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A Simple Learning Control to Eliminate
RF-MEMS Switch Bounce
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Abstract A learning control algorithm is presented that re-
duces the closing time of a radio-frequency microelectromechan-
ical systems switch by minimizing bounce while maintaining
robustness to fabrication variability. The switch consists of a plate
supported by folded-beam springs. Electrostatic actuation of the
plate causes pull-in with high impact velocities, which are dif cult
to control due to parameter variations from part to part. A single
degree-of-freedom model was utilized to design a simple learning
control algorithm that shapes the actuation voltage based on the
open/closed state of the switch. Experiments on three different test
switches show that after 5 10 iterations, the learning algorithm
lands the switch plate with an impact velocity not exceeding
0.20 m/s, eliminating bounce. Simulations show that robustness to
parameter variation is directly related to the number of required
iterations for the device to learn the input for a bounce-free
closure. [2008-0198]

Index Terms Electrostatic devices, learning control systems,
microelectromechanical devices.

l. INTRODUCTION

ADIO-FREQUENCY microelectromechanical systems
(RF-MEMS) have numerous benefits and applications
that are extensively reviewed in [1] and [2]. In this paper, a sim-
ple learning algorithm is employed to eliminate bounce during
operation of an RF-MEMS switch, building off work presented
in [3] and [4]. The device investigated is a galvanic, electrosta-
tically actuated, and parallel-plate RF-MEMS switch [5].
Electrostatically actuated RF-MEMS devices without feed-
back control are limited in their stable operating range. In
order to increase the functionality of such devices, much effort
has been devoted to modeling dynamic behavior and design-
ing control schemes that allow electrostatic actuation in the
unstable region. Mechanical design considerations to improve
performance past pull-in include the use of nonlinear stiffness
elements [6], additional electrode coatings [7], and alternative
locations and shapes of the electrodes [8]-[10]. While these
methods increase the stable operating range, the result is larger
devices due to additional components.
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Adding capacitance in series with the switch has also been
shown to increase the stable operating range of electrostatic
MEMS. There are some side effects to be dealt with in using
this technique, including increased voltage requirements as
well as parasitic capacitances that limit actuator displacement.
The effects of both of these have been reduced by employing
charge control [11] or by placing an inductor in series with the
capacitor and switch [12]. Effects from parasitic capacitances
have also been reduced using a “folded-capacitor” design [13].
The large actuation voltages associated with the series capacitor
design can be reduced by implementing special current control
strategies [14].

Theoretically, the stable operating range is larger when
employing charge control rather than voltage control [15];
however, successful extension of stability has been shown
with the use of voltage feedback. A voltage-controlled closed-
loop strategy, employing a position feedback control law, was
shown to stabilize the actuator beyond the pull-in position [16].
Employing a dynamic voltage drive to actuate a microstructure
was also shown to increase the operating range without relying
on position feedback [17].

Open-loop configurations have been used to control devices
through the unstable operating range as well. A carefully
designed input waveform allows for gentle pull-in resulting
in bounce reduction [3], [4]. A significant drawback of this
particular strategy is that the waveform is only applicable to a
single device and does not account for parameter variation from
part to part. In order to better control this device despite param-
eter variation, a simple learning control algorithm is presented.
Fundamental development of learning control is described in
[18]. Learning control is heavily used and referenced in robotic
control systems but has yet to be widely employed for MEMS
applications. The following paper describes a simple binary
learning control algorithm that is applied to an electrostatically
actuated RF-MEMS switch. The initial input is based on the
soft landing in [3] and [4] and allows real-time input shaping
based on the response of the switch. The control is experimen-
tally demonstrated on three devices.

Il. SwiTCH DYNAMICS

The device considered here is an electrostatically actuated
parallel-plate RF-MEMS switch, as shown in Fig. 1. The mov-
able electrode is suspended above the fixed electrodes with four
folded-beam springs. The springs are attached to the substrate
by two anchors and connect to each corner of the switch plate.
The electrostatic force to close the switch is generated by a
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Fig. 1. RF-MEMS switch.
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Fig. 2. Single-degree-of-freedom RF-MEMS switch model.

voltage potential applied between the plate and the electrodes
on the substrate directly below it.

