
Received September 28, 2020, accepted October 7, 2020, date of publication October 13, 2020, date of current version October 22, 2020.

Digital Object Identifier 10.1109/ACCESS.2020.3030660

Analysis and Experimental Research on a
Novel Multi-Contact MVDC Natural Current
Commutation Breaking Topology
BOWEN JIA 1, JIANWEN WU 1, (Senior Member, IEEE), SHANGWEN XIA1, XIAOWU LUO1,
SULIANG MA 1, (Graduate Student Member, IEEE), AND YUAN JIANG 2, (Member, IEEE)
1School of Automation Science and Electrical Engineering, Beihang University, Beijing 100083, China
2School of Automation and Electrical Engineering, University of Science and Technology Beijing, Beijing 100083, China

Corresponding author: Jianwen Wu (wujianwen@buaa.edu.cn)

This work was supported in part by the National Natural Science Foundation of China under Grant 51977002, and in part by
the National Natural Science Foundation of China through the Key Project under Grant 51937004.

ABSTRACT The high performance of medium-voltage direct current (MVDC) power supply system is a
pre-requisite for several industrial applications. To meet the higher voltage direct current (DC) breaking
requirements in the fields of aviation, aerospace, and new energy, this article proposes a novel MVDC
commutation breaking topology that combines a load-carrying branch and an arcing branch in parallel.
In contrast to the conventional structure based on semiconductor devices, each branch in the proposed
topology contains a mechanical contact, which provides a lower on-state loss and higher voltage-breaking
capacity. Moreover, the theoretical analysis and experimental results verified the asynchronous operation of
the current-loading and confirmed that the arcing branch can realize the natural commutation of the current
for the breaking of overload current or short-circuit current. A detailed equivalent model that combines
the micro-electrical contact theory and phase-change characteristics of the electrode material was then
established to investigate the molten metal bridge and pseudo arc phenomenon of the contact area during the
commutation process. The results indicated that although the presence of a molten metal bridge and pseudo
arc increase the current commutation time and erosion of the electrode material, the commutation process
can be conducted. Finally, based on the softening voltage of the electrode material under the rated conditions,
in addition to the phase change during dynamic commutation, the roughness σ and elastic modulus E can
be adjusted appropriately to achieve arc-less current commutation.

INDEX TERMS Contact resistance, current commutation, dc circuit breaker, molten bridge.

