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Abstract A new current controlled switch is introduced in
this paper. The switch has inherent control on the current
and operates based on the motion of a conducting medium
through a set of transition contacts. Basic theory concerning
controlled motion of the conducting medium through a liquid
metal (LM) interface is exposed followed by experimental
study. The structure of the device and the design basis are
described and the Lorentz force on the moving conducting
medium is calculated using FEM software. Acting major role
in the device operation, the forces on the conducting medium
have been characterized and the motion equations of this
conducting medium are solved using a numerical method.
Accordingly, the design criteria, which are converted to a set
of mathematical and physical constraints, are checked and the
structure or quantities are modified where needed. Finally, a
specimen is made and the switch operation is studied.

Keywords Current controlled switch ·
Arcless commutation · Liquid metal interface

1 Introduction

Many control systems have been designed to keep the system
quantities in the desirable limit. Most of which, change some
parameters to reach the desirable conditions through evalu-
ation of some feedback signals. These signals are usually
driven from the converted built-in quantities of the elec-
tromagnetic devices, like voltage and current. Examples of
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such systems can be seen in some of FACTS devices (e.g.
current and voltage controlled reactors), on load tap chang-
ers (OLTC), motor starters, etc. In some of these systems, it
is feasible to directly use the built-in parameters as feedback
and abstain from converting parameters. Through this sim-
plifying idea, the designer may combine or even eliminate
some parts of the above mentioned system. In this paper,
a new current controlled switch is introduced. The switch
operates via movement of a conducting medium sliding on
an LM interface. LM has been commonly used for a long
time as an intermediate conducting medium [1]. Besides, its
motion has also been used in some engineering applications
and research areas [2–4]. Due to the type of applications,
former researches mostly dealt with the steady flow charac-
teristics of the LM [2]. LM motion has also been used in
very small scale applications. Since micromachining tech-
nology was introduced in 1980s, some MEMS devices have
been introduced in which micrometer sized LM droplets are
actuated [5]. But due to the small size of the LM droplet and
large contact angle, the motion analysis method presented in
the MEMS device studies cannot be applied for high current
devices. In some recent studies, considerably larger size of
LM droplet has been moved to gradually change the resis-
tance and limit the current [6,7]. In [6], the most important
concern is to limit the fault current as fast as possible with-
out any arc. In [7], the movement of the LM is not so fast
because it should be controlled and settled at specific con-
tacts when the required condition is fulfilled. Further exper-
iments revealed that the presence of impurities and air and
also constitution of metal compounds make some difficulties
in smooth frequent displacement of the relatively large LM
droplet.

In the present study, the LM is used as an intermediate
medium to reduce the friction coefficient of the solid sliding
conducting medium and the fixed contacts. Concurrently it
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provides a low resistance efficient contact area between the
sliding conducting medium (SCM) and the fixed contacts
carrying the current. The device structure is designed based
on the knowledge of constituent materials such as sliding
solid conducting medium, insulation, LM and their interac-
tion with each other. Chemical and physical properties of
the LM and its contact angle are studied and the geometry
of the motion path and the structure of the magnetic core
are designed. An FEM solver is used to calculate the elec-
tromagnetic quantities and Lorentz force. The normal and
abnormal currents of the circuit are assumed as excitations of
the system. Then, motion equations of the sliding conducting
medium are solved using a numerical method and the design
criteria are checked in various steps. The structure or design
parameters are modified where needed.

The results show that the switch can be made with dimen-
sions of a few centimeters and can operate in the range of
some 15 A of current without occurrence of undesirable
phenomenon. The method introduced in this paper has sev-
eral advantages compared to the conventional designs of
switches, such as no need to external triggering system, much
more compact sizes, no degradation of the contact system,
e.g. due to the arcing and no drive mechanism. Moreover,
through inherent control used in the present design, the switch
does not depend on expensive auxiliary components. If dif-
ferent voltage sources or voltage taps with different equiva-
lent Thevenin impedances are available, such a switch can be
applied for control of load voltage. The controlled motion of
the SCM may also be used in applications like motor starters,
if an inexpensive method is desired.

2 Design and operation principle

Regardless of the equipment application, this paper is
intended to introduce a method for arcless current commu-
tation between contacts with known equivalent Thevenin
circuits. The switch operates during transition from normal
condition to abnormal condition. In our case, unacceptable
voltages and currents are assumed as abnormal conditions.
The current commutates between two contacts, via sliding
of a conducting medium on the liquid metal wetted contacts
under the effect of Lorentz force resulted from the interac-
tion of the flowing current and a magnetic field which is also
dependent on the flowing current. Figure 1 illustrates the ba-
sic scheme of the device operation and its equivalent circuit.

