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AUXILIARY CIRCUIT FOR
MICRO-ELECTROMECHANICAL SYSTEM
RELAY CIRCUIT

BACKGROUND OF THE INVENTION

Embodiments of the invention relate generally to a
switching system for On-Off switching of a current in a
current path, and more particularly to micro-electromechani-
cal system (MEMS) based switching devices.

Relays are electrically operated switches used to selec-
tively control the flow of current between circuits so as to
provide electrical isolation between a control circuit and one
or more controlled circuits. Various types of relays are
known and may be utilized based on the system and envi-
ronment in which the relay is implemented, with electro-
mechanical relays and solid-state relays being two common
types of relays.

Electromechanical relays are switching devices typically
used to control high power devices. Such relays generally
comprise two primary components—a movable conductive
cantilever beam and an electromagnetic coil. When acti-
vated, the electromagnetic coil exerts a magnetic force on
the beam that causes the beam to be pulled toward the coil,
down onto an electrical contact, closing the relay. In one
type of structure, the beam itself acts as the second contact
and a wire, passing current through the device. In a second
type of structure, the beam spans two contacts, passing
current only through a small portion of itself. Electrome-
chanical relays beneficially provide the ability to withstand
momentary overload and have a low “on” state resistance.
However, conventional electromechanical relays may be
large in size may and thus necessitate use of a large force to
activate the switching mechanism. Additionally, electrome-
chanical relays generally operate at relatively slow speeds
and, when the beam and contacts of the relay are physically
separated, an arc can sometimes form therebetween, which
arc allows current to continue to flow through the relay until
the current in the circuit ceases, while damaging the con-
tacts.

Solid-state relays (SSR) are an electronic switching
device that switches on or off when a small external voltage
is applied across its control terminals. SSRs include a sensor
which responds to an appropriate input (control signal), a
solid-state electronic switching device (e.g., thyristor, tran-
sistor, etc.) which switches power to the load circuitry, and
a coupling mechanism to enable the control signal to acti-
vate the switch without mechanical parts. SSRs beneficially
provide fast switching speeds compared with electrome-
chanical relays and have no physical contacts to wear out
(i.e., no moving parts), although it is recognized that SSRs
have a lower ability to withstand momentary overload,
compared with electromechanical contacts, and have a
higher “on” state resistance. Additionally, since solid-state
switches do not create a physical gap between contacts when
they are switched into a non-conducting state, they experi-
ence leakage current when nominally non-conducting. Fur-
thermore, solid-state switches operating in a conducting
state experience a voltage drop due to internal resistances.
Both the voltage drop and leakage current contribute to
power dissipation and the generation of excess heat under
normal operating circumstances, which may be detrimental
to switch performance and life and/or necessitate the use of
large, expensive heat sinks when passing high current loads.

Micro-electromechanical systems relays (MEMS relays)
have been proposed as an alternative to SSRs with most of
the benefits of conventional electromechanical relays but
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sized to fit the needs of modern electronic systems. How-
ever, prior MEMS relays are overly complex and may not
adequately limit voltage across the movable switch thereof,
such that operation of the MEMS relay may not be reliable.

Therefore, it is desirable to provide a MEMS relay circuit
that provides/offers much smaller size, much lower power
dissipation, longer life, and less contact resistance than
electromechanical relays and that provides/offers lower con-
duction loss and lower cost than SSRs. It is further desirable
that such a MEMS relay circuit provide reliable performance
without an overly complex structure.

BRIEF DESCRIPTION OF THE INVENTION

In accordance with one aspect of the invention, a switch-
ing system includes a MEMS switching circuit including a
MEMS switch and a driver circuit, the MEMS switching
circuit connectable to a power circuit to receive a load
current therefrom. The switching system also includes an
auxiliary circuit coupled in parallel with the MEMS switch-
ing circuit, the auxiliary circuit comprising first and second
connections that connect the auxiliary circuit to the MEMS
switching circuit on opposing sides of the MEMS switch, a
first solid state switch, a second solid state switch connected
in parallel with the first solid state switch, and a resonant
circuit connected between the first solid state switch and the
second solid state switch. The switching system further
includes a control circuit operably connected to the MEMS
switching circuit and the auxiliary circuit to control selective
switching of a load current towards the MEMS switching
circuit and the auxiliary circuit, with the first solid state
switch, the second solid state switch and the resonant circuit
being selectively activated by the control circuit to divert at
least a portion of the load current away from the MEMS
switch to flow to the auxiliary circuit.

In accordance with another aspect of the invention, a
MEMS relay circuit includes a MEMS switching circuit
having a MEMS switch moveable between an open position
and a closed position to selectively pass a load current
therethrough and a driver circuit configured to provide a
drive signal to cause the MEMS switch to move between the
open and closed positions. The MEMS relay circuit also
includes an auxiliary circuit connected in parallel with the
MEMS switching circuit to selectively limit a voltage across
the MEMS switch, the auxiliary circuit comprising a first
MOSFET and a second MOSFET connected in parallel. The
MEMS relay circuit further includes a control circuit oper-
ably connected to the MEMS switching circuit and the
auxiliary circuit to control switching of the MEMS switch
and activation of the first and second MOSFETs in the
auxiliary circuit. The auxiliary circuit is selectively operable
in a low current mode and a high current mode to selectively
allow current flow through the first and second MOSFETs,
with the first MOSFET being on and the second MOSFET
being off in the low current mode and with the first MOS-
FET and the second MOSFET being on in the high current
mode.

In accordance with yet another aspect of the invention, a
method of controlling a micro-electromechanical system
(MEMS) relay circuit that includes a MEMS switching
circuit, an auxiliary circuit and a control circuit is provided.
The method includes receiving at the control circuit one of
an Off signal and an On signal comprising a desired oper-
ating condition of the MEMS relay circuit. The method also
includes sending a driver control signal from the control
circuit to a driver circuit of the MEMS switching circuit
responsive to the received Off or On signal, the driver
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control signal causing the driver circuit to selectively pro-
vide a voltage to a MEMS switch of the MEMS switching
circuit so as to actuate the MEMS switch between a con-
tacting position or non-contacting position. The method
further includes sending an auxiliary circuit control signal
from the control circuit to the auxiliary circuit responsive to
the received Off or On signal, the auxiliary circuit control
signal causing the auxiliary circuit to operate in a low
current mode or a high current mode to selectively allow
current flow through parallelly connected first and second
MOSFETs in the auxiliary circuit.

Various other features and advantages will be made
apparent from the following detailed description and the
drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

The drawings illustrate embodiments presently contem-
plated for carrying out the invention.

In the drawings:

FIG. 1 is a block schematic diagram of a MEMS relay
circuit in accordance with an exemplary embodiment of the
invention.

FIG. 2 is a schematic perspective view of a MEMS switch
useable in the MEMS relay circuit of FIG. 1 in accordance
with an exemplary embodiment.

FIG. 3 is a schematic side view of the MEMS switch of
FIG. 2 in an open position.

FIG. 4 is a schematic side view of the MEMS switch of
FIG. 2 in a closed position.

FIG. 5 is a schematic view of an auxiliary circuit useable
in the MEMS relay circuit of FIG. 1 in accordance with an
exemplary embodiment.