I. INTRODUCTION
The medium-voltage direct current (MVDC) power supply
system has received significant research attention in the
aerospace, urban rail transit, new energy vehicles, and mar-
itime transport fields. Such systems are characterized by
low losses, simple control, accurate adjustments, and large
power density. As critical devices, high-power DC contactors
are essential for the induction, sustenance, and breaking of
electrical circuits, with the exception of short circuit cur-
rents. Hence, their breaking characteristics have a significant
influence on the system performance [1]–[4]. Several pro-
fessional electrical manufacturing companies recently devel-
oped high-power DC contactor products, which operate at
voltages of up to 1800 V and are therefore suitable for
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aerospace and military applications. As there is no current
zero-crossing point during DC breaking, specialized meth-
ods are required to extinguish the arc, such as the super-
imposition of the metal grid voltage drop, increase in the
electric field strength of the arc column, lengthening of
the arc, and generation of an artificial current zero-crossing
[5]–[7]. Current commutation from the load current path to
the commutation path is a pre-condition for the successful
interruption of current in hybrid circuit breakers (HCBs).
The resonance circuit in a conventional HCB is composed
of a mechanical switch (MS) and an LC resonance cir-
cuit connected in parallel, which can redirect the switch
current. Then the MS can then operate under zero current
within several tens of microseconds [8]–[10]. An alterna-
tive solution is based on the cascading of semiconductor
devices to achieve high-voltage and large-current circuit
breaking. Although this type of circuit breaker can rapidly
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achieve circuit breaking, the switching on-state loss, which
is dependent on the semiconductor devices’ characteristics,
is generally large. Besides, the manufacture and mainte-
nance costs are relatively high [11]. The HCB that com-
bines the respective advantages of the mentioned methods
is generally composed of three branches, namely, the load-
carrying branch, commutation branch, and energy absorption
branch. The load-carrying branch is typically composed of a
MS with a small conduction loss. In particular, the current
commutates from the MS to the commutation branch due to
a different DC breaking topology [12]. With the omission
of the snubber circuit, decrease in the current change rate,
and increase in transient recovery voltage rate before zero-
current, a cascaded commutation circuit and a parallel LC
branch series with a thyristor were used to improve the fault
current interruption capacity in [13] and [14]. Moreover,
the circuit breaker (CB) characterized by the commutation
of a short-circuit current from the load-carrying branch to the
auxiliary branch based on rapid and precise current control
by the multilevel pulse-width modulation (PWM) converter
allows for the elimination of active semiconductor devices
from the load current branch [15]. Similarly, a novel hybrid
DC circuit breaker (DCCB) can achieve automatic current
commutation from the mechanical switch to the semiconduc-
tor switch, using a series-coupled inductor during the break-
ing process [16]. After the replacement of the LC component
of the self-oscillation auxiliary branch with an insulated-gate
bipolar transistor (IGBT), thyristor, two inductors, and a
grounding resistor, the proposed DCCB in [17] exhibited
rapid responses and low power losses. Similarly, the current
commutation drive circuit (CCDC) in [18] and [19], wherein
the capacitor in the commutation path was not pre-charged
and the reactor was removed, allowed for a simpler and more
reliable charging system and current commutation method
for the novel mechanical DCCB. The experimental results
verified that a current of 3.4 kA can be commutated within
100 µs and be interrupted within 2 ms [20]. The commuta-
tion branch in the HCB topology includes a semiconductor
device and its control circuit. In the commutation process,
the control circuit drives the semiconductor device to conduct
at a sustained voltage that generates an arc discharge between
metal contacts, which results in the ablation of the electrode
material. An arc-less commutation process uses the molten
metal bridge voltage at the opening stage of the contacts,
as demonstrated in [21]. The results revealed that a larger
contact diameter, slow separation speed, and small commuta-
tion cable inductance are suitable for the improvement of the
threshold current in arc-less commutation.

The investigation of the erosion is essential, considering
the dynamic changes of the surface micro-topography of the
electrode material during the breaking process. The general
assumption is that the effective area of contact between two
nominally flat metal surfaces is determined by the plas-
tic deformation of their highest asperities, especially, when
the height of the asperity is subject to a specific distri-
bution law [22]. Moreover, the number of contact spots,

total conductance, contact area, and load can be calculated
using a set of formulae. This provides a simple multi-scale
framework that can magnify the mechanism of tip contact
to a rough macro surface. A rough surface was modeled
as an ensemble of asperities with identical curvature radii
and height distributions in [23] based on the double-Hertz
and multiple asperity contact theories. An alternative method
involves the use of the finite element method for the investi-
gation of asperity interaction effects [24]. A numerical sim-
ulation was established in [25], with the determination of
the structural deformations, voltage, and temperature distri-
butions during contact separation. The erosion of the arc on
the electrode material has a direct influence on the contact
effect of the circuit breaker after re-closing. The eroded
pit decreases the dielectric strength between the electrodes.
Moreover, it increases the contact resistance and contact
voltage drop. This leads to the formation of a molten metal
bridge, which causes the contact to melt [26]. In [27], a math-
ematical model was presented for the calculation of the weld-
ing dynamics during contact closure and breaking, which
describes the dynamics of the contact temperature at the
pre-melting stage and the evolution of the welding zones.

In summary, the direct cascading of the switchgear to
increase the voltage level will limits the current level due
to the rated temperature. At the same time, the single-break
structure is limited by the breaking voltage. In addition,
the HCB is constrained by the complex structure and large
size, which does not meet the breaking requirements of
medium voltage and large current in compact applications.
At present, the DC switchgear produced by mainstream elec-
trical appliance manufacturers, such as GIGAVAC/HX460,
TEConnectivity/K1K06X, and TDK/HVC500 adopt a sealed
contact structure without a transfer branch. Each switching
process results in the ablation of the metal material on the
contact surface, thus minimizing the service life. This arti-
cle therefore proposes a novel multi-contact MVDC natural
current commutation breaking topology. Compared with con-
ventional hybrid topology and existing switchgear, the pro-
posed topology is advantageous in that the commutation
branch does not contain semiconductor devices and transis-
tors. In addition, it exhibits the following characteristics:

1) The load-carrying branch conducts a large proportion
of the rated current, due to the design of the contact
overtravel between different branch contacts.