Upon actuation, the electrostatic force overcomes the spring
restoring force and the plate moves toward the contacts. Under
static conditions, stability is limited to one-third of the gap
between the plate and the contacts. The instability is an inherent
result of the nonlinear electrostatic actuation force. When the
plate reaches the unstable position, it snaps down to the contacts
and closes the switch. This phenomenon is referred to as pull-in
[19]-[21]. Pull-in dynamics result in excessive impact veloci-
ties of the plate, causing wear on the electrodes and reducing
the lifetime of the switch (see, e.g., [4] and [22]). Another
side effect of a large impact velocity is the plate bouncing and
interrupting the transmission after initial closure. Since switch
closure time is defined as the time after all bounce has decayed,
this results in long closure times. The goal of this paper is
to maintain minimum closing time of the switch by reducing
the bounce at impact, eliminating interruptions subsequent to
switch closing.

I1l. MODELING AND SYSTEM IDENTIFICATION

A single-degree-of-freedom model of the switch, as shown
in Fig. 2, was created for simulation-based development of the
control strategy. While the nonlinearities associated with damp-
ing in MEMS devices have been investigated [23], to maintain
the simplicity of the model, constant damping is assumed. The
natural frequency and the damping ratio are denoted by ¢ and

£, respectively. The position of the mass is denoted by X, while
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Fig. 3. Single-degree-of-freedom RF-MEMS switch model during impact.

the initial distance between the plate and substrate (with zero
input) is given by dg. The travel range the plate is required to
move to close the switch is represented by d;. The force exerted
on the plate is an electrostatic force Fe and is defined by

AV2

Fe =30, 7

@)

where is the permittivity of air, A is the cross-sectional area of
the switch plate, and V, is the actuation voltage. The dynamic
equation for the model shown in Fig. 2 is given by the following
equation, where m is the mass of the plate:

E
R+2 ¢ X+ ﬁfX:ﬁ. (2)

An electrostatic constant K¢ is defined by

- A
€T oam’

©)

Substituting (1) and (3) into (2), the dynamic equation can be
rewritten as

KeV,2
(dg x)?’

A secondary single-degree-of-freedom system, adding stiff-
ness and damping, was used to model an impact (Fig. 3),
which is similar to the work presented in [22]. The natural
frequency and damping ratio of the system during contact are
represented by . and ¢, respectively. This secondary system
was implemented in the simulation only when the dynamics of
the system indicated contact between the electrodes.

The linear parameters, ¢ and ¢, in the model were deter-
mined experimentally using base motion to excite the switch
[24]. Fig. 4 shows a frequency response function between the
plate mass and the substrate. The first significant mode . of
the system was found to be at 21 kHz with a damping ratio ¢
of 0.02.

The gap dg was obtained from the work in [3] and [4],
performed on the same type of switch. A gradient-based opti-
mization algorithm was used to tune the remaining parameters
such as d¢, Ke, nc, and ¢ to a measured data set. The final list
of model parameters is displayed in Table I.

A time-domain simulation was created using the parameters
identified in Table 1. When the switch is in an open position, the

2 —
R+2 ¢ X+ nfX =

(4)
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Fig. 4. Base excitation frequency response function of the mass plate in
reference to the device substrate.

TABLE |
NOMINAL PARAMETERS FOR MODEL SIMULATION

Parameter Units Value

Wpf [Hz] 2.1x10*

& (-] 2.0x1072

d; [m] 3.8x107

d, [m] 26x107°

K, [F-m/kg] 19x 107!

Ope [Hz] 6.1 x 10*

& [-] 42x 107!
simulation runs using the system described by
KeV 2

R+2 ¢ X+ fx=_—"2_ (5)
nf 2

(dg %)

An idealized voltage across the contacts is simulated in the
model as well. The voltage is high when the switch is open and
low when the position of the plate x is less than a threshold. The
threshold to signal contact was set at 0.1 m in the simulation.
While the simulated voltage is low, the simulation runs the
impact model described by

R+ 2 X+ 2x= KeVs (6)
c nc nc (dg X)2'

The system reverts to the system model in (5) when the
electrodes are no longer in contact (simulated voltage high).
Fig. 5 compares the simulation to measured data from a test
part, including bounce. Single-point velocity measurements
were used to collect the data using a laser Doppler vibrometer
and did not capture tilt or bending of the plate that can cause one
location of the plate to be at a different displacement than the
exact point of the contact. When the location of the laser is not
placed directly over the contact, the displacement can surpass
the travel range of the switch, dipping below a position of 0 m.