FIG. 6 is a flowchart illustrating a technique for operating
the auxiliary circuit of FIG. 5 in a low current mode and high
current mode of operation in accordance with an exemplary
embodiment

FIG. 7 is a schematic view of an auxiliary circuit useable
in the MEMS relay circuit of FIG. 1 in accordance with an
exemplary embodiment.

FIG. 8 is a schematic view of an auxiliary circuit useable
in the MEMS relay circuit of FIG. 1 in accordance with an
exemplary embodiment.

FIG. 9 is a schematic view of a control circuit useable in
the MEMS relay circuit of FIG. 1 in accordance with an
exemplary embodiment.

DETAILED DESCRIPTION

Embodiments of the invention provide a MEMS relay
circuit having an arrangement of a MEMS switch, auxiliary
circuit, and control circuit, with the auxiliary circuit and
MEMS switch being controlled such that the MEMS relay
circuit operates with high efficiency and reliability.

Embodiments of the invention are described below as
utilizing MEMS technology; however, it is recognized that
such a description is not meant to limit the scope of the
invention. That is, MEMS generally refer to micron-scale
structures that for example can integrate a multiplicity of
functionally distinct elements, for example, mechanical ele-
ments, electromechanical elements, sensors, actuators, and
electronics, on a common substrate through micro-fabrica-
tion technology. It is contemplated, however, that many
techniques and structures presently available in MEMS
devices will in just a few years be available via nanotech-
nology-based devices, for example, structures that may be
smaller than 100 nanometers in size. Accordingly, even
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though example embodiments described throughout this
document may refer to MEMS-based switching devices, it is
submitted that the inventive aspects of the present invention
should be broadly construed and should not be limited to
micron-sized devices.

Additionally, while embodiments of the invention are
described below as being incorporated into relay circuits, it
is recognized that such descriptions are not meant to limit
the scope of the invention. Instead, it is to be understood that
embodiments of the invention may be realized in both relay
and circuit protection applications—with circuit protection
applications being utilized for the connection and discon-
nection of a very high current (around 5 times the rated
current). Accordingly, use of the term “relay” or “relay
circuit” here below is understood to encompass various
types of switching systems employed for switching of a
current in a current path.

Referring now to FIG. 1, a block schematic diagram of a
MEMS (Micro-Electromechanical System) relay circuit 10
designed for AC and/or DC applications is illustrated
according to an embodiment of the invention. The MEMS
relay circuit 10 may be generally described as including
MEMS switching circuit 12 (formed of a MEMS switch and
an associated driver), an auxiliary circuit 14 to limit the
voltage across the MEMS switch when it is turned on and
turned off, and a control circuit 16 to ensure proper operation
of the MEMS switch. The MEMS relay circuit 10 may be
connected to a load circuit/power circuit 18 via first and
second power terminals 20, 22. The power circuit 18 may be
characterized by a load inductance and a load resistance and
may include a power source (not shown) that provides a
voltage V; ., and a power circuit current I, , ,—with the
MEMS switching circuit 12 being selectively controlled to
provide for current flow through the power circuit 18.

A more detailed view of the MEMS switch (and the
operation thereof) included in MEMS switching circuit 12 is
shown in FIGS. 2-4. The exemplary MEMS switch 24
includes a contact 26, which at least partially comprises a
conductive material (e.g., a metal), as well as a conductive
element, illustrated as a cantilevered beam 28, comprising
conductive material (e.g., a metal). The contact 26 and beam
28 may be formed as a micro-electromechanical or nano-
electromechanical device with dimensions on the order of
ones or tens of nanometers or micrometers. A cantilevered
portion of the beam 28 extends over the contact 26, with the
beam 28 being supported by an anchor structure 30 from
which the cantilevered portion extends. The anchor structure
30 serves to connect the cantilevered portion of the beam 28
to an underlying support structure, such as the illustrated
substrate 32.

The MEMS switch 24 also includes an electrode 34 that,
when appropriately charged, provides a potential difference
between the electrode 34 and the beam 28, resulting in an
electrostatic force that pulls the beam toward the electrode
and against the contact 26. That is, the electrode 34 may act
as a “gate” with respect to the MEMS switch 24, with
voltages (referred to as “gate voltages,” V ;) being applied to
the electrode 34 from a gate voltage source 36. As the
electrode 34 is charged, a potential difference is established
between the electrode 34 and the beam 28, and an electro-
static actuating force acts to pull the beam 28 towards the
electrode 34 (and also towards the contact 26) serving to
control the opening or closing of the MEMS switch 24. With
application of sufficient voltage to the electrode 34, the
electrostatic force deforms the beam 28 and thereby dis-
places the beam from a non-contacting (i.e., open or non-
conducting) to a contacting (i.e., closed or conducting).
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Movement of the beam 28 between the non-contacting or
“open” position and the contacting or “closed” position is
shown in FIGS. 3 and 4. In the non-contacting or open
position shown in FIG. 3, the beam 28 is separated from the
contact 26 by a separation distance d, while in the contacting
or “closed” position, shown in FIG. 5, the beam 28 comes
into electrical contact with the contact 26.

During a switching event (i.e., a movement of the MEMS
switch 24 from a non-conducting state to a conducting state
or vice versa), the gate voltage V; provided by gate voltage
source 36 may be varied over a switching event time or
“switching interval,” with a driver circuit 38 functioning to
control operation of the gate voltage source 36 in providing
the gate voltage. For switching events in which the MEMS
switch 24 is being opened, the gate voltage would be
decreased over the switching interval, while for switching
events in which the MEMS switch 24 is being closed, the
gate voltage V; would be increased over the switching
interval. In an exemplary embodiment, the switching inter-
val is approximately 10 microseconds or less in duration.

The contact 26 and beam 28 can be respectively con-
nected to either of the power terminals 20, 22 of the power
circuit 18, such that deformation of the beam 28 between the
first and second positions acts to respectively pass and
interrupt a current therethrough. The beam 28 may be
repeatedly moved into and out of contact with the contact 26
at a frequency (either uniform or non-uniform) that is
determined by the application for which the MEMS switch
24 is utilized. When the contact 26 and the beam 28 are
separated from one another, the voltage difference between
the contact and beam is referred to as the “stand-off voltage.”
Due to the design of the MEMS switch 24, the leakage
current between power terminals 20, 22 will be extremely
low, e.g., in the pico-Ampere range.

It is noted that while the MEMS switch structure refer-
enced above is described in terms of a solitary MEMS
switch 24 having a single moveable element, the MEMS
switch structure may include an array of MEMS switches
connected in parallel, in series, or both, where each switch
of'the array includes a moveable element. It is also noted that
the MEMS switch structure referenced in FIG. 1 describes
an electrical architecture where the conductive path of a
closed switch is through the length of the movable element,
but it is recognized that other switch architectures can exist
where the movable MEMS switch element shunts two
separate, planar and isolated conductive paths. As such,
references throughout to “a MEMS switch” (e.g., MEMS
switch 24) should be understood to refer to either a single
switch or a switch array.