2) Due to the asynchronous disconnection between
different branch contacts, the current is naturally com-
mutated and rapidly interrupted during the breaking
process.

3) Since the circuit breaking process will not cause
ablation to the contacts of the load-carrying branch,
the number of breaking actions will hardly effect the
rated current. The bidirectional circuit breaking func-
tion of the same capacity can be realized through the
design of the arc blowing magnetic field.

The structure of the paper is organized as follows.
Section II introduces the proposed topology structure and
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FIGURE 1. Schematic diagram of each stage of the commutation process:
(a) connection structure between different branches, and (b) changes in
contact state with respect to armature displacement l .

an analysis of the natural current commutation process.
In section III, the proposed topology is verified with respect
to the realization of current commutation based on the
experimental results of the principle prototype. Section IV
establishes and verifies a model for the investigation of
the dynamic characteristics of the commutation process.
In section V, the relationship between the generation and
rupture of molten bridges in the contact area and the contact
material parameters is detailed, which serves as a basis for
the minimization of material erosion. Section VI summarizes
the conclusions of the study.

II. TOPOLOGY STRUCTURE DESIGN OF CONTACT
STRUCTURE
The circuit-breaking process of the multi-contact MVDC
natural current commutation consists of three stages; namely
the load-carrying stage, the natural commutating stage, and
the arcing stage.

Fig. 1(a) presents the state of each branch of the proto-
type and the internal current distribution at the load-carrying
stage. The contact structure comprises a load-carrying branch
(A1-A2) and an arcing branch (B1-B2-C2-C1-D1-D2) con-
nected in parallel. Moreover, ie and ic represent the cur-
rent that flows through the load-carrying branch and arcing
branch, respectively. Considering that the contact material

TABLE 1. Assembly parameters of each branch of contacts.

does not soften when carrying a current of 2000 A (for
copper, Uj < 0.12 V) within a specified margin, the contact
voltage drop was determined to be 33–50% of the softening
voltage. The contact resistance Rj < 0.03 m� was obtained.
According to the empirical formula Rj = Kj

/
(0.102F)m,

when m = 1 and Kj = 0.14, the contact force Fe of the
load-carrying branch was approximately 60 N. For the arcing
branch, given that it is in parallel with the load-carrying
branch, a certain proportion of the rated current is conducted
when it is switched on. The ratio of the arcing branch current
can be reduced by decreasing the contact force, which can
help reduce the on-state loss. Therefore, the contact force
Fc of the arcing branch was set as approximately 30 N.
The diameter of the contact was determined according to
the standard of the current carrying density of the conductor
(5–8 A/mm2), the experimental test results of assembly
parameters were obtained. The assembly parameters of
each branch-contacts are presented in Table 1. At present,
the parameters in Table 1 are the initial reference values.
If there is ablation of the load-carrying branch contacts dur-
ing the commutation process (this is undesirable), further
experiments are required to dynamically adjust the param-
eters in Table 1.The load-carrying branch contains a set of
double-break contacts with large diameters and large spring
stiffness values; Thus, the contact resistance of the load-
carrying contact is low in the switching-on state. Similarly,
the arcing branch is composed of three sets of double-break
semicircular shaped contacts connected in series, with rel-
atively small diameters and spring stiffness values, which
significantly increases the contact resistance.

Due to the differences in the overtravel and the spring
stiffness values between different branches of the contact,
the current is distributed and inversely proportional to the
resistance of each branch at the load-carrying stage. Fig. 1(b)
details the specific detailed breaking process of each stage.

