
ADAPTIVE CONTROL OF MEMS DEVICES 
 

Afshin Izadian, Lawrence Hornak and Parviz Famouri, 
Lane Department of Computer Science and Electrical Engineering, 

Electro Mechanical Systems LAB 
West Virginia University 

parviz.famouri@mail.wvu.edu  
 

ABSTRACT
The manufacturing of Micro-Electro-Mechanical Systems 
(MEMS) involves several micro-machining processes, 
each include variations in the parameters of the device 
from the desired values. These variations change the 
behavior of the device and affect its performance, 
therefore there is a need of means to compensate these 
changes and control the device’s behavior. In this paper, 
some manufacturing steps that result in uncertainties in 
modeling of the device are investigated. An effective 
method to control their behavior is introduced and is also 
experimentally tested. In this regard, application of the 
continuous-time Model Reference Adaptive Controllers 
(MRAC) for tracking control of micro comb resonators is 
investigated. The procedure of the controller design and 
modeling of micro comb resonator considering the 
uncertainties are investigated. The controller is 
implemented in a real-time control board and the 
experimental results demonstrate the capabilities of 
MRAC in a multi-uncertainty MEMS motion control task.  
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1.  Introduction 
 
The increasing complexity and integration level of 
MEMS devices demand high level and complicated 
controllers to obtain the required performance. 
Manufacturing processes of MEMS also dominate the 
need of the sophisticated controllers by including the 
uncertainties in the parameters of the device. These 
processes also require the control theories to develop the 
precision and enhance their quality [1]. To date, the 
application of control schemes to MEMS have lagged in 
development compared to MEMS fabrication and 
structure design. There are enormous challenges to 
mathematically model MEMS devices accurately and 
determine their level of uncertainties in different 
geometries and applications.      
Lateral comb resonators used in many applications such 
as gyroscopes and the drivers of micro-systems are of 
particular interest to this paper. Their manufacturing 
requires different steps which are recognized as bulk and 
micro machining processes. Each of these fabrication 
steps involves multiple processes such as deposition, 
etching, and growing of material and layers. Different 
technologies apply different steps, so that the number of 

machining processes can be different [2]. Each of these 
machining processes may include an imperfection of 
manufacturing in the construction of the device. 
Therefore, the manufactured device parameters are 
different from that of ideally designed. In addition to the 
manufacturing imperfections, operating conditions such 
as temperature, humidity, and air pressure have unknown 
effects on the device parameters. Also, the storage 
condition, durability and life-time of the device affect its 
performance and reliability. Conventional controllers 
require the knowledge of parameters of the device to 
perform a suitable control task. The open loop controller 
designed by Ernest J. Garcia et al [3] have a simple 
square wave driven method to control a micro engine to 
provide enough torque for micro system structures. 
Closed loop controllers such as conventional PID’s are 
designed according to the known parameters of system 
[4]-[7]. Advanced controllers make use of the off-line and 
online system identification techniques [2], [4]. Robust 
controllers with a known uncertainty level are also been 
developed [8]. In this case, extra manufactured capacitor 
sensors were provided to measure the displacement [9]. 
This paper presents a feasibility study of application of 
the continuous-time model reference adaptive control to 
micro comb resonators.  
In this paper, the reference is defined as the output of the 
model in which the controller drives the plant to follow 
models output trajectory, and to obtain zero tracking 
error. The mechanical model of MEMS including 
uncertainties of the model and phenomena such as 
fringing are introduced. The controller design procedure 
for non-Strictly Positive Systems (non-SPR) is 
investigated. Simulations of the tracking controller show 
the application of MRAC on MEMS. The controller is 
implemented onto the real-time control board and 
experimental results are introduced. An integrated 
through wafer optical data monitoring system is used to 
measure the systems displacement [4] - [6], [8], and [10].  
 

