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Abstract—The delicate structure of microelectromechanical systems (MEMS) limits their reliability in cases of fault occurrence.
Control systems can enhance their reliability of operation by providing fault robust systems. This paper illustrates a method for the
safe operation of lateral comb resonators (LCR) under faulty conditions. Different types of fault are fabricated at chip level and experimentally tested in order to demonstrate the effectiveness of the
reliability enhancement of operation in LCRs. Mass change and
folded spring structural defects influence the device’s behavior and
reduce its reliability of operation. Here, model reference adaptive
controllers (MRACs) are effectively used to enhance the reliability
of faulty devices. Reliable operation of a +5% additional mass considering environmental conditions and asymmetries on the device,
demand almost 80% higher control effort whereas +20% in case of
broken trusses or +46% in case of adhesion point fault on a beam of
folded springs. The simulation and experiment results demonstrate
successful application of MRAC for reliable operation of LCRs by
providing a fault-robust system.
Index Terms—Lateral comb resonator (LCR), model reference
adaptive controllers (MRACs), reliability enhancement, trajectory
control.

I. INTRODUCTION

I

NCREASING complexity and integration level of microelectromechanical systems (MEMS) devices demand high-level
controllers in order to achieve desired performance in their applications. The high uncertainties of their parameters caused by
manufacturing processes of MEMS also dictate the need for sophisticated controllers. To date, development of control schemes
for MEMS is behind compared to their fabrication and structure
design [1]. There is an enormous effort currently underway to
mathematically model MEMS devices under different operating
conditions and fault occurrence to identify their dynamics and
enhance their reliability [2]–[5], [28]–[32]. Reliability enhancement techniques mostly address the structure reinforcement in
thin-film depositions which are being evaluated under different
conditions such as shock. The control techniques, however, can
enhance the reliability and elevate the system’s robustness with
the existing structures under severe conditions and sometimes
permanent deformations such as fault.
Lateral comb resonators, used in many applications such as gyroscopes and prime movers of microsystems, are of particular interestinthispaper.Manufacturingstepsandfaultinmicrosystems
initiate asymmetries and degrade the performance of the device.
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Environmental conditions such as humidity and air pressure
for those devices which operate in the air or for those which lose
vacuum conditions, initiate air squeeze film and change the dynamics of the device. Temperature and storage conditions also
affect the system’s operation over time [6]–[11]. Fault in microsystems can be modeled as local defects, parameter tolerance, design problems, operation and/or system level faults [4].
Fault can also be categorized as follows:
• fault as change in structure of the device;
• fault resulting from environmental contamination (i.e., pollution);
• fault as change in operating environment.
Structural changes can cause permanent deformation in the
geometry of the device; for example, short circuits may joint
the parts of the device together. Deformation in the device’s
geometry may also be caused by broken parts in the device
such as broken suspension springs or fingers (in the lateral
comb resonator). In any of these cases, the resultant asymmetry
changes the behavior of the system and causes a deviation
from the desired output, which can be categorized as fault. For
open-air applications of MEMS comb resonators or those with
faulty package containers, the weight and size of the particles in
their surroundings might limit the movement of the device and
cause a fault in the structure of the microsystem. For instance,
small particles can fall underneath the suspension springs or
moving plates and act like an anchor and, as a result, change
the spring constant values, limit the mobility of the device,
and cause asymmetries. If a considerably heavy particle falls
on the shuttle of the device, it might be observed as a mass
change in the microsystem and change the behavior of the
device and may therefore be considered as fault. Other types of
behavioral change might occur because of changes in the operating environment of the microsystem. Change in the viscosity,
temperature, pressure, or humidity of the surrounding material
causes stiction and electromagnetic radiation and might result
in behavioral change and consequently be recognized as fault.
The fault in the microsystem can be modeled as changes of the
mass, spring constant and/or damping coefficient. Much research has addressed the control of uncertain parameter systems
such as MEMS devices. In this regard, open-loop controllers as
well as closed-loop controllers (i.e., conventional PID) are designed according to the known parameters of the microsystem
[12]–[16]. Advanced controllers make use of offline and online
system identification techniques [6], [12]–[20], [22], [33]–[35].
In most of these cases, the capacitive variation is the basis of
displacement measuring techniques [13], [19], [33], [34].
This paper utilizes model reference adaptive controllers to enhance the reliability and robustness of lateral comb resonators
under severe parameter variations such as fault without reinforcement of the structure. The effect of fault on the folded
spring configuration and mass content of the device is modeled
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and fabricated in different forms to be experimentally tested in
trajectory tracking control. The displacement along the x-axis
is recorded by optical monitoring means and the difference between the recorded and the desired trajectory is used to update
the controller gains. Three types of fault are considered for the
experiment: 1) a five percent additional mass built on the shuttle
of the device; 2) a point adhesion fault on the beam of the folded
suspension spring; and 3) broken trusses on one side of the
folded suspension springs. Real-time control board dSPACE is
used to implement the controller and test the reliable operation
of LCRs during fault. Reliable trajectory control of these devices is therefore simulated and experimentally verified.
II. MODELING OF MEMS LATERAL COMB RESONATOR
A typical lateral comb resonator (shown in Fig. 1) consists of
a moving stage (also known as a shuttle), stationary combs and
suspension springs on both sides. The lateral comb resonators
(LCRs) can be modeled as a mass spring damper system in a
second order differential equation. Micro comb resonators are
usually electrostatic excited devices. This force is a function
of applying two identical opposite sign dc voltages onto the
stationary combs at both sides of a LCR, and a time-varying
voltage (typically a sine wave) to the shuttle. This allows the
device to follow a certain trajectory and to accomplish a specific task. In control applications, both dc voltages and the sine
wave can be controlled. In this paper, the dc voltages on the stationary combs are kept constant and the voltage applied to the
center comb is controlled. The ideal electrostatic force depicted
in (1) is a function of the applied voltages and geometry of the
device, although there are many other phenomena that affect the
force value which are not considered here [20]. The ideal force
is expressed as
(1)
where
is the electrostatic force, is the number of fingers
on one side, is the permittivity of air, is the length of a
are the applied
finger, is the gap between fingers, and
stator and shuttle voltages, respectively. Furthermore, there are
phenomena that distort the electrostatic force such as distortion
of the electric field due to roughness of surfaces and edges.
Humidity and capillary forces result in stiction and wearing
of polysilicon and contribute to the force distortion. Thus, the
actual (non-ideal) generated electrostatic force is an uncertain
quantity of uncertain parameters and unknown variables. A
simple mass spring damper model for the system can be written
as