At the load-carrying stage (STAGE 1), Fig.1(b-i, iv) reveals
that a large proportion of current flows through the load-
carrying branch, which reduces the contact voltage dropwhen
the contactor is switched on. This solves the problem related
to the increase in the temperature rise. Upon the induction
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of the breaking process, the armature displacement l and
the overtravel of each branch contact (1e, 1c) gradually
decrease. In the natural commutating stage (STAGE 2), the
insulated connecting rod, which is driven by the electro-
magnetic operating mechanism, achieves the simultaneous
action of each branch contact. The difference in the con-
tact overtravel induces changes in the contact resistances of
different branches, which results in the natural commuta-
tion of the current in the load-carrying branch to the arcing
branch, as shown in Fig.1 (b-ii, v). Moreover, as shown in
Fig.1 (b-iii), when the current exceeds the critical current,
the significant amount of Joule heat accumulated on the
electrode material results in a phase transition of the sur-
face material near the time when 1e becomes zero. Molten
metal bridges or pseudo arc prolong the commutation time
and ablate the material of the load-carrying contacts to an
extent. In the early arcing stage (STAGE 3), as shown in
Fig.1(b-vi), a specific overtravel of the arcing contacts main-
tain the circuit conduction state for a short period of time.
Thereafter, as shown in Fig.1(b-vii), with the action of the
operating mechanism, the overtravel of the arcing branch
gradually decreases, and arcs are generated in sequence.
Finally, since 4 atm of hydrogen is sealed in the arc extin-
guishing chamber as the arc extinguishing medium, arcs are
rapidly extinguished under the action of the magnetic blow-
ing system and the gas atmosphere in the interrupter, thus
completing the breaking process.

III. EXPERIMENTAL VERIFICATION OF THE PRINCIPLE
PROTOTYPE
To verify the feasibility of the proposed multi-contact MVDC
natural commutation breaking topology, the assembled prin-
ciple prototype and a circuit schematic shown in Fig. 2(a)
were employed for experimental verification.

The experimental circuit consisted of a pre-charged
capacitor C1 (capacitance and withstand voltages are 1/4 F
and 1200 V, respectively), a sampling resistor Rs, a prototype
K, a resistive load RL, a large current-conducting gate turn-
off (GTO) thyristor, and a line equivalent inductance L1. The
circuit discharge time constant was 250ms. Since experimen-
tal power supply was provided by the energy storage capac-
itor, the voltage of the capacitor decayed exponentially with
respect to the time constant of the experimental loop during
the discharge process. To verify the breaking characteristics
of the topology at given current and voltage levels, the circuit
discharge time maintained at less than 25 ms, i.e., the pre-
charged capacitor voltage drops not exceed 10%. It was there-
fore necessary to add a sufficiently large current-conducting
GTO thyristor to accurately control the current introduction
time. By matching the opening time of the prototype, a short-
time discharge of the circuit could be realized to satisfy the
experimental conditions of the specific voltage and large
current.

The experimental environment on site is shown as Fig.2(b),
the GTO continuous current circuit was composed of C2
and R2. The current i2 generated by the capacitor C2 that

FIGURE 2. Schematic of the experimental circuit: (a) circuit topology,
(b) the experimental environment on site, and (c) the assembled
contactor prototype.

discharges the resistor R2 can maintain the GTO conduction
state when the current is small; Thus, the post-arc recov-
ery voltage was applied across the contacts to ensure the
equivalence of experimental results. At the same time, the
switchable GTO thyristor was switched off after the circuit
was connected for a specific amount of time. Moreover, when
the contactor prototype did not complete the normal breaking,
the GTO thyristor protected the device in the circuit. The
absorption circuit composed of R0, C0, and RV was used
absorb the residual energy in the post-arc period and suppress
the generation of overvoltage. A high-speed camera (Phan-
tom v7.3) was used to capture arc appearance at a rate of
120,000 fps and exposure time of 1 µs. The total current i
and the arcing branch current ic were directly measured using
a non-inductive sampling resistor Rs andminiature Rogowski
coil with a bandwidth of 1Hz–100kHz, successively. A high
voltage Tektronix P6015A probe was then used to measure
the voltage across the contactor. Fig. 2(c) shows the appear-
ance of the assembled contactor, the different branches of
contacts are vertically distributed in space. The waveform
and arc evolution pattern of the prototype breaking operation
when connected to a resistive load at 1100 V and 1000 A is
presented in Fig.3. Moreover, the arcing branch voltage and
current waveforms were recorded in the commutating and
arcing stage.