2. Modeling of MEMS Comb Resonator 
 
A typical micro comb resonator shown in Figure 1, 
consists of the moving stage also known as shuttle, the 
stationary combs, and the suspension springs.  The comb 
resonator can be modeled as a mass-spring-damper in a 
second order system. Often MEMS devices operate 
according to the electrostatic force generation which is 
generated by applying two identical opposite sign DC 
voltages onto the stationary combs at both stationary sides 
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of the device and a time varying voltage (e.g. a sine wave) 
applied to the center shuttle. This provides enough force 
for the device to move and follow certain trajectory to 
perform a specific task depending on the application. The 
electrostatic force (1) ideally is a function of the applied 
voltages and the geometry of the device, but in fact there 
are so many other phenomena and factors that affect the 
force generation process that are not considered in the 
electrostatic force equation [11]  
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where eF is the electrostatic force, n is the number of 
fingers, ε  is the permittivity of air, t is the length of a 
finger, g is the gap between fingers, sb VV , are applied body 
and shuttle voltages respectively.  The force is also a 
function of some imperfect manufacturing steps such as 
the roughness of the surface of polysilicon, acid releasing 
and etching steps. Moreover, phenomena such as 
humidity and capillary forces result in the stiction of 
polysilicon which affect the force generation of the 
device. Therefore; the exact force generation is an 
uncertain process of some poorly known parameters. In a 
mass-spring-damper system, a simple model for the 
system can be written as:   

dse FykyymF +++= 2��� β                       (2) 
where m  is the mass of the center comb or shuttle, y is 

the displacement, sk is the spring constant, β is the 
damping coefficient, and dF is the force of the load. The 
load can be applied directly onto the shuttle. As 
mentioned earlier the parameters of the device are highly 
affected by the manufacturing process as well as the 
operating condition environment. During the fabrication, 
the polysilicon layers are deposited in a temperature 
controlled process in a chamber, called Low Pressure 
Chemical Vapor Deposition (LPCVD). The quality of the 
deposited layer is directly related to the thermal process 
and the time of the deposition of LPCVD. The deposited 
polysilicon layers produce certain regions named grains 
which have different crystalline orientations. The grains 
grow during thermal process and change the properties of 
polysilicon.  Roughness on the surface due to 
misalignment of the device in manufacturing also 
dominates the field fringing. 
The layers of micro comb resonator are separated from 
each other by sacrificial layers made by silicon oxide 
which are removed during the release process. The total 
mass existing in moving parts varies in different devices 
even if they are manufactured in the same process at the 
same time. Thus; the mass involves high uncertainties and 
result in the change of the critical parameters of the 
device such as resonant frequency.  
 
The damping coefficient in equation (2) is a function of 
air viscosity and geometry of the plates facing each other. 
It is also related to penetration depth of airflow above the 
shuttle [4], [16]. Certain manufacturing steps such as 
photolithography require exact alignments and UV 

exposure techniques in addition to the etching and 
releasing of the bare areas which are not covered by 
photoresist material. These steps are highly dependent on 
the time of exposure, alignments and release process. 
Therefore; in manufacturing of some precise parts such as 
suspension springs, the manufacturing tolerances result in 
crucial parameter variations.  
The spring constant of the suspension springs is very 
sensitive to the width, geometry and density of the 
polysilicon; thus, imperfections of the manufacturing 
processes result in uncertain values of the spring 
constants. Under these uncertainties, equation (2) does not 
contain the exact model and the actual system’s behavior, 
therefore it can be re-written as  

dse FykyymF ˆˆ2ˆˆˆ +++= ��� β                          (3) 
where the (^) sign shows the uncertain values of the 
associated parameters. 
 

 
Figure 1, MEMS Micro Comb Resonator and the openings on the shuttle 
designed by WVU. 
 
The fact is that the desired system should operate similar 
to (2) whereas the manufactured device behaves 
differently as (3). Then, the main purpose is to design a 
controller in which regardless of uncertain and unknown 
phenomena of MEMS system, be able to control the 
device and perform the tracking of the desired reference.  
 

3.   Controller design 
 
As Eq. (2) shows, micro comb resonators are modeled as 
a second order system. The transfer function of this 
system shows a relative degree higher than one. In the 
next section the controller design procedure for non-SPR 
systems such as MEMS is described.  
 