Referring back now to FIG. 1, and with continued refer-
ence to FIGS. 2-4, according to embodiments of the inven-
tion, the auxiliary circuit 14 and control circuit 16 are
provided in the MEMS relay circuit 10 in order to provide
for operation of the MEMS switch 24 at acceptable voltage
and energy levels that increase switching efficiency and
switch protection/longevity. That is, the auxiliary circuit 14
(via controlling thereof by control circuit 16) functions to
prevent the MEMS switch 24 from operating in a “hot
switching” condition that could negatively impact the
switching efficiency and switch longevity. It is recognized
that the voltage and energy levels present across the MEMS
switch 24 during switching thereof that are deemed to be
acceptable can vary based on the function performed by the
switch and the number of cycles/switching operations which
the switch is desired to be able to withstand (i.e., an expected
switch longevity. For example, for a MEMS switch 24
implemented as part of a circuit breaker, where a lifespan of
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10,000-100,000 switch cycles/operations is sufficient, the
voltage and energy levels across the switch that are deemed
to be acceptable is higher than a switch whose longevity is
expected to be a billion or more cycles. Thus, for a MEMS
switch 24 implemented as part of a circuit breaker, the
auxiliary circuit 14 functions to control voltage and energy
levels across the MEMS switch 24 to approximately 10 V
and 5 microjoules, respectively, while for a MEMS switch
24 with a greater expected lifespan, the auxiliary circuit 14
functions to control voltage and energy levels across the
MEMS switch 24 to approximately 1 V and 50 nanojoules,
respectively.

In operation of the MEMS relay circuit 10, the control
circuit 16 receives an On-Off control signal from control
terminals 40, 42 connected thereto, with the On-Off control
signal indicating a desired operating condition of the MEMS
relay circuit 10. Responsive to the On-Off control signal, the
control circuit 16 transmits a control signal to the driver
circuit 38 that causes the driver circuit 38 to selectively
provide a voltage (via gate voltage source 36) to the elec-
trode 34 of the MEMS switch 24—so as to thereby position
the MEMS switch 24 in either the open or closed position.
If the control circuit 16 receives an On signal from control
terminals 40, 42, then a control signal is transmitted to the
driver circuit 38 that causes a high gate voltage to be applied
to the electrode 34, thereby causing the MEMS switch 24 to
be in the closed position so as to allow current to flow
therethrough. If the control circuit 16 receives an Off signal
from control terminals 40, 42, then a control signal is
transmitted to the driver circuit 38 that causes a low gate
voltage (or zero voltage) to be applied to the electrode 34,
thereby causing the MEMS switch 24 to be in the open
position so as to disconnect the power circuit 18.

In addition to providing control signals to the driver
circuit 38 of the MEMS switching circuit 12, the control
circuit 16 also sends control signals to the auxiliary circuit
14 responsive to the received On-Off control signal. The
control signals provided to the auxiliary circuit 14 act to
selectively activate and deactivate the auxiliary circuit 14.
More specifically, the control circuit 16 is programmed to
send control signals to the auxiliary circuit 14 that cause the
auxiliary circuit 14 to be activated during the switching
interval of the MEMS switch 24 when moving between the
open and closed positions and that cause the auxiliary circuit
14 to be deactivated when the MEMS switch 24 is stationary
at the fully open or closed position. Activation of the
auxiliary circuit 14 during the switching interval of the
MEMS switch 24 when moving between the open and
closed positions causes at least a portion of the load current
1; oup to flow toward the auxiliary circuit 14, which in turn
reduces the voltage and energy across the MEMS switch 24
during the switching interval. The voltage across the MEMS
switch 24 can be limited by activation of the auxiliary circuit
14 such that the voltage does not exceed a pre-determined
voltage threshold. In an exemplary embodiment, and as
indicated previously, the pre-determined voltage threshold
may be a threshold associated with a “hot switching”
condition, with the auxiliary circuit 14 functioning to pre-
vent a voltage and energy level across the MEMS switch 24
during the switching interval from exceeding approximately
1 V and 50 nanojoules or from exceeding approximately 10
V and 5 microjoules, depending on the switch function and
implementation. By limiting the voltage across the MEMS
switch 24 to a low voltage level, reliable operation of
MEMS switch can be assured.

In an exemplary embodiment, a sequence by which the
MEMS switch 24 is moved between the open and closed
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positions and by which the activation/deactivation of the
auxiliary circuit 14 is performed is controlled by the control
circuit 16 to provide adequate protection to the MEMS
switch 24. When an On-Off control signal is received by the
control circuit 16 (indicating that the MEMS switch 24 is to
be moved from the open to the closed position or from the
closed to the open position), the control circuit 16 first
causes the auxiliary circuit 14 to be activated such that at
least a portion of the load current is diverted from the
MEMS switch 24 to the auxiliary circuit 14. Upon activation
of the auxiliary circuit 14, the control circuit 16 then causes
the driver circuit 38 to provide a controlled voltage to the
MEMS switch 24 so as to initiate actuation of the MEMS
switch 24 from the open to the closed position or from the
closed to the open position—with voltage across the MEMS
switch 24 being clamped during the switching movement
based on the activation of the auxiliary circuit 14. After the
MEMS switch 24 has moved fully to the open position or the
closed position—which may be detected based on feedback
provided to the control circuit 16 regarding the operating
conditions of the MEMS switch 24—the control circuit 16
then causes the auxiliary circuit 14 to be deactivated, such
that the full load current is either passed through the closed
MEMS switch 24 or the full load voltage is sustained across
the open switch contacts 24.

Referring now to FIG. 5, a detailed view of an auxiliary
circuit 14 useable in the MEMS relay circuit 10 of FIG. 1,
and its connection to MEMS switching circuit 12 and
control circuit 16 is shown according to an exemplary
embodiment. As shown in FIG. 5, the auxiliary circuit 14 is
connected in parallel with the MEMS switch 24—with a first
connection 44 of the auxiliary circuit 14 connected to the
MEMS switch 24 on a side thereof connected to power
terminal 20 and with a second connection 46 of the auxiliary
circuit 14 connected to the MEMS switch 24 on a side
thereof connected to power terminal 22. The auxiliary circuit
14 includes solid state switching circuitry 48 that, in the
illustrated embodiment, is composed of a pair of MOSFETs
50, 52 (also referred to as MOSFETs Q1 and Q2, respec-
tively) arranged in parallel, although it is recognized that
other suitable solid state switches could be substituted for
the MOSFETs. The auxiliary circuit 14 further includes a
resonant circuit 54 (consisting of an inductor 56 and capaci-
tor 58 arranged in series) positioned between the MOSFETs
50, 52, as well as a charge circuit 60 for charging the
capacitor 58 of the resonant circuit 54.

The construction of auxiliary circuit 13 allows it to
function in two separate operating modes—Ilow current
mode and high current mode—with the selection of the low
current or high current mode dependent on the magnitude of
the load current I, provided to the MEMS relay circuit
10 from power circuit 18. In the low current mode of
operation, MOSFET 50 is turned On so as to conduct current
therethrough while MOSFET 52 remains in an Off condition
such that it is non-conductive. Along with MOSFET 52
being Off, the resonant circuit 54 also is not activated when
the auxiliary circuit 14 is in the low current mode. In the
high current mode of operation, both of MOSFETs 50 and
52 are turned On so as to conduct current therethrough, and
the resonant circuit 54 is activated to draw current from
MOSFET 50 and provide resonance. It is noted that when
the inductor 56 and capacitor 58 of the resonant circuit 54
operate in a resonant mode, the voltage across them is the
conduction voltage of MOSFET 52 and MOSFET 50, which
is very small. Therefore, the peak resonant current can be
very high with moderate inductance and capacitance values
and with a pre-charged capacitor voltage (charged by charge

10

15

20

25

30

35

40

45

50

55

60

65

8

circuit 60). By resonance, the pre-charged capacitor voltage
will be recovered to a large extent.