The parameters of the equivalent circuit shown in Fig. 1
are defined as:

• The DC currents flow through contacts A and B during
equilibrium condition are denoted by IA and IB, respec-
tively.

Fig. 1 a Basic schematics of the working principle. b Equivalent
circuit of the device

• The nominal DC voltages of contacts A and B during
equilibrium condition are denoted by VA and VB, respec-
tively.

• All of the mentioned quantities during abnormal condi-
tions (unacceptable currents and voltages), which shall
lead to change over between contacts, are denoted by the
same primed designation (e.g. I ′

A, I ′
B, etc.).

• ZA and ZB represent the equivalent Thevenin imped-
ances of the sources behind contacts A and B, respec-
tively.

• RAc and RBC represent the equivalent variable resis-
tances between the common contact C and contacts A
or B, respectively. During the current commutation, one
of these resistances gradually increases while the other
one decreases.

• RAB is the variable resistance between contacts A and
B. When the system is in normal operation, this resis-
tance is very large (almost infinity). During the current
commutation and while RAc and RBC are undergoing the
prescribed variations, this resistance gradually decreases
and reaches its minimum value. After that (when the cur-
rent is completely commutated), it increases and so the
contacts A and B are disconnected again.

The device has to be designed based on the following
criteria:

1. The sliding conducting medium (SCM) must be
remained stationary when the system quantities are in
equilibrium (normal) conditions. In other words, when
the system operates at acceptable voltage and current,
the current shall not be commutated.
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2. The SCM must start to move in a direction which will
bring the system to another equilibrium condition once
the system quantities reach predetermined abnormal val-
ues (threshold values of voltage and current).

3. During the commutating phase, thermal stressing must
be avoided in the tail of LM and SCM. In other words,
the voltage drop on these parts of circuit must be limited
to a specified umax (like the boiling voltage for conven-
tional separating contacts [8]).

4. During the commutating phase, the difference between
the applied voltages on the separating contacts should
not exceed a minimum level uarc

min (dependent on the con-
tacts material [9]). Short length/duration arcs should also
be prevented during separation of the SCM from LM
interface of the contacts.

5. When the current completely commutates and the sys-
tem reaches a new equilibrium condition, the net exerted
force and the speed of the SCM must be zero.

6. The voltage appears across insulation parts should not
exceed their respective breakdown voltages.

3 Device structure and forces

Due to the sliding nature of the switch contacts, a liquid metal
medium is used between sliding solid conducting medium
and fixed contacts. In sliding contacts, the contacting parts
of the conductors slide over each other without separation.
A real solid surface is not geometrically ideal because of
asperities appearing during machining and subsequent use.
The solid surface experiences the effects of various factors
that can be classified into manufacturing, operational, and
structural. These errors in form, waviness, roughness and
subroughness [1] become much more important especially
when two solid contacts have to slide on each other while
carrying electrical current. In contacts between liquid and
solid metals, the deformation of the solid member is negligi-
ble. Here, the load bearing and the apparent area are equal.
Therefore, the utilization of a liquid metal as an intracon-
tact medium separating solid contact members significantly
increases the contact area encompassing almost the whole
apparent area of the solid electrode surface. Hence, the elec-
trical contact resistance and the required contact force are
reduced as illustrated in Fig. 2 [10].

Fig. 2 Left Actual contact areas between two surfaces are very small,
only a few points are in contact. Right Real contact area increases when
the gap is filled with liquid metal