In the current commutation stage, the current in the arcing
branch increased from 270 A to 1032 A, in accordance with
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FIGURE 3. Experimental results of DC resistive load (1100 V, 1000 A)
breaking: (a) voltage and current waveforms of arcing branch during
breaking, and (b) arc appearance at each of the arcing contacts. ¬ The
first arcing contacts open  the second arcing contacts open ® the third
arcing contacts open and ¯ maximum arc power moment.

the change in the armature displacement. When t = te, the
insulated connecting rod collided with the moving contact,
and the damping force generated by the material penetra-
tion partially counteracted the contact force. At the instant
t = te’, the contact of the load-carrying branch was sepa-
rated. Since there were no significant changes in the contact
voltage, the current commutation process was determined to
be arc-less.

Subsequently, the contacts of the arcing branch were
opened sequentially at times ¬, , and ® in Fig.3(a), and
the arc appearance at the corresponding time is shown in
Fig.3 (b). The electrode material of the contactor prototype
was pure copper, with a minimum arc voltageUcopper of 13 V
[28]. An assumption was made that electrons emitted from
the cathode are accelerated by a voltage toward the anode,
and that they possess sufficient energy upon reaching the
anode to ionize the hydrogen in the anode area for the further
generation of free electrons and resulting potential difference.
This voltage is equal to the ionization potential (in Volts),
thus the ionization potential of hydrogen in the interrupter
UH2 was 13.54 V. The initial voltage between each contact is
composed of the minimum arc voltage and gas arc voltage
drop, and the metal phase arc voltage was approximately
6 × (Ucopper + UH2) = 159.24 V for the arcing branch with
6 contacts in series, which is consistent with the voltage value
near point ®. At point ¯, the arc was at maximum power;
however, it was unevenly distributed among the contacts of
the arcing branch. Hence, the breakdown phenomenon could
occur.

The underlying principle of the multi-contact breaking
circuit of the arcing branch is natural current commutation.

FIGURE 4. Contact between a rigid smooth surface and randomly rough
surface: (a) A real case and (b) an equivalent model of the height of
asperities that satisfying exponential distribution.

Therefore, it is necessary to investigate the change rate
of the arcing branch current ic during the commutation
process te-te’.

IV. ESTABLISHMENT AND VERIFICATION OF THE
COMMUTATION PROCESS MODEL
This section presents a discussion on the establishment of
the equivalent model of the commutation process based on
the application of the micro-electrical contact theory, con-
sidering the phase change characteristics of the electrode
material.

A. MICROSCOPIC ELECTRICAL CONTACT MODEL
In particular, the surface of the electrode is composed of a
large number of highly random asperities at the micro-scale,
which is not a completely smooth plane. Thus, the actual
conductive area is significantly smaller than the macro-scale
of the electrode. An effective microscopic representation of
the electrode material is shown in Fig. 4 (a).

The two rough contact surfaces are equivalent to a
rigid- smooth surface and another rough surface. A reference
surface can be used to represent the average value of the rough
surface. Moreover, when the separation distance d between
the reference surface and the smooth surface is less than the
asperity height z, the asperities with the original height greater
than d will form conductive spots. Therefore, for any given
asperity, the probability of the formation of a conductive spot
can calculated by (1), where φ(z) is the probability density
function of the height distribution.

prob(z > d) =
∫
∞

d
φ(z)dz (1)

As shown in Fig. 4 (b), in this study, the following assump-
tions were made about a micro-electrical contact, and an
equivalent model was established as follows: (1) The heights
of all asperities on the rough surface were in accordance
with an exponential distribution. Then, separation distance
d and the asperity height zi can be normalized, the mini-
mum separation distance between the two reference planes
is dmin =

√
π
√
σβ, and σ is the surface roughness of

the electrode material. (2) The geometry at the top of each
asperity is a hemisphere with the same radius β. (3) Upon
contact, different asperities are independent of each other.
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(4) The deformation of the junction area between the liquid
metal bridge and the electrode is not considered.

According to the theory proposed by Greenwood and
Williamson, the number of contact spots (n), total contraction
conductance (G), actual contact area (Ab), and contact force
(F) between the two contact surfaces during the breaking
process can be calculated [22]. After derivation, the relation-
ship between the contact resistance, actual contact area, and
contact force was determined, as shown in (2).