A technique implemented by control circuit 16 for oper-
ating the auxiliary circuit 14 in the low current mode and
high current mode relative to operation of the MEMS
switching circuit is shown and described in greater detail in
FIG. 6. Initially in technique 62, an On-Off signal is received
by the control circuit at STEP 64 indicating a desired/
required movement of the MEMS switch 24 from the open
position to the closed position or from the closed position to
the open position. Upon receipt of the On-Off signal by
control circuit 16, a determination is made by control circuit
16 at STEP 66 as to whether the auxiliary circuit 14 is to be
operated in the low current mode or the high current mode
of operation. In order to make this determination, the control
circuit 16 receives feedback from one or more sensing
devices that may include a voltage sensor 68 and/or a current
sensing circuit 70, I, ... (see FIG. 5) that is/are positioned
s0 as to sense a voltage across the MEMS switch 24 (when
in the open position) or a current flowing through the MEMS
switch 24 (when in the closed position).

When the MEMS switch 24 is in the fully open position
(and is to be transitioned to the closed position), the voltage
sensor 68 (e.g., comparator) will sense a voltage across
MEMS switch 24. When the MEMS switch 24 is in the fully
open position (and is to be transitioned to the closed posi-
tion), the voltage sensor 68 will sense a voltage across
MEMS switch 24—from which a current may then be
calculated The level of voltage sensed by voltage sensor 68
is analyzed by the control circuit 16 in order to determine
what the associated current through the switch would be
when in the closed position—with a determination then also
being made of which auxiliary circuit mode of operation
should be employed. That is, if the voltage sensed by the
voltage sensor 68 is of a level that when a full load current
is passed through MOSFET Ql1, an associated voltage drop,
V s1, of MOSFET Q1 is sufficiently low so that the voltage
across MEMS switch 24 is also sufficiently low, then the
control circuit 16 determines that the auxiliary circuit 14
should be operated in the low current mode of operation, as
indicated at STEP 72. Conversely, if the voltage sensed by
the current voltage sensor 68 is of a level that when a full
load current is passed through MOSFET Q1, an associated
voltage drop, V ;, of MOSFET Q1 may be too high for
reliable operation of the MEMS switch 24 (i.e., the voltage
across the MEMS switch 24 may be too high—such as
above the hot switching threshold), then the control circuit
16 determines that the auxiliary circuit 14 should be oper-
ated in the high current mode of operation. In an alternative
embodiment, it is recognized that when the MEMS switch
24 is in the fully open position (and is to be transitioned to
the closed position)—rather than sensing a voltage across
MEMS switch 24 via voltage sensor 68—the control circuit
16 could instead simply default to operating the auxiliary
circuit 14 in the high current mode.

When the MEMS switch 24 is in the fully closed position
(and is to be transitioned to the open position), the current
sensing circuit 70 will sense the current flowing through the
MEMS switch 24. The level of current sensed by current
sensing circuit 70 is analyzed by the control circuit 16 in
order to determine which auxiliary circuit mode of operation
should be employed. That is, if the current sensed by the
current sensing circuit 70 is of a level that when a full load
current is passed through MOSFET Q1, an associated volt-
age drop, V 4,, of MOSFET Q1 is sufficiently low so that the
voltage across MEMS switch 24 is also sufficiently low, then
the control circuit 16 determines that the auxiliary circuit 14
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should be operated in the low current mode of operation, as
indicated at STEP 72. Conversely, if the current sensed by
the current sensing circuit 70 is of a level that when a full
load current is passed through MOSFET Q1 an associated
voltage drop, V ,;, of MOSFET Q1 may be too high for
reliable operation of the MEMS switch 24 (i.e., the voltage
across the MEMS switch 24 may be too high—such as
above the hot switching threshold), then the control circuit
16 determines that the auxiliary circuit 14 should be oper-
ated in the high current mode of operation.

When the control circuit 16 determines at STEP 66 that
the auxiliary circuit 14 may be operated in the low current
mode of operation (based on feedback from the voltage
sensor 68 or current sensing circuit 70), as indicated at 72,
the control circuit 16 will send control signals to the auxil-
iary circuit 14 at STEP 75 to cause activation of MOSFET
Ql, with activation of MOSFET Q1 allowing current to
conduct therethrough. After activation of the MOSFET Q1,
the control circuit 16 sends a control signal to the driver
circuit 38 at STEP 76 that provides for actuation of the
MEMS switch 24. When the MEMS switch 24 is to be
turned/actuated from Off to On, MOSFET Q1 is first turned
on such that the load current will flow through MOSFET Q1
(STEP 75) and the voltage across MEMS switch 24 becomes
V1, which is the voltage across MOSFET Q1. After
MOSFET Q1 has been activated, the MEMS switch 24 is
then turned On/closed at STEP 76—with the voltage across
the MEMS switch 24 being controlled below a desired
threshold based on the activation of MOSFET Q1. The
MOSFET Q1 remains activated until the MEMS switch 24
has completely closed, at which time MOSFET Q1 is turned
off at STEP 78, such that the auxiliary circuit 14 is deacti-
vated. When the MEMS switch 24 is to be turned/actuated
from On to Off, MOSFET Q1 is first turned on—with the
result being that a small portion of the load current I,
will be diverted to the MOSFET Q1 while a majority of the
load current still flows through the MEMS switch 24, as it
has a lower On resistance. After the MOSFET Q1 has been
fully activated, the MEMS switch 24 is moved to the
Off/open position at STEP 76, with the voltage across the
MEMS switch 24 being limited by the On voltage of
MOSFET Ql, V ;. Upon movement of the MEMS switch
24 to the fully open position, an entirety of the load current
flows through MOSFET Q1, and the MOSFET Q1 is then
turned off at STEP 78 (i.e., the auxiliary circuit 14 is
deactivated) and the load current I, , , is disconnected with
the MEMS relay circuit 10 in the Off state.

When the control circuit 16 determines at STEP 66 that
the auxiliary circuit 14 should be operated in the high current
mode of operation (based on feedback from the current
sensing circuit), as indicated at 74, the control circuit 16 will
send control signals to the auxiliary circuit 14 at STEP 80 to
cause activation of MOSFET Q1 and activation of the
resonant circuit 54 and MOSFET Q2 to reduce the current
through MOSFET Q1 and MEMS switch 24. That is, when
the MOSFET Q1 is fully on, the resonant circuit 54 and
MOSFET Q2 are then turned on—with the resonant circuit
54 causing resonant current to flow in the direction towards
MOSFET Q2 (via pre-charging of the capacitor 58 in the
direction toward MOSFET Q2, as shown) so as to reduce the
current through MOSFET Q1. After activation of the reso-
nant circuit 54 and MOSFET Q2, the control circuit 16 then
sends a control signal to the driver circuit 38 at STEP 82 that
provides for actuation of the MEMS switch 24, with it being
recognized that the reduction of current through MOSFET
Q1 to an acceptably low level results in an acceptable
voltage V 4, across the MOSFET Q1 and a corresponding
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acceptable voltage level across the MEMS switch 24 that is
below a pre-determined threshold during actuation thereof.