If a liquid metal wets the virgin surface of the solid elec-
trode, no transition resistance occurs provided that the metals
do not produce chemical compounds. When a liquid metal
moistens the oxidized surface of the solid electrode surface,
the contact resistance is controlled by the resistance of the
oxide film, which is in the order of 10−9–10−7 �m for thick
oxide films. In our proposed switch, liquid metal intracontact
medium does not only reduce the contact resistance and fric-
tion coefficient but also rather maintains them constant dur-
ing motion of the sliding contact. This is a vital feature for the
controlled motion of the sliding contact with predetermined
current density, force and speed at various positions. In [11],
it was concluded that interruption of metal bridges between
contacts at the highest temperature point causes a metal trans-
fer from the electrode closer to the maximum temperature of
the bridge toward the other one. In such cases, the remain-
ing stubs usually are reintegrated into the electrodes by sur-
face tension. This is usually observed in “arcless” switching
contacts. Therefore, such “bridge transfer” or “fine trans-
fer” is considered as a major reason of “arcless” switching
instead of the “arc transfer” in currents strong enough to
cause obvious arcing. LM intracontact medium would likely
facilitate the prescribed material transfer during switching
and therefore the arcless switching is ascertained. To have
a desirable form of material transfer, LM material should
have low surface tension with the SCM. The sticking point
in the switch operation is that the aforesaid intracontact LM
medium must not move to undesired areas. Therefore, care
must be taken to minimize the Lorentz force exerted on the
LM particles. Hence, the current density vectors in LM parti-
cles have to be in parallel with magnetic flux density vectors
affecting on the SCM. Moreover, metallurgical and chemical
countermeasures have to be considered in material selection
for each component. The design criteria 1, 2 and 5 of the
preceding chapter imply that, at each moment, there should
be a set of motive and repellent forces which interact and
provide the desired conditions. As it was stated, the Lorentz
force is the actuating force of the SCM. This force is propor-
tional to the vector product of the SCM current density and
a magnetic field density which is composed of two opposite
components. The reference component, BRef , is generated
by a coil fed by a constant reference current. This field com-
ponent opposes the field generated by the control coil, BCont,
which is proportional to the flowing (load) current. Hence,
SCM remains stationary while the flowing current does not
reach its threshold value (i.e. abnormal condition). To elimi-
nate the direct effect of gravitational force, a horizontal path
is selected for the SCM motion. Gravitational and molecular
forces affect the shape and contact angle of the LM. The con-
tact angle of the LM is determined considering the magnitude
and direction of surface tension vectors. Figure 3 illustrates
the general structure of the device. As it can be seen, con-
tacts A and B are separated via a solid insulation material.
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Fig. 3 Structure of the device. a General perspective, b Contact system and SCM, c Detail view of the contacts and the LM bridge during transition
from one contact to another

To prevent any arc during contact separation, each contact
has a resistance profile which facilitates the current com-
mutation between contacts. As a result of the SCM move-
ment, the current flowing through the second contact will
gradually increase while the flowing current of the first con-
tact decreases. The contact resistance profiles, their lengths
and the distance between them should be evaluated through
numerous compromises between different constraints.

The horizontal motion path of the SCM and the magnetic
core which are surrounded by the reference and the control
coils are designed in such way that the magnetic field den-
sity is uniform all over the motion path. Assuming a uniform
distribution of magnetic field, for the first step of evaluation
and design, the magnitude of Lorentz force can be estimated
as:
∣
∣
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∣
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∣
∣
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Considering the length of the air gap encompassing the
contacts system and the SCM, a linear behavior is conceiv-
able. Hence, we have:
∣
∣
∣ �Bnet

∣
∣
∣ = K NCont I − K ′NRef IRef (3)

Therefore, the magnitude of Lorentz force can be
expressed as:
∣
∣
∣ �FLorentz

∣
∣
∣ = KDevice K NCont I

2 − KDevice K ′NRef I IRef (4)

where KDevice, K and K ′ are constants which depend on
the system geometry. In the present design, to facilitate the
control of the motion, the magnetic circuit of the device
is designed in such a way that these constants almost do
not change during the motion, though their small varia-
tions are also taken into account. These constants are eas-
ily determined through some simple experiments and also

simulations. NCont and NRef are the number of turns of con-
trol and reference coil, respectively. The turns number or
equivalent magneto motive force of each coil is determined
considering the reference and threshold actuation currents
and also the amount of static and dynamic friction force. To
specify the optimum cross section and shape of the SCM
motion path, several insulation materials and solid conduct-
ing materials with different cross sections and shapes are
selected and the static and dynamic friction forces are mea-
sured through inclined plane method. In this method, the
slope angle of the inclined planes are gradually increased
till the SCM starts to move. Finally, the cross section which
caused the motion of the SCM at least inclined plane angle
is selected. Meanwhile, the insulation materials which had
considerably been wetted by LM were not contributed in the
design any longer. The results of the inclined plane experi-
ments can also be used to evaluate the Lorentz force required
to move the SCM. Hence, by measuring currents which actu-
ate the SCM, the geometry dependent constants, KDevice, K
and K ′, were determined. These proportionality constants
are also verified through simulation by a FEM solver which
calculates fields and forces.