Fig. 1. Typical MEMS lateral comb resonator. Picture by WVU MEMS Research Group.

crystalline orientation. The sizes of these grains change during
thermal processing of the device and consequently affect the
properties of polysilicon. In addition, the surface of the layers
might be cut due to an effect called the “knife effect” [8],
resulting in a rough surface. These effects change the electric
field distribution and contribute to fringing of the field, resulting
in parasitic force generations.
Total shuttle mass (moving part) varies in different devices
even if they are fabricated by the same process and released at
the same time. Thus, the mass value has a degree of uncertainty
that results in change of some critical parameters such as resonant frequency.
For devices not operating in a vacuum environment, the
damping coefficient of the device is a function of the air
viscosity and the geometry of the plates facing each other. In
lateral comb resonators, the damping coefficient is also related
to penetration depth of airflow above the shuttle [12], [23].
The spring constant of suspension springs is also altered by
manufacturing processes such as photolithography and material
growth.
If we incorporate all of these uncertain parameters into the
system, we may redefine it mathematically as

(3)
denotes uncertain values of their associated paramwhere
eters. In general, the desired system operates according to (2)
whereas the manufactured device behaves according to (3).
III. CONTROLLER DESIGN

(2)
where is the mass of the center comb (shuttle), is the displacement, is the spring constant of one side, is the damping
is the force due to the load. In driving micoefficient, and
crostructure applications (such as connecting a beam to rotating
gears), the load can be applied directly to the shuttle.
The LCR structure is mainly made of polysilicon layers
which are composed of “grains”—regions of different size and