In high current mode operation of the auxiliary circuit 14,
when the MEMS switch 24 is to be turned/actuated from Off
to On, after activation of the MOSFET Q1 has been per-
formed and the load current I, ,,, is flowing therethrough,
MOSFET Q2 is then turned on—with the resonant circuit 54
causing resonant current to flow in the direction towards
MOSFET Q2 to reduce the current through MOSFET Q1.
Upon activation of MOSFET Q2, the resonant current will
reduce the current through MOSFET Q1 and therefore
reduce the voltage V ., across MOSFET Q1 to a sufficiently
low level, with the MEMS switch 24 then being turned
On/closed (STEP 82)—with the voltage across the MEMS
switch 24 being controlled below a desired threshold based
on the activation of MOSFETs Q1 and Q2. The MOSFETs
Q1 and Q2 remain activated until the MEMS switch 24 has
completely closed, at which time MOSFET Q2 is then
turned off at STEP 84 (after 1, reverses direction)—with
the resonance stopping after the inductor current becomes
zero, i.e., after one resonant period. Upon termination of the
resonance, MOSFET Q1 is then turned Off at STEP 86, such
that the auxiliary circuit 14 is fully deactivated.

In high current mode operation of the auxiliary circuit 14,
when the MEMS switch 24 is to be turned/actuated from On
to Off;, after activation of the MOSFET Q1 has been per-
formed and the load current I, ,,, is flowing therethrough,
MOSFET Q2 is then turned on—with the resonant circuit 54
causing resonant current to flow in the direction towards
MOSFET Q2 to reduce the combined current flowing
through the MEMS switch 24 and MOSFET Q1. Upon
reduction of the combined current flowing through the
MEMS switch 24 and MOSFET Q1 and an accompanying
reduction of the voltage level across the MEMS switch 24
and MOSFET Q1 to a sufficiently low level, the MEMS
switch 24 is then turned Off/opened at a low voltage (STEP
82). The MOSFETs Q1 and Q2 remain activated until the
MEMS switch 24 has completely opened, at which time
MOSFET Q2 is then turned off at STEP 84 (after I,
reverses direction)—with the resonance stopping after the
inductor current becomes zero, i.e., after one resonant
period. Upon termination of the resonance, MOSFET Q1 is
then turned Off at STEP 86, such that the auxiliary circuit 14
is fully deactivated and the load current is disconnected with
the MEMS relay circuit 10 in the Off state.

The auxiliary circuit 14 shown and described in FIG. 5 is
employed with a power circuit 18 connected to MEMS relay
circuit 10 that applies a DC power at the power terminals 20,
22, and it is recognized that the structure of the auxiliary
circuit 14 would be modified when a power circuit is
connected to MEMS relay circuit 10 that applies an AC
power at the power terminals 20, 22. Referring now to FIG.
7, an auxiliary circuit 90 for use with a power circuit that
provides AC power to the MEMS relay circuit 10 is illus-
trated according to another embodiment. The auxiliary cir-
cuit 90 of FIG. 7 differs from the auxiliary circuit 14 of FIG.
5 in that each of the MOSFETs 50 and 52 is replaced by a
pair of MOSFETS connected back-to-back—i.e., MOS-
FETS 92, 94 and 96, 98. In an AC application, the pre-
charged capacitor voltage polarity (of capacitor 58) would
be changed at line cycle based on the actual load current
1; oup- For example, when the actual load current is from
power terminal 20 to power terminal 22, the capacitor
voltage polarity would be in a first direction, as indicated at
100 in FIG. 7. In this way, the resonant current would reduce
the actual MEMS switch current. When the actual load
current flows from power terminal 22 to power terminal 20,
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the capacitor voltage polarity would be reversed so as to be
in a second direction, as indicated at 102 in FIG. 7—such
that the resonant current would again reduce the actual
MEMS switch current. In the auxiliary circuit 90, the power
loss would be very small, as the capacitor value is small,
capacitor voltage is also small, and the frequency is low.

Referring now to FIG. 8, in still another embodiment, the
structure of an MEMS relay circuit 10 incorporating the
auxiliary circuit 14 shown and described in FIG. 5 is
modified to provide for electrical isolation of the auxiliary
circuit from the power circuit. To provide such isolation, a
MEMS switch 104 would be positioned in series with the
auxiliary circuit 14 to selectively connect and disconnect the
auxiliary circuit 14 from the power circuit 18. In an exem-
plary embodiment, the MEMS switch 104 would be posi-
tioned in series with MOSFET 50—between MOSFET 50
and the second connection 46 of the auxiliary circuit 14—to
open up leakage of the auxiliary circuit 14.

The auxiliary circuits 14, 90 illustrated in FIGS. 5, 7 and
8 beneficially provide a low cost and small option for
controlling voltage across the MEMS switching circuit 12.
The auxiliary circuit 14 requires only two MOSFETs 50, 52,
one inductor 56 and one capacitor 58. The operation of the
auxiliary circuit 14 in one of two operating modes—Ilow
current mode or high current mode—allows for flexibility
with regard to the On resistance of the MOSFET 50 (i.e., the
on resistance does not need to be very small), such that the
cost of the MOSFET 50 can be low, and there is no specific
requirement for the On resistance of MOSFET 52. In
addition, when the inductor 56 and capacitor 58 operate in
resonant mode, the voltage across them is the conduction
voltage of MOSFETs 52 and 50, which is very small, such
that the peak resonant current can be very high with mod-
erate inductor and capacitor values and the pre-charge
capacitor voltage.

Referring now to FIG. 9, and with reference back to FIGS.
1 and 5, a detailed view of a control circuit 16 useable in the
MEMS relay circuit 10 of FIG. 1, and its connection to
MEMS switching circuit 12 and auxiliary circuit 14, is
shown according to an exemplary embodiment. The control
circuit 16 is configured so as to provide for electrical
isolation between control input terminals 40, 42 and control
output terminals 105, 107 thereof (i.e., from a low voltage
“control side” 106 to a high voltage “power side” 108) and
provide the logic circuitry necessary to control a transfer of
switching signals power for the MEMS switching circuit 12
and auxiliary circuit 14. The control circuit 16 provides for
transferring of the On-Off control signal (received via con-
trol terminals 40, 42) and power from the control side 106
of'the MEMS relay circuit 10 to the MEMS switching circuit
12 on the power side 108 of the MEMS relay circuit 10, with
the On-Off control signal and power being transferred across
an isolation barrier.

As shown in FIG. 9, the control circuit 16 includes an
oscillator 110 that is connected to control terminal 40 and is
controlled by the On-Off signals received thereby, with the
On-Off signals being logic high-logic low signals. The logic
level On-Off signals cause the oscillator 110 to generate an
electrical pulse (i.e., a “first electrical pulse”) having a
voltage, V.., and a “first signal characteristic” when the
On-Off signal is logic high and a “second signal character-
istic” when the On-Off signal is logic low. In one embodi-
ment, the logic level On-Off signals cause the oscillator 110
to generate an electrical pulse at a first frequency F, when
the On-Off signal is logic high and at a second frequency F,
when the On-Off signal is logic low. In another embodiment,
the logic level On-Off signals cause the oscillator to operate
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in a PWM (pulse width modulated) mode where the oscil-
lator’s duty cycle would vary (i.e., the pulse width would
vary) but its frequency would be constant. That is, when the
On-Off signal is a logic high, the oscillator 110 would output
an electrical pulse at a first duty cycle, DC,, (for example
50% duty cycle), and when the On-Off signal is a logic low,
the oscillator 110 would output an electrical pulse at a
second duty cycle, DC,, (for example 10% duty cycle). In
practice, the PWM mode is preferred since it allows a pulse
transformer in the control circuit 16 (as described in further
detail below) to be designed for operation at a single
frequency, thus simplifying the design. A driver 112 is
connected to the oscillator 110 that acts as a low voltage
buffer in control circuit 16 and also increases the current
driving/carrying capability (i.e., provides a current boost) of
the oscillator 110.