3.1 Motion of solid conducting medium

The physical and fluid data of LM are extracted from [12]
and the governing equation of motion dynamics is extracted
from [13]. The motion is modeled as a solid particle drawn
on the LM surface. The present research is intended to use the
movement of the SCM on a thin layer of LM in a stable con-
dition with the speeds in the order of decimeter per second.
Hence, the motion dynamics of the SCM can be formulated
as:

{

mSCM
d2s
dt2 + α ds

dt =
∣
∣
∣ �FEL

∣
∣
∣ −

∣
∣
∣ �F0

∣
∣
∣

�F0 = 0; when
∣
∣ ds

dt

∣
∣ > 0

(5)
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Here, S is the position of the LM droplet and �FELis the
effective component of the Lorentz force in the direction of
the motion. �F0 represents the static friction force between
the SCM and its surrounding medium just before movement.
This force is determined through experiments and calcu-
lations and is dependent on mass and shape of the SCM.
α is the loss factor, which is considered to take the velocity
dependent breaking force into account. The SCM motion on
the thin layer of LM, is considered to be similar to the flow
around a body of the length l that is drawn through a liquid.
Thus a laminar layer of LM, the so called Prandtl layer of the
thickness D, occurs between the surrounding fixed contacts
and the SCM:

D =
√

6η l

ρLMv
(6)

where ρLM is the density of LM, η is the dynamic viscos-
ity and v is the velocity magnitude of the SCM. l is the
effective length of the SCM touching the LM intracontact
medium in the motion path. In our device, the velocity of
SCM droplet is in the range of decimeter per second, ρLM =
13,534 kg

m3 , η = 0.001556 kg
m s is the dynamic viscosity

of Mercury and l = 26 mm is the effective length of the
SCM. Accordingly, the resulting Prandtl layer is in the sub-
millimeter range, which is smaller than LM layer thickness.
Hence, the SCM is affected by a dynamic friction force �Ffrict

∣
∣
∣ �Ffrict

∣
∣
∣ = ηAv

D
= α

ds

dt
(7)

wherein A represents the contact surface between the SCM
and the LM layer. As it can be seen, this factor is dependent
on the velocity of the SCM. Therefore, in order to find the
exact position and velocity of the SCM, the Eq. (5) through
(7) have to be solved simultaneously. For the configuration
considered here, this loss factor is less than 0.0001. To verify
the designed structure, the motion profile has to be checked
for the condition stipulated in the design criteria. For this
purpose, the start point is considered the moment at which
the current flowing through contact A reaches I ′

A (i.e. speci-
fied abnormal current of contact A). Then, using the FEM
solver, the magnetic flux and current density vectors and
the resulted forces components in the three Cartesian direc-

tions
( �Fx , �Fy and �Fz

)

are calculated. In the present study,

the mesh elements are built with dimensions of 0.1 mm in
critical areas and number of calculation passes is set equal
to twelve. Using the calculated force components, the effec-
tive components of the Lorentz force in the direction of the

motion
( �FEL

)

can easily be calculated. The motion starts

when the right hand side of Eq. (5) becomes positive. To
fulfill clause 5 of the design criteria, the net exerted force
and speed shall be vanished, when the SCM reaches the sec-
ond equilibrium state (i.e. contact B). Moreover, through a

resistance profile in the motion path, the current amplitude
should be lowered enough to prevent any arc during current
commutation. Since the Lorentz force depends on the flow-
ing current and the position of the SCM, the right hand side
of Eq. (5) is not constant. Thus, the motion is broken into
small time steps in which the second order differential equa-
tion of (5) can be solved with constant coefficients. At the

end of each time step the calculated speed
(

ds
dt

∣
∣
t=nts

)

and

acceleration

(

d2s
dt2

∣
∣
∣
t=nts

)

is assumed as the initial conditions

of the differential Eq. (5) which has to be solved for the
next time step and position. Meanwhile, as explained earlier,
the calculated speed has to be approximately checked with
the presupposed α to avoid inaccurate results. The time step
should be selected considering the fact that the Lorentz force
changes at a rate which is dependent on the resistance profile
and the hypothetical application of the proposed switch. In
our method, the sampling frequency (i.e. the number of time
steps per second of the motion) is much greater than twice the
highest frequency of motive force variations. To assure about
the successful operation of the switch, the contact angle and
wettability of the LM on the solid surfaces should be eval-
uated. In [14], a comprehensive study has been conducted
on the same materials used in relatively similar dimensions.
It should also be taken into account that there are different
areas in the motion path which LM has different dynamic
contact angle on them.