As illustrated in the previous section, LCR devices contain
uncertain parameters, and fault occurrence dominates their parameter variation. Thus, adaptive controllers may be applied to
enhance the reliability level of microsystem. Consider two expressions for the system and its model, in which the model contains known values for the mass, spring constant and damping
coefficient as the one expressed in (2), and the system contains
values different from those of the model and is expressed in
(3). The structures of the model and system are considered the
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same and expressed by a second order differential equation. The
model is written as following:

is the applied voltage to
The control command
the shuttle and based on (1), the required force is
generated for the model (4). (Please see Fig. 3).
Step 2: In a system of order , the control coefficient estimates and filtered signals are designed as

(4)
Defining new variables
, the models transfer function
then be written as

and
of (4), can

(5)
are the model’s desired coefficients,
is
where
model’s gain. Consider
be the input signal to the model,
the resultant output signal, and the Laplace operator.
The plant has the same order as that of the model with uncertain
parameters in a non-strictly positive real (non-SPR) format as
the following transfer function:

(10)
where is a
vector of controller parameters,
vector of the corresponding filand is a
tered signals. Then the control command is written
as

(11)
Step 3: The signals
satisfy

are

vectors which

(12)
(6)
The plant’s transfer function
contains unknown
and uncertain parameter values such as
with output
and control input
signals.
is defined as the gain ratio of the model and the
plant as follows:

where
are the input signals for
filters,
respectively, and is a
matrix
is controllable.
such that
Step 4: The estimation error is defined as the difference between the actual value and its estimates as follows:

(13)
(7)

is the estimation error. Tracking error is
where
defined as the error between the output of the plant
and that of the model. It is expressed as follows:

A. Controller Design Procedure
The structure of reference adaptive controller (MRAC) is explained in details in [24] and [36], but for the convenience of
the readers, the design procedure is illustrated in simple steps
as following.
Step 1: A control law with constant coefficients, shown by
, to be designed is considered for the system as
follows:

(14)
Step 5: The controller parameters are updated according to
the following adaptation technique:

(15)

where is the input signal, and are filtered signals of the input and output of the plant, respectively.
are control paramThe coefficients of and
eters. Since the plant parameters are unknown, we
consider an estimate of the control coefficients at
time to form the control command as following:

where is a positive number and is called the adapin
tation gain. It should be noted that the sign of
(14) is the same as that of .
Step 6: In a non-SPR system, the augmented error technique
is used. This method is based on the addition of
with an adaptive coefan augmentation signal
to the tracking error
which is exficient
pressed as follows:

(9)

(16)

(8)
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Fig. 2. Model reference adaptive controller schematic diagram. Tracking error
is used in parameter adaptation technique.

Fig. 4. Openings on the moving stage, the concentration of the laser beams on
the device and the direction of the movement.

Fig. 3. Model reference adaptive control for non-SPR systems, adaptation technique and error augmentation technique.

where

is defined as
(17)

, the augmentation error gain adConsidering
justing technique obeys the following conditions:
(18)
(19)
Fig. 2 shows the controller structure of the model reference
adaptive for systems with a relative degree one, and Fig. 3 shows
the augmentation technique in model reference adaptive control
of an LCR system.
Proof of Stability: The stability proof of this controller can
be found in several references, such as [24], [25], and [36].
IV. OPTICAL DISPLACEMENT MONITORING TECHNIQUE
Application of the optical method for measuring the displacement of the shuttle location is described in this section.
Displacement feedback of the shuttle can be measured by the
through wafer optical monitoring technique [26] to validate
the position of the shuttle simultaneously. The through wafer
optical displacement monitoring system contains an infrared
waveguide of wavelength 1310 nm emitted from a laser diode.
Two bulk lenses focus the beam on the device from the bottom
side which is polished by a 0.1-micrometer polisher in order to
reduce beam scattering and ray loss.
The laser emitted out of the grating structure is collected and
directed to the detector through a multimode fiber optic detector
probe that houses a single-mode detector fiber. As the shuttle
“center comb” moves, its body cuts the laser beam through the