IV. LEARNING CONTROL DESIGN

Learning control utilizes the system response to a known
input to adjust the control law after each cycle [18], [25],
[26]. Different implementations of learning control are em-
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Fig. 5.  Model comparison to measured data including bounce.

ployed depending on the knowledge of the system [26]. If
the desired path is known, the error function is generally a
function of the difference between desired and actual system
states at each point in the trajectory. For the RF-MEMS switch,
good variables to monitor would be displacement and velocity.
However, obtaining velocity measurements on MEMS parts
is currently impractical outside of a laboratory setting, and
displacement measurements would likely require the inclusion
of microelectronics at the RF-MEMS device. To eliminate the
need for any changes to the switch and to make control of
the switch practical, the control algorithm developed in this
paper is based only on the continuity across the switch contacts
(if the switch is closed or open). The voltage was sampled at
4 MHz—a rate faster than the switch dynamics.

Measuring the continuity across the switch gives no signifi-
cant information about the path of the switch—it only indicates
contacting and noncontacting positions. In this particular case,
there are two critical components of the trajectory: 1) the timing
of the initial closure relative to the application of the switch
close command and 2) whether an interruption exists in the
continuity after the initial closure (switch reopening due to
bounce). The desired end-point conditions of the switch are that
of minimal close time with a soft landing—ideally, the plate
reaches closure with zero velocity, makes contact, and stays in
contact.

To achieve these goals, an iterative method was developed for
generating the switch input voltage time history that results in
a bounce-free closure and is robust to parameter variation. The
shaped time history input was first introduced in [3] and [4].
A sample input is shown in Fig. 6 and described in functional
form by

0 t<ty, 3Vl cos it
L t<t, Vp
_ b t<ts; IVp[l cos i(t ty+1ty)]
ACEREINSh ™
ty, t<ts, ZVh[l cos o(t t4)]
ts t<tg, V.

Each time designation in Fig. 6 and (7) is defined in
Table I1. In general, the input is characterized by an initial
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Fig. 6. Sample shaped input waveform.
TABLE 1l
INPUT WAVEFORM BREAKPOINTS
Parameter Units Value
4 [s] 420x10°
b [S] tp
4 [s] i+
t4 [S] tc + t3
Is [s] t,+1.00x 10
ls [s] 100 x 106
w, [rad/s] 74x10°
w, [rad/s] 3.1x 108

pulse, followed by a hold voltage separated from the pulse by a
short zero voltage.

The initial pulse of the waveform is used to move the switch
toward the contacts. Before it reaches pull-in, the voltage is set
to zero, and the momentum in the switch plate allows it to coast
toward the contacts. At the end of the coast period, the hold
voltage is applied. The waveform utilizes a haversine function
to transition between the different voltage levels. A piecewise
continuous function (7) compiles the waveform based on the
values of Vi, Vp, tp, and tc.

In the learning process, any of the four variables can be
changed: the magnitude of the initial pulse Vp,, the hold voltage
Vh, the coast time tc, and the end time of the initial pulse t,. The
input waveform must start out conservative so as to not break
the device. The device will fail when enough voltage is applied
such that the displacement of the mass equals or exceeds the
total gap, welding the switch in the closed position. The correct
voltages may not be known prior to operation. This type of
learning control can determine those voltages, as long as the
initial attempts are conservative enough to avoid breaking the
device.

Nominal values of 98 and 72 V for V,, and Vi, were chosen,
respectively. These values are 65% of the magnitudes suggested
in [3] and [4] for a similar device (Vp, =150 V and V, =
110 V). If the switch does not make contact during the first
iteration, the magnitudes are increased to 70% of the suggested
waveform. The waveform is increased by 5% at each iteration
until contact is made.