3.2 Optimum resistance profile of the contacts

As stated, each contact has a resistance profile which facili-
tates the current commutation between contacts. The profiles
should be determined considering three major requirements
stipulated in clauses 3, 4 and 5 of the design criteria.

3.3 Thermal overstressing

During SCM motion on the resistance profile, for exam-
ple different elements with different resistances, very high
current densities may be reached especially in the tail of
the moving particles (SCM and the LM bridge). Figure 4
illustrates the equivalent circuit of the system during tran-
sition phase of the SCM from one contact to another. To
prevent thermal over stressing in the tail of LM bridge, the
dissipated energy in these elements has to be kept low. The
thermal overstressing of the last LM connection is equiva-
lent to the instabilities of last connecting bridge during the
contact separation in conventional switches and therefore
the same formulation can be applied. So it would be pos-
sible to define a maximum voltage umax (like boiling voltage
for conventional separating contacts [8]), above which the
last LM connection between the SCM and the wetted solid
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Fig. 4 Equivalent circuit of the system during SCM motion on the
resistance profile elements

contact become unstable and therefore the constraint of
thermal overstressing can be expressed as:

uLM < umax (8)

where uLM is the voltage drop on the LM tail that is equal to
ILM RLM. Here, ILM is current flowing through the last con-
nection between the LM bridge and the solid electrode and
RLM is the resistance of the LM tail.

In [6], the equivalent circuit of similar system has been
analyzed to calculate the maximum allowable R2 for given
values of R1, RLM and umax:

R2 <
R1 + RLM
RLM Itot

umax
− 1

(9)

Here Itot is the total current flowing through LM bridge,
R1 and R2 are the resistances of two hypothetical adjacent
small elements of the resistance profile. The resistance of the
LM tail, RLM, is determined through experiments and also
simulation of the geometry by the FEM solver.

In addition to the mentioned analytical method, to check
the fulfillment of the design criteria number 3, the equiva-
lent circuit of the device (Fig. 1b) is considered. The most
difficult condition for thermal overstressing is when the thin
tail of the LM is separating from the SCM and/or fixed solid
contacts (see Fig. 5). Considering the Prandtl layer thick-
ness and the speed of the motion, the worst geometry which
may be occurred is simulated by the FEM solver. The resis-
tance matrix which describes the equivalent circuit of Fig. 1
is dependent on the position of SCM and the shape of LM
particles acting as bridge. The elements of this matrix are
determined by applying some special cases of voltage and
currents in the FEM software. Using the calculated resis-
tances and considering the presupposed values of equivalent
Thevenin voltages behind contacts, the equivalent circuit of
Fig. 1b is solved. In our study, it is assumed that the resis-
tance of the load connected to contact C is constant during
current commutation. The calculated voltages and currents

Fig. 5 Current density distribution for the worst condition during cur-
rent commutation from contact A to contact B

are used as excitations of the FEM solver and the heat losses
in the SCM and the LM bridge are calculated.

3.4 Arcless current commutation

3.4.1 Steady state arcs

Separation of two current carrying contacts results in initia-
tion of switching arcs, if the voltage difference of the separat-
ing contacts exceeds a minimum level uarc

min dependent on the
contact material [9]. Considering the configuration of Fig. 4,
the arcless commutation constraint can be expressed as [6]:

R2 <
uarc

min

Itot
+ R1 (10)

The aim of the resistance profile of each contact is to
gradually reduce the contact current while the current of the
other contact is increasing. But to reach the appropriate SCM
motion, this reduction cannot be unlimited because the speed
and transition times have to be within acceptable limits which
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are compatible with the device application. Too much cur-
rent reduction may cause low motive forces and subsequent
failure of motion. Therefore, there is always a minimum cur-
rent at the time of contact separation which will produce a
voltage VSeparation between the SCM and the LM intracontact
medium left behind. The governing equation in this condition
is:

VThA = LA
diA

dt
+ R(x) iA + VSeparation + VC (11)

Here, VC denotes the voltage of contact C (which is
approximately equal to VB), LA denotes the equivalent total
inductance behind contact A. R(x) is the total circuit resis-
tance when the SCM is at a distance x from the reference
point. Determination of the exact value of diA

dt is most diffi-
cult. But it can be estimated considering the equivalent cir-
cuit and minimum transition time (maximum possible speed).
During the current commutation and while the SCM is sepa-
rating from the first contact, no considerable transient recov-
ery voltage (TRV) is applied across the gap since the SCM has
already been connected to the second contact. Using Eq. (11),
the maximum possible value of VSeparation is calculated. This
voltage should not exceed a minimum level uarc

min:

VSeparation < uarc
min (12)

The condition expressed in (12) should be checked when
the profile is being designed based on condition of inequality
of (10).