Rcontact =
1
G
=

ρEσ · eh
√
πηEβ1/2σ 3/2Aa

=
ρEσ
F

Ab =
√
πηEβ1/2σ 3/2Aa ·

√
πβ1/2

ehEσ 1/2 =

√
πβ1/2F
Eσ 1/2

(2)

When the insulated connecting rod collides with the mov-
ing contact during the opening process, the damping force
generated by the material deformation partially counteracts
the contact force. The insulated connecting rod causes the
contacts to collide until the combined force between the con-
tacts is zero. The contact force is formed by the superposition
of the spring force Fs and the damping force Fm generated by
the deformation. This article presents an impact function to
express the damping force during the collision process, which
can be expressed as (3), (4).{
F = Fs − Fm
Fm = Fe0 · step

(3)

step =


1, l < 4− δ
1−12(3− 21) 4− δ < l < 4
0 l > 4

(4)

where Fe0 is the initial force of the load-carrying contact
spring, and δ is the material deformation depth. The colli-
sion process of the insulated connecting rod and the moving
contact occurs when the armature displacement is 4 mm,
1 = (l − 4+ δ)

/
δ.

B. ELECTRODE MATERIAL PHASE-CHANGE MODEL
During the current commutation process, the actual contact
area between the electrode materials decreases in accordance
with a decrease in the contact force, and a significant amount
of Joule heat accumulates in the contact area. Since the
distance between the electrodes is not enough to make the
gas sealed in the arc extinguishing chamber fully surround
the conductive area, the degree of convection heat dissipa-
tion is not apparent. If the radiation heat dissipation is not
considered at the same time, the accumulated heat can only
be dissipated via the electrode surface. When the contacting
area temperature is greater than themelting temperature Tm of
the electrode material, a phase-change process from the solid
phase to the liquid phase is induced. The macro phenomenon
of this process is the generation of a molten metal bridge, and
with the continual increase in temperature, it is accompanied
by a pseudo arc. Based on the principle of energy conser-
vation, the difference equations (5) and (6) can be used to
describe the material phase state in the contact area before

FIGURE 5. Relationship between contact force and armature
displacement.

and after melting.
cPmb (k)1τ (k) =

(
i2b (k)Rb (k)− PT (k)

)
1t

mb (k) = γVb (k) = γAb (k) π1/2σ 1/2β1/2

Rb (k) = ρ0 (1+ α1T (k))
π1/2σ 1/2β1/2

Ab (k)
,

1T (k) < Tm (5)
cP mb|1T=Tm 1τ (k) =

(
i2b (k)R

′

b (k)− PT (k)
)
1t

R′b (k) =
ρ0 (1+ α1T (k)) mb|1T=Tm

γAb (k)2
,

1T (k) > Tm (6)

where, cp is the specific heat at the constant pressure of the
metal material; 1t is the calculation step, which is equal to
1e-8 s; 1τ (k) is the increase in temperature of the metal
material at each calculation step; 1T , as obtained by the
summation of 1τ (k), is the current temperature of the mate-
rial, which is used to determine whether there is a phase-
change of the electrode material during the commutation
process. Moreover, γ is the material density, 8.9e3 kg/m3; ρ0
is the resistivity at 273K, 1.75e-8 �m; α is the temperature
coefficient of resistance, 4.1e-3 ◦C−1.

The expression of the conducted dissipation power PT (k)
is determined by (8), λ is the heat dissipation coefficient,
390 W/(m∗K); and h is the material thickness, 20 mm.

1T (k) =
∑
k=1

1τ (k) (7)

PT (k) =
2λAb (k)1T (k)

h
(8)

C. COMPREHENSIVE MODEL ACCURACY VERIFICATION
The Simulink (MATLAB) toolbox was used to build the
research model of the commutation process in accordance
with themodel established in the previous section. Fig. 5 indi-
cates a piecewise linear relationship between the armature
displacement and that the contact force of the load-carrying
branch and the arcing branch. Moreover, Re represents the
contact resistance of the load-carrying branch, Rc is the con-
tact resistance of the arcing branch, and formula (2) is used
to establish the relationship with Fe and Fc.
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FIGURE 6. Experimental and simulation results of ic under different stray
inductance La.

FIGURE 7. (a) Experimental and simulation results of the rate of increase
in current during the commutation process, and (b) the partial
magnification of the range from 2.8-2.85 ms.