openings and produces pulses. The detector then experiences the
intensity changes of the beam due to the shuttle displacement;
therefore, the output voltage of the detector contains the gratingencoded displacement information of LCR. The alignment of
the output laser beam and the detector fiber optic coming out
of the openings on the device is the critical point for obtaining
the highest possible signal-to-noise ratio (SNR). The Gaussian
distribution of the laser beam allows the system to concentrate
on the openings and reduce the spot size on the device [7]. A
schematic of the through wafer optical monitoring technique is
shown in Fig. 4. The collected optical data then is transferred to
the data recovery algorithm that determines the instantaneous
displacement of the shuttle [12], [14]. The control command
then is generated by the controller and is applied to the device.
The laser emitter system and the collected optical data are integrated into one package, which is the subject of on-going research [27].
V. RELIABILITY EVALUATION: SIMULATION AND
EXPERIMENTAL RESULTS
A. Simulation Results
Simulations of designed controllers under mass, spring constant and damping uncertainties are investigated in this section.
Different types of uncertainties act differently on the output and
impose different control effort on the controller. Reliable operation of LCRs under faulty conditions suggests that a control
command be applied to the device. In an ideal case, the model
contains the following values:
.
1) Uncertainties on Mass of the Device: Uncertainties on
mass of the shuttle arise from several imperfect manufacturing
steps. For test purposes, we have fabricated an additional 5%
mass change on the shuttle of the device. For simulation and
demonstration of fault tolerant controllers, we consider more
mass change and increase this value in order to determine the
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Fig. 5. Mass uncertainty effect modeling and tracking performance of MRAC
in case of mass overestimation.

Fig. 8. Damping coefficient uncertainty modeling, performance of the tracking
control, and tracking error profile are shown.

Fig. 6. Tracking error profile of MRAC in mass uncertainty case.

Fig. 9. Spring constant uncertainty modeling, tracking control performance
and tracking error signal of lateral comb resonator.

Fig. 7. Modeling the effect of mass uncertainties on control command generated by MRAC.

allowable upper limit of these variations for a reliable operation.
Fig. 5 shows the tracking performance of a case with 10-times
mass variation. Fast adaptation and zero error achievement are
shown in Fig. 6. As shown in Fig. 7, the controller effort is
very little in the case of mass change unless there exists another
source of uncertainty in the system such as aging or stiction. In
the experiment results section, we will explore these effects on
the microsystem.
2) Uncertainties on Damping Coefficient: Operating conditions and surrounding material cause damping coefficient variations. Under-damped systems usually show longer movements
and slower oscillation decay. In the case of a change in damping
coefficient, a device that is simulated with as high as five times
the actual damping of the system, MRAC can still provide near
to zero tracking error at an acceptable control effort to compensate for the variations. The tracking profile in this case is shown

Fig. 10. Modeling the effect of spring constant uncertainty on control command generated by MRAC.

in Fig. 8. Tracking error reaches zero rapidly as the adaptation
is completed. As it is seen, damping coefficient uncertainties are
modeled as phase shift in the output of the actual system. The
controller demonstrates the phase shift compensation capabilities in Fig. 8.
3) Uncertainties on Spring Constant: Spring constant variations result in significant behavioral changes in the device. Symmetric displacement is mainly influenced by folded spring structure. Resonant frequency is also shifted by variations of spring
constant values. Fig. 9 shows the tracking performance of the
device with a spring constant twice the desired value. As Fig. 9
shows, tracking error rapidly reaches zero as time increases.
Fig. 10 shows higher control efforts to compensate for the spring
constant uncertainties in order to achieve a reliable operation in
this case.
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Fig. 11. Experiment results case one, tracking performance of a lateral comb resonator with multiple uncertainties controlled by MRAC.

Fig. 12. Experiment results case one. (a) Reference input signal. (b) Control effort; multiple uncertainties controlled by MRAC.