3.4.2 Arc modes of short length and duration

After progress in diagnostic techniques it has been revealed
that the far known steady arc is not the only mode of arc.
There are also a number of further arc modes which appear
in extremely short gaps which are not stable [15]. These arc
modes require minimum current and voltage values much
lower than those of the steady arc discharge. Low current
break arcs have to pass some of these transient modes and
they may lead to the steady arc. As it was described in previ-
ous chapters, the so called “bridge transfer” is known as one
way to prevent the apparent arc and ascertain “arcless switch-
ing”. In our proposed design, the metal transfer in switching
contacts is not too much affected by temperature as occurs
in the molten metal bridge (in normal solid contacts), how-
ever, the temperature of LM bridge between SCM and fixed
contacts indirectly influences the arc phenomena following
contact separation.

Once the system quantities reach predetermined abnormal
values (threshold values of voltage and current), SCM starts
to move to connect another contact. During SCM motion, it
connects to the second contact before complete separation
from the first contact. As the SCM is separating from the
first contact, the LM bridge diameter decreases continuously

while the constriction resistance and consequently the con-
tact voltage and the temperature in the contact constriction
area increase. The LM bridge prevents contact separation
due to surface tension. As the temperature inside the LM
bridge increases, both viscosity and surface tension of the
LM decrease. The bridge forms a catenoid. Before breakup,
some small droplets may be separated from the LM bridge.
Then the LM bridge becomes weak and breaks at a contact
distance of about 0.1 mm. Possible disintegration of the small
droplets cannot be modeled or forecasted, as it is dependent
on many complicated physical conditions. But the tempera-
ture rise of the LM bridge can be estimated. The average heat
power loss in the LM bridge can be expressed as:

PBridge heat loss = 1

T0

T0∫

0

RLM(t) I 2(t)dt (13)

where, RLM(t) is the variable resistance of LM bridge during
commutation, I (t) is the variable flowing current in the LM
bridge and T0 is the duration of current commutation. This
time interval is selected from the moment where SCM looses
its overlap with the first contact and the LM bridge is formed
till the breakup moment of the bridge which is dependent
on the SCM velocity. It is also possible to overestimate the
LM bridge temperature rise and check the designed structure.
The maximum heat power loss can be approximated assum-
ing that maximum switching current flows through the LM
bridge when the formed catenoid has the minimum possible
inner diameter considering the LM properties. The geometry
is modeled in the FEM solver and the maximum LM bridge
resistance just before breakup

(

RLMmax

)

is calculated and
accordingly the maximum average heat power loss is calcu-
lated. Then using Newton’s law of cooling, the temperature
rise of the LM bridge can be calculated with the following
equation [16]:

q = h̄
(

Tbody − T∞
)

(14)

where q is the total heat power generated in the LM bridge
divided by the free surface area of the LM bridge (the formed
catenoid), h̄ is the average heat transfer coefficient of the body
(i.e. LM bridge). Tbody and T∞ are the temperatures of the
hot body and the coolant fluid, respectively (in our case the
LM bridge is surrounded by air). The heat transfer coefficient
of the LM h̄, is in the range of (3 . . . 5) · 105 W/K m2 [12].
The most stringent assumptions are selected to calculate the
temperature rise of the LM bridge and it is observed that
within the acceptable range of switch currents, the tempera-
ture rise of the bridge would not exceed 3 K. It is notable that
the contribution of the thermal conduction would result in
even less temperature rises. Therefore, the LM bridge tem-
perature would not reach the boiling point of LM. Hence, no
metal vapor would be present after contact separation. There-
fore, thermal-field emission of electrons cannot be initiated.

123



298 Electr Eng (2010) 92:291–301

In fact, the difference between melting and boiling points
of LM appears as a key feature in the switch operation. The
low melting point of LM facilitates the formation of the LM
bridge and “metal transfer”.