The arcing branch is composed of three sets of
double-break contacts connected in series using conductive
elements. The conductive structure encloses a region in the
space; thus, the stray inductance of the arcing branch has a
significant influence on the commutation rate. The simulation
model of the commutation process proposed in the previous
sectionwas used to simulate the results of the stray inductance
La = 0 µH, 0.01 µH, 0.02 µH, 0.04 µH, and 0.06 µH at
1000 A. The simulation and experimental results of the arcing
branch current ic are shown in Fig 6.
Based on the simulation results, it was found that under

the conditions of different branch stray inductances, the cur-
rent commutation time is consistent. With an increase in
the stray inductance La of the arcing branch, the rate of
change in current at the later stage of the commutation stage
increased significantly. Due to the deviation of the start time
between the simulation model and the experimental results,
the data required further processing.

Moreover, the derivative of the current waveform with
respect to time was used to obtain the current growth rate
during the commutation process. The delay time of the exper-
imental and simulation results was determined as 14µs using
the correlation function. The current growth rate waveforms
with the same start times are shown in the Fig. 7.

With an increase in La, the rate of increase in current signif-
icantly increased, and a relatively high over-voltage was gen-
erated before the end of the commutation process. The RMSE
of the rate of increase in current of the experimental and sim-
ulated waveforms were calculated when the stray inductance
La = 0 µH, 0.01 µH, 0.02 µH, 0.04 µH, 0.06 µH. The
values were found to be 1.146 A/µs, 1.131 A/µs, 0.924 A/µs,
1.679 A/µs, and 2.354 A/µs, which verifies the accuracy of
the simulation model, and the stray inductance parameter of
the arcing branch is 0.02 µH.

V. ANALYSIS OF THE COMMUTATION PROCESS MODEL
According to the commutation process model and the branch
distribution parameters established in the previous section,
a series of commutation process simulations at different cur-
rent levels were conducted. The simulation results of the
contact district temperature, contact voltage drop, and current
commutation process are shown in Fig. 8.

As can be seen from Fig. 8(a), with an increase in the com-
mutation current, there was an increase in the temperature
of the contact area. Because the heat between the contacts
was dissipated by conduction via the electrodes, the Joule
heat generated by the current increased the temperature of the
electrode material continuously, which could result in a sub-
sequent phase-change process. When the commutation cur-
rent was 4000 A, the material in the contact area reached the
melting temperature Tm at t1 = 2.78 ms, and a metal liquid
bridge was rapidly generated. Due to the negative resistance
characteristic of the liquid metal bridge, there was a voltage
drop, as shown in Fig. 8(b). The moving and static contacts
of the load-carrying branch were then separated at t3 = 2.84
ms for the formation of the contact gap distance. Since the
temperature of the contact area was in excess of 4000 K at
this instant, the high temperature resulted in the formation of
a pseudo arc from themetal vapor. Thereafter, the metal vapor
temperature reached a peak temperature of 9400K at time t4,
and the duration of the molten bridge and pseudo arc was
1t1 = 0.97ms. The same process occurredwhen the commu-
tation current was 3000 A. At t2 = 2.83 ms, the contact area
reached themelting temperature Tm of themetal material, and
a molten bridge was generated. The temperature of the metal
vapor reached a peak value of 7800 K at time t5, and the dura-
tion of the molten bridge and pseudo arc was1t2 = 0.73 ms.
Conversely, when the commutation current was less than

2000 A, the temperature of the contact area during the entire
commutation process was less than the material melting tem-
perature Tm. The energy stored in the stray inductance was
rapidly absorbed at the instant of contact separation; thus, arc-
less commutation was realized.

To prevent the erosion of the load-carrying branch con-
tacts during the commutation process, the electrode material
roughness σ (1.2 µm, 1.6 µm, 1.8 µm, 2 µm, and 2.4
µm) and the elastic modulus E (0.7 GPa, 0.9 GPa, 1.1 GPa,
1.3 GPa, and 1.5 GPa) were considered as the eigenvalues
for the commutation simulation study. Fig. 9 presents the
increase in temperature of the contact area.
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FIGURE 8. The temperature of the contact district at different current
levels, (b) contact voltage drops at different current levels, and (c) current
commutation process at different current levels.