As further shown in FIG. 9, the control circuit 16 includes
a pulse transformer 114 that serves to interface the low-
voltage control side 106 to the high-voltage power side 108
(i.e., to gates of the MEMS switch 24 and MOSFETs 50, 52
(in auxiliary circuit 14)—and provides an electrical isolation
barrier across which control signals and power is transmit-
ted, such as in the form of rectangular electrical pulses (that
is, pulses with fast rise and fall times and a relatively
constant amplitude). A primary side of the pulse transformer
114 is provided on the low voltage side 106 of the control
circuit 16, while a secondary side of the pulse transformer
114 is provided on the high voltage side 108 of the control
circuit 16. In an exemplary embodiment, the pulse trans-
former 114 may be constructed to have two windings
thereon in order to provide an appropriate level of voltage
increase thereacross—such as a conversion from 0-5 V at the
control terminal up to 10 V (to drive MOSFETs 50, 52 in
auxiliary circuit) and/or 60-80 V (to drive MEMS switch
24)—although it is recognized that other numbers of wind-
ings could be provided on the transformer. In operation, the
pulse transformer 114 receives the first electrical pulse from
the oscillator 110 and outputs a “second electrical pulse”
having the same signal characteristic as the first electrical
pulse provided from the oscillator 110 (i.e., at either the
same first frequency or second frequency, or at either the
same first duty cycle or second duty cycle), but that is
electrically isolated from the first electrical pulse.

Also included in control circuit 16 are a capacitor 116 on
the primary side, a capacitor 120 on the secondary side, and
a diode 122 on the secondary side. The pulse transformer
114 operates with the arrangement of the capacitor 116,
capacitor 120, and diode 122 to provide for DC voltage
recovery, such that a voltage on the control side, V,, and a
voltage on the power side, V,, have the same shape (i.e.,
same frequency and/or duty cycle)—with the voltages V,
and V, being electrically isolated and referenced to different
grounds.

Also included in control circuit 16 is a peak voltage
detector 124 comprised of a diode 126 and capacitor 128.
The peak voltage detector 124 functions to detect the peak
voltage of voltage V, and can be used as a power source for
all the electronic circuits on the high voltage side 108 of the
MEMS relay circuit 10 (MEMS switch side), including the
MEMS driver circuit 38, pulse detection circuits 130, and
other control and driver circuits for the auxiliary circuit
14—with an output of the peak voltage detector 124, V__,
being provided to output terminal 105.

In an exemplary embodiment, an additional diode 132 and
resistor 134 in control circuit 16 retrieve the second elec-
trical pulse generated by pulse transformer 114, the voltage
of which is referred to as V in FIG. 9. After passing

pulse
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through diode 132 and resistor 134, the second electrical
pulse is then provided to a pulse detection circuit 130.
According to embodiments of the invention, the pulse detec-
tion circuit 130 may be configured to determine/detect the
frequency of the pulse signal—i.e., whether the second
electrical pulse is at the first frequency F, or the second
frequency F,—or determine/detect the duty cycle (by detect-
ing the pulse width) of the pulse signal—i.e., whether the
second electrical pulse is at the first duty cycle DC, or the
duty cycle DC,. The pulse detection circuit 130 then sub-
sequently controls transmission of power and control signals
to the MEMS switching circuit 12 based on this determina-
tion. While control circuit 16 is illustrated as including diode
132 and resistor 134 to retrieve the electrical pulse signal, an
alternative version of control circuit 16 could omit these
components—as it is possible to connect the voltage V,
directly into the pulse detection circuit 130.

In operation, and when configured to determine frequency
of'the second electrical pulse, the pulse detection circuit 130
detects the frequency of the second electrical pulse output
from pulse transformer 114 (which is same as that of V).
When the pulse detection circuit detects that the frequency
of V. 1s a first frequency, F,, the voltage of a generated
control signal, V__,,, provided to driver circuit 38 (to control
the switching of MEMS switch 24) will be logic high to
indicate that the On-Off signal is high—therefore causing
the MEMS switch to actuate to the closed position. When the
pulse detection circuit 130 detects that the frequency of the
second electrical pulse is a second frequency, F,, the voltage
of the generated control signal, V_,,, provided to driver
circuit 38 (to control the switching of MEMS switch 24) will
be logic low to indicate that the On-Off signal is low—
therefore causing the MEMS switch to actuate to the open
position.

In operation, and when configured to determine the duty
cycle of the second electrical pulse, the pulse detection
circuit 130 detects the duty cycle of the second electrical
pulse output from pulse transformer 114 (which is same as
that of V). When the pulse detection circuit detects that the
duty cycleof V. is a first duty cycle, DC,, the voltage of
a generated control signal, V., provided to driver circuit 38
(to control the switching of MEMS switch 24) will be logic
high to indicate that the On-Off signal is high—therefore
causing the MEMS switch to actuate to the closed position.
When the pulse detection circuit 130 detects that the duty
cycle of the second electrical pulse is a second duty cycle,
DC,, the voltage of the generated control signal, V_,,
provided to driver circuit 38 (to control the switching of
MEMS switch 24) will be logic low to indicate that the
On-Off signal is low—therefore causing the MEMS switch
to actuate to the open position.

The control circuit 16 of FIG. 9 beneficially provides
electrical isolation between the control side and the power
side of the relay circuit—with the MEMS switch and
auxiliary circuit receiving control signals on the power side.
The control circuit also provides for the transfer of power
and the transmission of control signals from a low voltage
side to a high voltage side using only one pulse transformer
and low cost electronic circuits, such that the control circuit
exhibits smaller size, low power dissipation, and simplified
circuits, all of which reduces costs associated with the
production and use of the MEMS relay circuit.

A technical contribution of embodiments of the invention
is that it provides a controller implemented technique for
operating a MEMS switch and accompanying auxiliary
switch that limits the voltage across the MEMS switch
during a switching interval thereof. The control circuit
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selectively activates the auxiliary circuit during the turning
on and turning off time interval of the MEMS switch to
divert current to the auxiliary circuit and thereby clamp the
voltage across the MEMS switch to a level below that of a
pre-determined threshold voltage, while the control circuit
deactivates the auxiliary circuit after actuation of the MEMS
switch between positions/states is complete.

Therefore, according to one embodiment of the invention,
a switching system includes a MEMS switching circuit
including a MEMS switch and a driver circuit, the MEMS
switching circuit connectable to a power circuit to receive a
load current therefrom. The switching system also includes
an auxiliary circuit coupled in parallel with the MEMS
switching circuit, the auxiliary circuit comprising first and
second connections that connect the auxiliary circuit to the
MEMS switching circuit on opposing sides of the MEMS
switch, a first solid state switch, a second solid state switch
connected in parallel with the first solid state switch, and a
resonant circuit connected between the first solid state
switch and the second solid state switch. The switching
system further includes a control circuit operably connected
to the MEMS switching circuit and the auxiliary circuit to
control selective switching of a load current towards the
MEMS switching circuit and the auxiliary circuit, with the
first solid state switch, the second solid state switch and the
resonant circuit being selectively activated by the control
circuit to divert at least a portion of the load current away
from the MEMS switch to flow to the auxiliary circuit.