3.5 Forces during current commutation

The exerted forces on the SCM should be checked in each
step. It is notable that there is always a difference between
the Lorentz force estimated through Eq. (4) and the effective
component of Lorentz force used in Eq. (5). This difference
has to be determined by the FEM solver, as it is dependent
on the geometry of the switch and the position of the SCM.
Especially during current commutation, due to the changes
of current magnitude and direction in the SCM, the ratios of

Lorentz force components
( �Fx , �Fy and �Fz

)

defer from those

in normal motion of the SCM. At this critical moment, the
undesirable forces must be limited to avoid irregular move-
ment of the SCM. The calculations can be limited to critical
area of concern. Another important technical point is the
magnitude of the force component, which is perpendicular
to the surface of the fixed contacts (in the present coordi-
nate system that is �Fz). This force does not affect the motion
directly, but can affect the current commutation between the
SCM and fixed contacts. This force component is checked
during the motion and was reduced via the change of the fixed
contact shape. To have a relatively uniform Lorentz force all
over the SCM volume, the magnetic field and current density
distribution must be kept uniform.

Based on the requirements described for the fulfillment of
the clauses 3, 4 and 5 of design criteria, a computer program
is provided to check the constraints and determine the differ-
ential elements of the resistance profile of each contact. In
addition to the mentioned criteria, it should not be forgotten
that resistance profiles should not affect the normal operation
of the system which is connected to the designed switch.

4 Experimental results

To demonstrate the described principle, a switch was
designed and made with the following assumptions (accord-
ing to the notations introduced for Fig. 1) to control DC
voltage of load:

VA = 12 V, IA = 13 A

V ′
A = 11 V, I ′

A = 16 A

VB = 13 V, IB = 18 A

V ′
B = 13.5 V, I ′

B = 14 A

ZA = 0.15 �, ZB = 0.05 �

The resistance profile of the contacts A and B are designed
in accordance with the procedure described in the previous
chapters and Eq. 8 through 14. A compatible geometry is
selected for the calculated resistance profile and the horizon-
tal motion path. The contact areas and shapes are designed
for considerably higher current density to minimize the pos-
sible temperature rise during normal operation of the switch.
The fixed contacts are separated by PTFE insulation.

The intermediate liquid metal is Mercury of 99% purity.
Mercury has a relatively high boiling point of about 357◦C
and high density which results in less evaporation and less
drop scattering. These properties make this liquid metal a
proper choice for intermediate contact medium though its
toxicity and ecological effects should be considered for fur-
ther development. Mercury also does not wet the surface of
the material selected for resistance profile. If another LM
material with less environmental problems is intended, the
wetting effect must be checked as the most important con-
cern. A composition of 80% Nickel and 20% Chrome is used
as resistive material. The selected resistive material has resis-
tive temperature coefficient of about 5×10−5�/◦C from 20
to 1,000◦C and thermal conductivity of about 15 W/m K
at 120◦C. Its coefficient of linear expansion which has great
importance in resistance profile design is 12.5×10−6/K from
20 to 1,000◦C. Its melting temperature is 1,400◦C which is
much larger than maximum working temperature of the con-
tacts. The contact angle of 1 mm diameter LM droplets on the
resistor material is greater than 150◦. Possible chemical reac-
tions, especially in high temperatures, have also been studied.
It was observed that no chemical reaction occurs between the
LM and resistance profile when the average temperature of
the interruption chamber is 175◦C. Of course, in the pre-
sented sample prototype, the two latter experiments are not
applicable.

The shape of SCM and the fixed contacts are designed in
a manner which minimizes the number and the lengths of
bounces during motion. Some simple experiments have to
be done to determine the required parameters (e.g. contact
angle of the LM, proportionality constant of magnetic struc-

ture, off-state resistance of the LM droplet,
∣
∣
∣ �F0

∣
∣
∣, etc.). The

designed structure was modeled in the FEM solver. After cal-
culation of the current density, magnetic field and forces and
also simulation of SCM motion, some modifications have
been done on the structure. The calculated turn numbers for
reference and control coils have been modified as they are too
much dependent on the magnetic core specifications, which
are affected by cuttings needed for the air gap. The SCM
mass has also been balanced to have a smooth motion.

The waviness, roughness and subroughness of the fixed
contacts surfaces could not be well removed, but the pol-
ished surfaces of the contacts are immediately coated by LM
as the oxidation will increase the contact resistances. The
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Fig. 6 Specimen to study the proposed method

Fig. 7 Test circuit connected to the designed switch

separating insulation part is also used as a guide rail for SCM
motion. The distances between the fixed solid contacts are
selected based on the motion velocity of the SCM. Figure 6
shows the switch image.