Figs. 9 (a–d) present the temperature of the contact area
when the contacts were separated (t3 = 2.84 ms) at the
current levels of 1000–4000 A, in increments of 1000 A,
respectively. The projection of the surface with a temperature
value lower than the material melting point Tm on the σ -E
plane is represented by the gray area, thus indicating that the
electrode material was not eroded during the commutation
process. As can be seen from the figures, with an increase in
the current level, the σ -E area where the electrode material
parameters can be selected during arc-less commutation is
significantly reduced. In particular, at 4000 A, there was
none intersection between the temperature surface and the

FIGURE 9. Temperature of the contact area upon the separation of the
contacts at the current levels of (a) 1000 A, (b) 2000 A, (c) 3000 A, and
(d) 4000 A.

critical surface. Although a rougher surface and a harder
material can reduce the temperature of the contact area during
commutation, the resulting rated heating of the contacts is
excessive.

Moreover, under the rated condition of 1000 A, to ensure
stable contact, the softening voltage Um = 0.12 V of the
copper material was set as the critical voltage. The simulation
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FIGURE 10. Relationship between contact voltage and the electrode
material parameters at rated current of 1000 A.

FIGURE 11. Electrode material parameter area for arc-less commutation
at (a) 1000 A (b) 2000 A, and (c) 3000 A.

results of this reference voltage and the contact voltage were
then analyzed with respect to different surface roughness σ
and elastic modulus E values, as shown in Fig. 10. As can
be seen from the figure, the projection of the surface where
the contact voltage was lower than the softening voltage on
the σ -E plane is represented by the gray area, thus indicating
that the electrode material did not soften at a rated current of
1000A, and can conduct current stably.

Based on the combined ranges of the electrode material
parameters shown in Figs. 9 and 10, an acceptable range
for the surface roughness σ and elastic modulus E of the
electrode material was determined, which can ensure contact
reliability and prevent the electrode from softening during
conduction at level the rated current. In addition, the temper-
ature of the contact area was lower than the melting point,
thus, an arc-less commutation process was realized.

For contactors, the breaking current is generally greater
than the rated current by several factors. In the case of a
resistive load with a rated current of 1000 A and breaking
currents of 1000 A, 2000 A, and 3000 A, the parameter area
of the electrode material for the realization of arc-less com-
mutation is shown in Fig. 11. Besides, this area can be used to
determine whether an arc is generated during commutation.

It should be noted that this criterion method is only
applicable to the adjustment of a small current range.
With an increase in the current level, i.e., to 4000A, arc-

TABLE 2. Parameter comparison between the proposed topology and the
switchgear with similar breaking capacity.

less commutation cannot be realized by the adjustment of the
electrode material parameters. It is necessary to improve the
contact system by an increase in the diameter of the contact,
replacement of a spring with larger spring coefficient, and/or
selection of a contact material with greater conductivity.

VI. CONCLUSION
This article proposes a multi-contact MVDC circuit breaking
topological structure based on natural current commutation.

1) By the asynchronous operation of contacts in differ-
ent branches, the natural current commutation from
the load-carrying branch to the arcing branch can
be realized. Thus, the forced current commutating
branch of conventional hybrid topological structures
can be removed. Moreover, the proposed topology can
enhance the breaking capacity by increasing the contact
number of the arcing branch. This provides alternative
DC switching solutions for the aerospace, urban rail
traction and new energy industries, which are sensitive
to the volume and weight of the device.

2) An equivalent model combined with the microscopic
electrical contact theory and impact collision process of
the commutation stage is established and verified with
the experimental data.

3) Under given conditions, a liquid metal bridge and spark
discharge were formed during the natural commuta-
tion process. Although this prolonged the commutation
time and increased the erosion of the contact mate-
rial, current transfer between different branches was
realized.

4) An acceptable range for the surface roughness σ
and elastic modulus E of the electrode material was
obtained based on the contact voltage drop at 1000 A
and the phase-change law in the dynamic commutation
process from 1000–4000 A. This serves as a theoretical
basis for the optimization.
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APPENDIX
Parameter comparison table of the proposed topology and the
switchgear with similar breaking capacity is as Table 2.
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