B. Experimental Results
The experiments were performed in the Electro Mechanical
Systems Laboratory at the West Virginia University, and were
carried out on three different fabricated devices as described in
the following:
Three different devices, each with a different type of fault,
were fabricated in order to test the reliability of operation of
MEMS under faulty conditions. Each of these cases was individually investigated using dSPACE a real-time control board.
Detailed design specifications of LCRs, their parameter values
and dimensions can be found in [26].
Case 1: A 5% extra mass was fabricated on the shuttle of
the device in order to represent the type of fault occurring in
polluted environments and devices with variable loads. Reliable operation of LCRs under these conditions would expand
their application in harsh environments. The effects of aging
and environmental operating conditions were also taken into account by using an aged device to demonstrate reliable operation long after a manufacturing process that resulted in multiple
uncertainties in the parameters. Reliable tracking performance
of a desired trajectory under multiple-parameter variations is
shown in Fig. 11. In the case of multiple uncertainties in the device, the controller generated almost 80% stronger signals than
the input-reference, achieving the reliable operation shown in
Fig. 12. Note that the aging limited the displacement and, as is
shown in Fig. 13, over a period of four weeks it reduced the
displacement of the device by 42.8%. Reliable operation of the
device is obtained under mass variations applying MRAC controllers.
Case 2: Spring constant variations might occur during the
fabrication process or presence of fault (fractures) and/or by
random shocks entering the structure of the device. Pollution

Fig. 13. Effect of aging on the displacement of lateral comb resonator. Stiction
and wearing on the device result in lower displacements. (Experimental results).

Fig. 14. Device with broken trusses and asymmetric displacement. Picture by
WVU MEMS Research Group.

and stiction might also result in spring constant variations. In
this case, trusses of one side of the folded springs of a fabricated device, shown in Fig. 14, were broken (thus changing the
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Fig. 15. Trajectory control of the broken trusses device on the suspension spring beam, Case 2 of the experiments.

Fig. 16. Applied reference voltage and the control command of MRAC, Case 2 of the experiments.

Fig. 17. Point fault adhesion on the beam of the suspension spring.

spring constant) in order to investigate reliable operation of LCR
in the presence of asymmetries in suspension springs. Reliable
tracking control of a desired trajectory under faulty conditions
is shown in Fig. 15. In this case, the device experienced asymmetries in its displacement that increased the probability of an
electric short circuit between the moving and stationary plates.
In addition, the respective displacements of the two sides did
not coincide (due to the difference in spring constant value),
which resulted in the plates being placed non-uniformly along
the original displacement path. The controller in this case generated about 20% higher efforts than the input-reference in Case
1, with almost 80% higher values for reliable operation. The
control effort is shown in Fig. 16. Thus, In case of fault in the
microsystem, the controller can successfully maintain reliable
operation by providing a suitable control command.

Case 3: Limitation of displacement can also occur by anchoring the folded springs on one side. By doing this, displacement is limited in one side due to shorter spring beams. It requires additional effort from the controller to have the device
operate in a tracking mode. Reliable operation of the device is
critical in this regard. To simulate this type of failure and demonstrate reliable operation with a controller, a point fault adhesion
was fabricated on the beam of one side of the folded springs,
shown in Fig. 17. Applying the controller, reliable tracking performance of the device was achieved and shown in Fig. 18. In
this case, stiffer springs with higher spring constant values required 46% additional effort than the input-reference. The corresponding control command is shown in Fig. 19. Tracking error
in the recent cases due to the existence of noise in the system
and higher relative degree than one reached to a limited value.
VI. CONCLUSION
This paper has demonstrated a successful implementation
of control strategies to faulty MEMS devices to enhance their
reliability of operation. Simulations and experiments were conducted to enhance reliable operation of lateral comb resonators
by utilizing model reference adaptive controllers. The most
probable types of fault that may occur in microsystems were
fabricated at the chip level of LCR in the form of mass variation and spring constant changes. In the case of mass change,
the effects of aging and environmental conditions were also
considered. Mass variation by itself required low control efforts
whereas the case of also considering the effects of aging and
environmental conditions which required almost 80% higher
efforts than input-reference. Suspension spring defects required
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Fig. 18. Trajectory tracking control performance. Case of the point adhesion on folded springs.

Fig. 19. The control effort and applied reference input to the system in Case 3 of experiments.

20% and 46% higher efforts for broken trusses and adhesion
point fault, respectively. The controller provided a reliable
fault-tolerant trajectory control by improving the utilization of
the device in harsh and faulty conditions.
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