The switch operation was tested in the test circuit shown
in Fig. 7.

A light detector is placed in the magnetic core air gap to
detect the possible arcs in the switch. The long term oper-
ation of the switch has been studied and the load voltage
is recorded as main criteria of the control system. Figure 8
shows the voltage signal of the load recorded by digital oscil-
loscope.

As it is illustrated, during normal load current and voltage,
the switch does not have any action and the SCM remains sta-
tionary between contact A and contact C. After a step change
in the load (at t = 18 s; from RL1 to RL2), the designed switch
has compensated the load voltage drop through current

Fig. 8 Long term voltage signal of the load (5 s/div, 5 V/div, 1 arc
in the main switch, 2 normal load voltage, 3 arc in the load switch,
4 abnormal load voltage after load change from RL1 to RL2, 5 con-
trolled switching from contact A to Contact B, 6 compensated load
voltage after controlled switching from contact A to contact B, 7 arc in
the load switch, 8 abnormal load voltage after load change from RL2
to RL1, 9 controlled switching from contact B to contact A, 10 normal
load voltage after controlled switching from contact B to contact A, 11
main switch opened)

Fig. 9 Time zoom in the recorded load voltage (2 s/div, 5 V/div, 1, 2 arc
in the load switch, 3 controlled switching from contact A to contact B)

commutation to a contact with less equivalent Thevenin
impedance (i.e. contact B). By changing the load to its nor-
mal value (changing the load switch position from RL2 to
RL1 at t = 38 s), the load voltage is increased and as it is
also expected the switch operates again and turns back the
SCM to contact A to prevent load over voltage. To com-
pare the switch performance with the existing commercial
switches a window of the recorded load voltage is shown in
Fig. 9 with smaller Time/Div.
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Fig. 10 Long term current signals of contacts A and B (5 s/div, 0.5
V/div, RShunt = 0.05 �, 1 arc in the main switch, 2 arc in the load
switch from RL1 to RL2, 3 controlled switching from contact A to con-
tact B, 4 arc in the load switch from RL2 to RL1, 5 controlled switching
from contact B to contact A, 6 main switch opened)

As it can be seen during load step changes, two voltage
dips have occurred which are caused by the arc voltage drop
in the load switch. But the designed switch operation hasn’t
caused any similar voltage dip though it has compensated the
load voltage with considerable delay.

In another test, the switch currents have been recorded
via two similar shunt resistances of 0.05 �. As shown in
Fig. 10, the load current flowing through contact A is sud-
denly increased due to a step change in the load (from RL1

to RL2) the arc in the load switch can be well recognized.
The current commutations from contact A to contact B and
vice versa are also marked. As it is illustrated, the current has
been commutated between two switch contacts without any
arc.

The long duration needed for the switch operation is
mainly caused by the length of the resistance profiles of each
contact. This problem could be solved if the resistance profile
could be made with smaller segments. If so, the SCM dimen-
sion and mass could also be decreased. The delayed opera-
tion is also caused by the speed profile needed for smooth
operation of the device. According to the design criteria, the
speed of the SCM and the net force exerted on it must van-
ish when it reached the final position (contact B). To solve
this problem, the applied motive force (Lorentz force) could
be increased and the stoppage of the SCM could be done
by mechanical means. This in effect, increases the average
velocity of the SCM and decreases the time needed for the
switch operation. But this remedy cannot be generalized for
switches with higher number of contacts as stoppage at mid-
dle way contacts is a major requirement according to the
design criteria.

5 Conclusions

This paper presents a method for arcless controlled cur-
rent commutation. The working principle of the proposed
device is based on the motion of a solid conducting medium
on the liquid metal wetted contacts under the influence of
Lorentz force. The phenomena relating to the current com-
mutation have been investigated and the relevant theoretical
constraints have been derived. The electromagnetic quanti-
ties for each time step of the SCM motion have been calcu-
lated by a FEM solver and the motion equations are solved
by a numerical method. Based on the simulation results,
some modifications have been done on the design param-
eters. Then, a specimen has been made to study the proposed
method. The experimental results indicate that no arc occurs
during current commutation though the operation speed is not
high enough. Some countermeasures have been proposed to
increase the operation speed. The switch takes advantage of
the controllable arcless operation without external trigger-
ing, with relatively small size. Moreover, due to the liquid
metal layer on the contacts, some usual problems of con-
ventional switches like surface degradation of contacts and
mal-operation of mechanical mechanisms can be avoided.
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