According to another embodiment of the invention, a
MEMS relay circuit includes a MEMS switching circuit
having a MEMS switch moveable between an open position
and a closed position to selectively pass a load current
therethrough and a driver circuit configured to provide a
drive signal to cause the MEMS switch to move between the
open and closed positions. The MEMS relay circuit also
includes an auxiliary circuit connected in parallel with the
MEMS switching circuit to selectively limit a voltage across
the MEMS switch, the auxiliary circuit comprising a first
MOSFET and a second MOSFET connected in parallel. The
MEMS relay circuit further includes a control circuit oper-
ably connected to the MEMS switching circuit and the
auxiliary circuit to control switching of the MEMS switch
and activation of the first and second MOSFETs in the
auxiliary circuit. The auxiliary circuit is selectively operable
in a low current mode and a high current mode to selectively
allow current flow through the first and second MOSFETs,
with the first MOSFET being on and the second MOSFET
being off in the low current mode and with the first MOS-
FET and the second MOSFET being on in the high current
mode.

According to yet another embodiment of the invention, a
method of controlling a micro-electromechanical system
(MEMS) relay circuit that includes a MEMS switching
circuit, an auxiliary circuit and a control circuit is provided.
The method includes receiving at the control circuit one of
an Off signal and an On signal comprising a desired oper-
ating condition of the MEMS relay circuit. The method also
includes sending a driver control signal from the control
circuit to a driver circuit of the MEMS switching circuit
responsive to the received Off or On signal, the driver
control signal causing the driver circuit to selectively pro-
vide a voltage to a MEMS switch of the MEMS switching
circuit so as to actuate the MEMS switch between a con-
tacting position or non-contacting position. The method
further includes sending an auxiliary circuit control signal
from the control circuit to the auxiliary circuit responsive to
the received Off or On signal, the auxiliary circuit control
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signal causing the auxiliary circuit to operate in a low
current mode or a high current mode to selectively allow
current flow through parallelly connected first and second
MOSFETs in the auxiliary circuit.
This written description uses examples to disclose the
invention, including the best mode, and also to enable any
person skilled in the art to practice the invention, including
making and using any devices or systems and performing
any incorporated methods. The patentable scope of the
invention is defined by the claims, and may include other
examples that occur to those skilled in the art. Such other
examples are intended to be within the scope of the claims
if they have structural elements that do not differ from the
literal language of the claims, or if they include equivalent
structural elements with insubstantial differences from the
literal languages of the claims.
While the invention has been described in detail in
connection with only a limited number of embodiments, it
should be readily understood that the invention is not limited
to such disclosed embodiments. Rather, the invention can be
modified to incorporate any number of variations, altera-
tions, substitutions or equivalent arrangements not hereto-
fore described, but which are commensurate with the spirit
and scope of the invention. Additionally, while various
embodiments of the invention have been described, it is to
be understood that aspects of the invention may include only
some of the described embodiments. Accordingly, the inven-
tion is not to be seen as limited by the foregoing description,
but is only limited by the scope of the appended claims.
What is claimed is:
1. A switching system, comprising:
a micro-electromechanical system (MEMS) switching
circuit including a MEMS switch and a driver circuit,
the MEMS switching circuit connectable to a power
circuit to receive a load current therefrom;
an auxiliary circuit coupled in parallel with the MEMS
switching circuit; and
a control circuit operably connected to the MEMS switch-
ing circuit and the auxiliary circuit to control selective
switching of a load current towards the MEMS switch-
ing circuit and the auxiliary circuit;
wherein the auxiliary circuit comprises:
first and second connections that connect the auxiliary
circuit to the MEMS switching circuit on opposing
sides of the MEMS switch;

a first solid state switch;

a second solid state switch connected in parallel with
the first solid state switch; and

a resonant circuit connected between the first solid state
switch and the second solid state switch;

wherein the first solid state switch, the second solid state
switch and the resonant circuit are selectively activated
by the control circuit to limit a voltage across the
MEMS switch by diverting at least a portion of the load
current away from the MEMS switch to flow to the
auxiliary circuit prior to the MEMS switch changing
state.

2. The switching system of claim 1 wherein the resonant
circuit comprises an inductor and a capacitor, the capacitor
being pre-charged so as to cause current to flow through the
resonant circuit in a direction toward the second solid state
switch.

3. The switching system of claim 2 wherein the auxiliary
circuit further comprises a pre-charge circuit configured to
pre-charge the capacitor.

4. The switching system of claim 1 wherein the control
circuit is programmed to:
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receive an On-Off signal indicative of a desired operating

state of the switching system;
responsive to the received On-Off signal, transmit a
control signal to the driver circuit to cause the MEMS
switch to actuate to a contacting or non-contacting
position within a prescribed switching interval;

activate the auxiliary circuit during the switching interval
when the MEMS switch is switching between the
contacting and non-contacting positions, such that at
least a portion of the load current flows toward the
auxiliary circuit; and

deactivate the auxiliary circuit upon reaching the contact-

ing or non-contacting position after completion of the
switching interval, such that the load current flows
through the MEMS switch in its closed state and such
that the MEMS switch sustains a full system voltage in
its open state.

5. The switching system of claim 4 wherein the control
circuit is programmed to operate the auxiliary circuit in one
of a low current mode and a high current mode.

6. The switching system of claim 5 further comprising at
least one sensing circuit positioned to sense at least one of
a current and a voltage flowing through or across the MEMS
switch; and

wherein, in operating the auxiliary circuit in one of the

low current mode and the high current mode, the

control circuit is programmed to:

receive an input from the at least one sensing circuit
regarding the at least one of the sensed current and
voltage;

compare the at least one of the sensed current and
voltage to a respective current threshold and/or volt-
age threshold;

operate the auxiliary circuit in the low current mode if the

at least one of the sensed current and voltage is below
the respective current threshold and/or voltage thresh-
old; and

operate the auxiliary circuit in the high current mode if the

at least one of the sensed current and voltage is above
the respective current threshold and/or voltage thresh-
old.

7. The switching system of claim 5 wherein, in operating
the auxiliary circuit in low current mode, the control circuit
is programmed to:

activate the first solid state switch to cause at least a

portion of the load current to flow through the first solid
state switch;
subsequent to the activation of the first solid state switch,
transmit the control signal to the driver circuit to cause
the MEMS switch to begin actuating between the
contacting and non-contacting positions; and

deactivate the first solid state switch upon the MEMS
switch being fully actuated to the contacting or non-
contacting position.

8. The switching system of claim 5 wherein, in operating
the auxiliary circuit in high current mode, the control circuit
is programmed to:

activate the first solid state switch to cause at least a

portion of the load current to flow through the first solid
state switch;

activate the resonant circuit and the second solid state

switch, such that at least a portion of the load current
flows through both the first solid state switch and the
second solid state switch;

subsequent to the activation of the first and second solid

state switches and the resonant circuit, transmit the
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control signal to the driver circuit to cause the MEMS
switch to begin actuating between the contacting and
non-contacting positions;

deactivate the second solid state switch upon the MEMS
switch being fully actuated to the contacting or non-
contacting position; and

deactivate the first solid state switch after resonance in the
resonant circuit has stopped.