Once contact is made for the first time, the magnitudes in the
waveform are fixed, and only t, and t; are adjusted on future

TABLE I
SIMULATION INPUT PARAMETERS

Parameter Units Value
V [V] 98
Vi V] 72
by [ps] 5.0
1. [ps] 1.0
At, [%] 0.25
At [%] 0.25

iterations. Upper and lower limits are set at the beginning of
the control algorithm for t, and tc. Both variables begin at their
lower limits, 5 and 1 s, respectively. Once the magnitude of
the input is fixed, if the switch does not land within a region of
when Vy, is applied, tp is incrementally increased using (8) until
the switch lands within the region or lands early (before Vj, is
applied). The current value of t,, is denoted by t, . The fraction
by which t, , is adjusted for the next iteration is denoted by
tp, and the new value of t, ,, is denoted by tp n+1

tp’n+1 = (1 + tp) . tp’n. (8)

After the first iteration that records an early initial closure, the
current and previous values of t, are used as the new limits,
and the next value of t, is assigned the central value in that
interval. Each adjustment after this iteration employs the same
bisectional-type method of adjustment (9), where the upper and
lower limits are determined by the values used in the previous
two input waveforms. The upper and lower bounds are denoted
by tp,u and t, |, respectively,

1
tp’n+1 = é . (t+tp,u). (9)
Once contact is recorded within the region of when Vy, is

applied, t; is increased incrementally (10) until bounce is
eliminated. The current value of t. is denoted by t. . The

fraction by which t. , is adjusted is denoted by tc, and the
new value of t; , is denoted by t¢ n+1
tenvr =1+ t)eten. (10)

At any point in the learning process, if closure no longer occurs
when Vy, is applied, the control reverts back to adjusting t,.

V. SIMULATION RESULTS

By using the set of nominal model parameters listed in
Table | and the input parameters in Table IlI, the simulation
required ten iterations to eliminate bounce.

In the final iteration of the simulation, Vy, was equal to 82.5V
and Vp, was equal to 112 V. Fig. 7 shows the adjustments made
to tp and t¢ throughout the simulation. Fig. 8 shows the position
time history of the initial response, an intermediate response,
and the response on the final iteration.

As mentioned in Section IV, devices can fail if too much volt-
age is applied. Even among parameter variations, this type of
learning control can determine an initial waveform that is con-
servative enough to not break the switch. However, increased

Authorized licensed use limited to: Sandia National Laboratories. Downloaded on April 30, 2009 at 16:05 from IEEE Xplore. Restrictions apply.



462 JOURNAL OF MICROELECTROMECHANICAL SYSTEMS, VOL. 18, NO. 2, APRIL 2009

(a) 2 T v : T
éni, 1-——F——8-—— G ——B—— -G ——H—— "
0 L ! 1 |
2 4 6 8 10
Iteration
(b) —=—y
15+ /,A" g
) A
= el
) a i
a’xi
54 ——gr——a~” | . . .
2 4 6 8 10
Iteration
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Fig. 8. Simulation position time history of the response of the switch to show
the elimination of bounce.

robustness of the system comes at a cost of iterations—more
time will be required to find a solution that has eliminated
bounce. An analysis looked briefly at the relationship between
the number of iterations, the number of failed devices, and
parameter uncertainty. By using a random uniform distribution,
each system parameter ( 5, nf, Ke) was varied up to —5%,
—25%, and —50% of the nominal value using a uniform random
distribution. Fifteen simulations were completed for each case,
once using the suggested waveform as an initial input and
second using 50% of the magnitude of the suggested waveform
as the initial input. Table IV displays the average number of
iterations for each simulation set. The simulations show that
the more conservative the initial waveform is, the larger the
number of required iterations, but the number of failed devices
is also reduced. Zero devices failed using the reduced initial
waveform, as shown in the second row of Table V.

