodes are connected in parallel
and then cascaded to 8 levels. The voltage drop is proved
by experiments to be equivalent to the actual voltage drop.
It can effectively verify the effect of the acceleration method
in practical applications.

The analysis in Section III shows that the commutation can
be effectively accelerated by applying TMF while increasing
the contact velocity. The average opening velocity of the pro-
totype with an electromagnetic repulsionmechanism is 3m/s.
The transverse magnetic field intensity is adjusted to 65 mT.
The peak of is is 6 kA to verify the acceleration method. The
results of the accelerating experiments in different phases are
shown in Fig. 19.

The voltage in Fig.19 (b) increases by 2-4 V before the
commutation starts. This is because the over-travel force
becomes smaller after replacing the repulsion mechanism,
which leads to greater contact resistance between the con-
tacts. As long as the current is is not affected, this contact
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FIGURE 19. The results of the accelerating experiments.

FIGURE 20. The results at different opening velocities.

resistance has no effect on the current commutation pro-
cess after the contacts are separated. After the commutation
starts, the arc current decreases rapidly, and the voltage also
decreases with the current. Compared with the commutation
before acceleration, the commutation time after acceleration
is significantly shortened. The commutation time in each
phase is less than 0.5 ms. The maximum commutation time
is 447 µs. The time requirements of most applications can be
met.

The composite switches or high-voltage hybrid phase-
control switches often require a lot of power electronic
devices [23]–[25]. The voltage drop may reach 20-30 V,
which makes natural commutation difficult to complete. The
equivalent accelerating experiments of this kind of commuta-
tion is also carried out in this section. The results at different
opening velocities are shown in Fig. 20.

The fastest average opening velocity is 3.14 m/s, and its
commutation time is 1.7 ms shorter than when the velocity is
1.18 m/s. The correctness of the theoretical analysis has been
effectively verified. It is proved that the commutation can
be effectively accelerated by applying TMF while increasing
the contact velocity. If the opening velocity can be further
increased, the commutation time will be shorter.

V. CONCLUSION
The external and internal factors affecting the commutation
process based on vacuum arc are deeply analyzed in this
paper. The criterion for the success of the current commuta-
tion is obtained. The internal factors are studied emphatically.
The Cassie-Mayr parameters with and without TMF are
reconstructed. The decoupling analysis of opening distance-
current-TMF is realized. It is concluded that the effect of

TMF increases with the increase of opening distance. The
acceleration method that increases the opening velocity while
applying TMF is proposed. The prototype for accelerating
experiments is developed. The following main conclusions
can be obtained.

1) The dynamic threshold current is mainly limited by
arc voltage uarc, equivalent resistance of the commutated
branch Rth1 and turn-on voltage ue. The TCRR is limited by
the reactance of the commutated branch L. For any current
commutation process of any topology, the success of current
commutation can be judged by whether there is a certain
moment t0, so that the commutation equations, Cassie-Mayr
equations, and the limit conditions are satisfied at the same
time.

2) The commutation time under difficult conditions is dif-
ficult to be shortened by only applying TMF (25 mT) or only
changing the opening velocity (0.5 m/s, 0.6 m/s, 0.7 m/s). The
reconstruction analysis of Cassie-Mayr parameters shows
that the increase of the opening distance obviously amplifies
the Cassie voltage E and Mayr dissipation power N . As a
result, the arc conductance decreases. The analysis of param-
eter reconstruction provides theoretical support for similar arc
analysis in actual engineering.

3) The average opening velocity of the prototype is 3 m/s.
The transverse magnetic field intensity is increased to 65 mT.
The peak current of the main loop is 6 kA. When the number
of cascaded semiconductor devices is small, the commutation
time is shortened from 2.3 ms to 447 µs. The requirements
(1 ms) of most applications can be met. When the number is
large, the average opening velocity increases from 1.18m/s to
3.14m/s, which reduces the commutation time by 1.7 ms. It is
proved that the commutation can be effectively accelerated by
applying TMF while increasing the contact velocity.
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