9. The switching system of claim 1 further comprising:

a third solid state switch positioned in series with the first
solid state switch; and

a fourth solid state switch positioned in series with the
second solid state switch;

wherein the first, second, third, and fourth solid state
switches provide an auxiliary circuit configured to
receive AC power from the power circuit.

10. The switching system of claim 1 further comprising an
additional MEMS switch connected to the second connec-
tion of the auxiliary circuit so as to be positioned in series
with the auxiliary circuit, the additional MEMS switch being
operable to selectively connect and disconnect the auxiliary
circuit from the power circuit so as to provide electrical
isolation therebetween.

11. The switching system of claim 1 wherein the first and
second solid state switches comprise MOSFETs configured
to conduct current therethrough when activated.

12. The switching system of claim 1 wherein the MEMS
switch comprises one of a series switch and a shunt switch.

13. A micro-electromechanical system (MEMS) relay
circuit comprising:

a MEMS switching circuit including:

a MEMS switch moveable between a non-contacting
position and a contacting position to selectively pass
a load current therethrough; and

a driver circuit configured to provide a drive signal to
cause the MEMS switch to move between the non-
contacting and contacting positions;

an auxiliary circuit connected in parallel with the MEMS
switching circuit to selectively limit a voltage across
the MEMS switch, the auxiliary circuit comprising a
first MOSFET and a second MOSFET connected in
parallel; and

a control circuit operably connected to the MEMS switch-
ing circuit and the auxiliary circuit to control switching
of the MEMS switch and activation of the first and
second MOSFETs in the auxiliary circuit;

wherein the auxiliary circuit is selectively operable in a
low current mode and a high current mode to selec-
tively allow current flow through the first and second
MOSFETs, with the first MOSFET being on and the
second MOSFET being off in the low current mode and
with the first MOSFET and the second MOSFET being
on in the high current mode.

14. The MEMS relay circuit of claim 13 wherein the

auxiliary circuit further comprises:

a resonant circuit connected between the MOSFET and
the second MOSFET, the resonant circuit comprising
an inductor and a capacitor; and

a pre-charge circuit configured to selectively pre-charge
the capacitor so as to cause current to flow through the
resonant circuit in a direction toward the second MOS-
FET when the resonant circuit is activated.

15. The MEMS relay circuit of claim 14 wherein, in
operating the auxiliary circuit in high current mode, the
control circuit is programmed to:

turn on the first MOSFET to cause at least a portion of the
load current to flow through the first MOSFET;

18

turn on the second MOSFET and activate the resonant
circuit, such that at least a portion of the load current
flows through both the first MOSFET and the second
MOSFET;

5 subsequent to turning on the first and second MOSFETs
and the resonant circuit, transmit a control signal to the
driver circuit to cause the MEMS switch to begin
actuating between the non-contacting and contacting
positions;

19 turn off the second MOSFET upon the MEMS switch
being fully actuated to the non-contacting or contacting
position; and

turn off the first MOSFET after resonance in the resonant
15 circuit has stopped.

16. The MEMS relay circuit of claim 13 wherein, in
operating the auxiliary circuit in low current mode, the
control circuit is programmed to:
turn on the first MOSFET to cause at least a portion of the
load current to flow through the first MOSFET;

subsequent to the turning on the first MOSFET, transmit
the control signal to the driver circuit to cause the
MEMS switch to begin actuating between the non-
contacting and contacting positions; and

turn off the first MOSFET upon the MEMS switch being

fully actuated to the non-contacting or contacting posi-
tion.

17. The MEMS relay circuit of claim 13 further compris-
ing a current sensing circuit positioned to sense a current
o flowing through the MEMS switch when in the closed
position; and

wherein the control circuit is programmed to:

receive an input from the current sensing circuit regard-
ing the current flowing through the MEMS switch;

compare the current flowing through the MEMS switch
to a current threshold;

operate the auxiliary circuit in the low current mode if
the current flowing through the MEMS switch is
below the current threshold; and

operate the auxiliary circuit in the high current mode if
the current flowing through the MEMS switch is
above the current threshold.

18. The MEMS relay circuit of claim 13 further compris-
ing a voltage sensor positioned to sense a voltage across the
MEMS switch when in the open position; and

wherein the control circuit is programmed to:

receive an input from the voltage sensor regarding the
voltage across the MEMS switch;

compare the voltage across the MEMS switch to a
voltage threshold;

operate the auxiliary circuit in the low current mode if
the voltage across the MEMS switch is below the
voltage threshold; and

operate the auxiliary circuit in the high current mode if
the voltage across the MEMS switch is above the
voltage threshold.

19. The MEMS relay circuit of claim 13 wherein the
control circuit is programmed to operate the auxiliary circuit
in the high current mode as a default mode of operation
when the MEMS switch is in the open position.

20. The MEMS relay circuit of claim 13 wherein, in
operating the auxiliary circuit in the low current mode or the
high current mode, the control circuit is programmed to turn
on the first MOSFET or turn on the first and second
MOSFETs, respectively, for a duration of a switching inter-
val during which the MEMS switch is moved between the
non-contacting position and the contacting position.
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21. A method of controlling a micro-electromechanical
system (MEMS) relay circuit that includes a MEMS switch-
ing circuit, an auxiliary circuit and a control circuit, the
method comprising:

receiving at the control circuit one of an Off signal and an
On signal comprising a desired operating condition of
the MEMS relay circuit;

sending a driver control signal from the control circuit to
a driver circuit of the MEMS switching circuit respon-
sive to the received Off or On signal, the driver control
signal causing the driver circuit to selectively provide
a voltage to a MEMS switch of the MEMS switching
circuit so as to actuate the MEMS switch between a
contacting position and a non-contacting position; and

sending an auxiliary circuit control signal from the control
circuit to the auxiliary circuit responsive to the received
Off or On signal, the auxiliary circuit control signal
causing the auxiliary circuit to operate in a low current
mode or a high current mode to limit a voltage across
the MEMS switch by selectively allowing current flow
through parallelly connected first and second MOS-
FETs in the auxiliary circuit prior to the MEMS switch
changing state.

22. The method of claim 21 wherein operating the aux-
iliary circuit in the low current mode further comprises:

operating the first MOSFET of the auxiliary circuit in an
On condition to allow a flow of current therethrough;

20

operating the second MOSFET of the auxiliary circuit in
an Off condition to prevent a flow of current there-
through.

23. The method of claim 21 wherein operating the aux-

5 iliary circuit in the high current mode further comprises:
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operating the first MOSFET of the auxiliary circuit in an
On condition to allow a flow of current therethrough;

operating the second MOSFET of the auxiliary circuit in
an On condition to allow a flow of current there-
through;

activating a resonant circuit of the auxiliary circuit to
direct a flow of current from the first MOSFET to the
second MOSFET.

24. The method of claim 21 further comprising:

sensing, via a current sensing circuit, a current flowing
through the MEMS switch when in the contacting
position;

receiving at the control circuit an input from the current
sensing circuit regarding the current flowing through
the MEMS switch;

comparing the current flowing through the MEMS switch
to a current threshold;

operating the auxiliary circuit in the low current mode if
the current flowing through the MEMS switch is below
the current threshold; and

operating the auxiliary circuit in the high current mode if
the current flowing through the MEMS switch is above
the current threshold.
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