With the control strategy described in Section V, 225 simu-
lations were completed with the parameters varied up to —15%
using a uniform random distribution. In all cases, the control
found a solution that eliminated bounce with an average of
14.8 iterations. The simulations ranged from 1 to 24 iterations.
Fig. 9 shows the iteration distribution over the range. At most,

TABLE IV
AVERAGE NUMBER OF ITERATIONS FOR EACH SIMULATION SET

Initial
Waveform
V=150V 1,

=110V
=15V 1,
=55V

+5% +25% +50%

5.80 11.0 12.8

16.7 17.1 17.9

30

25} 8
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Fig. 9. Simulation position time history of the response of the switch to show
the elimination of bounce.

the strategy would require 240 ms (24 iterations at 100 s per
iteration) to learn the correct input for zero bounce closure.

VI. EXPERIMENTAL RESULTS

The control scheme described in Section IV was imple-
mented experimentally on three test switches. Since it was
known that a value of Vi, equal to 110 V and V, equal to 150 V
were appropriate for this type of switch based on the work in [3]
and [4], the control implemented in the tests began with these
magnitudes as the nominal values in order to reduce the number
of iterations and, therefore, wear on the actual test pieces.

The test bed consisted of a four-probe station with laser
Doppler vibrometer for measuring switch displacement. Two
probes were used to provide switch actuation voltage, while
two more probes were used to measure continuity across the
switch by measuring the voltage across a resistor and constant
voltage source placed in series with the switch. The controller
logic, programmed in LabView, relied solely on the binary con-
tinuity measurement. Results were recorded for three different
switches referred to as devices 1, 2, and 3.

The input parameters, listed in Table V, when applied to
device 1, required seven iterations to eliminate bounce. Fig. 10
shows the actuation waveform for the first and final iterations.
Fig. 11 shows the associated time history of the continuity mea-
sured across the switch as well as the position measured from
the laser vibrometer for the response of the switch under the
initial waveform and the final waveform in the learning process.
The interesting points to note are the lack of interruption in the
continuity in the final iteration in Fig. 11(a) and the reduction
of closing time between the two iterations shown in Fig. 11(b).
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TABLE V
EXPERIMENTAL INPUT PARAMETERS

Parameter Units Value

Vy V] 102

Vi V1] 110

b [s] 500x10°

I [s] 1.00x 107

A1, [%] 25

At [%] 25
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Fig. 10. Device 1 open-loop voltage command for the first and final iterations.
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Fig. 11. Device 1 (a) continuity measurement and (b) position time history to
show elimination of bounce.

During the experiment, t, changed from 5 to 9.38 s and
tc remained at 1 s, as shown in Fig. 12. On the first itera-
tion, the switch plate initially landed at approximately 20 s
(Fig. 11), after Vy, was applied at 13 s (Fig. 10). Since the
landing occurred too late, t, was incrementally increased. This
continued through iteration 4. Iteration 5 recorded an initial
closure too early (before Vy, was applied). By using the value
of t, on iteration 4 as the lower bound and the value of t, on
iteration 5 as the upper bound, the value of t, was adjusted
using a bisectional method on iteration 7 described by (9), after
resetting its value in iteration 6. On the final iteration, the initial

Fig. 12. Value of (a) tc and (b) tp, in microseconds, at each iteration for
device 1.

Fig. 13. Device 1 velocity response.

closure of the switch coincided with the application of the hold
voltage Vy, at approximately 16 s.

Fig. 13 shows the measured velocity response of device 1 for
the first and final iterations. Two markers on the plot indicate
initial landing of the switch plate. The learning algorithm
reduced the initial contact velocity from 0.29 m/s on the first
iteration to 0.11 m/s on the final iteration. This reduction in
velocity between the two iterations eliminated the bounce of
the switch plate. Without bounce, the total closure time of the
switch was reduced from 34 to 16 s. The higher frequency
content shown in Fig. 13 is attributed to higher modes of the
system that could appear if the measurement location is not on
the exact contact location.

The same initial parameters were applied to device 2 with
the exception that  t, was set to 40%. Table VI compares the
values of t, and t; for devices 1 and 2.

Despite similar initial inputs to the system, the tests resulted
in different waveforms. This indicates that there is variation
within one or more parameters that affect the dynamics of the
switch; however, the strategy was still able to find a waveform
for each of that eliminated bounce.
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