Controller Structure 
The uncertain system (3) can be written in state space 
equation form as following 
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The transfer function of (4) can be written as  
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where 21, mm aa are the model’s desired coefficients, mk  is the 
gain. Let r(t)  be the input signal to the model, ym(t) the 
resultant output signal, and p the Laplace operator. 
Considering general coefficients for uncertain parameter 
values result in the following non-SPR second order 
transfer function 
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The plant’s transfer function )( pWp

contains the unknown 

and uncertain parameter values such as ppp kaa ,, 21  with 

output )(ty p and control input )(tu signals. The controller 

consists of some additional control commands such as 
21 ,ωω which are called filtering signals. Each of these 

signals represents an (n-1)th order dynamic and are 
described by [12] 

hu+Γ= 11 ωω�                             (7) 
 

where 1ω in a 1)1( ×−n state vector, Γ is a 
)1()1( −×− nn matrix, h is a constant vector such that ),( hΓ is 

controllable. Γ is chosen to place same poles as zeros of 
model, or 

)(]det[ sNsI Model=Γ−               (8) 
 

The same dynamic is taken for 2ω with py  as input, as 

following [12] 
phy+Γ= 22 ωω�                       (9) 

 
In adaptation technique the parameters of the controller 
namely 021 ,, θθθ , each containing )1( −n parameters, are 

updated recursively. *k is defined as the gain ratio of the 
model and plant and that is  

p

m

k
k

k =*                               (10) 

The coefficients of 1θ dynamic cancel the zeros of the 
plant and 02 ,θθ place the poles of the control system to the 
location of the reference model poles [12]. Therefore the 
control command is a linear combination of the reference 
signal input, the filtered control command vector 
signal 1ω , the filtered plant’s output vector 2ω , and control 
command signal as [12] 
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where the (*) sign shows the estimation of parameters. In 
a perfect tracking and adjusting parameter technique, 
zeros of the plant are cancelled by poles of the controller 
in a minimum phase plant case; thus, the output of the 
plant due to control command should be identical to that 
of reference and arbitrary bounded input as 

 
)()()()()( * trsGtusGty mpp ==                 (12) 

 

where p and m stand for the plant and model transfer 
functions respectively. The adaptation technique results in 
the following control command [12] 

 
pytttrtktu )()()()()( 02211 θωθωθ +++=          (13) 

 
Figure 2 shows controller structure of the model reference 
adaptive for systems with relative degree higher than one. 
Let θ be a 12 ×n vector of controller parameters and ω  be 
a 12 ×n vector of the corresponding signals as following  
 

[ ]Tkt 021)( θθθθ =  
[ ]Tp tytttrt )()()()()( 21 ωωω =                 (14) 

 
The control command in matrix form is written as  
 

)()( ttu T ωθ=                             (15) 
 

The estimation error is defined as the difference between 
the actual value and its estimation which is 
 

)()( * tt Φ+= θθ                           (16) 
 

Substituting (16) in (15) results in   
 

ωωθ )(* tu TT Φ+=                         (17) 
 

Considering the estimation error and transfer function (6), 
the plant’s output is written [12] 

*

)(
)()()(

k
t

sGrsGty
T

mmp
ωΦ+=                  (18) 

 
The tracking error is the error between the plant output 
and that of the model. Subtracting )(ty p form the models 

yields the error as 
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In this case the adaptation technique is written as [12] 
 

)()()sgn( ttek p ωγθ −=�                 (20) 
 

where γ is a positive number and is called the adaptation 
gain, and also sign of k* is the same as that of kp. Design 
of an adaptive control system, when just the plant’s input-
output signals are available and the relative degree of the 
system is grater than one, can be accomplished by using 
the augmented error technique.  The basic of this method 
is adding an augmenting signal )(tη with an adaptive gain 

)(tα to the tracking error )(te . Then the augmented error 
signal is as followings [12] 
 

)()()()( tttet ηαε +=                         (21) 
where )(tη is defined as 
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Let consider )(tα as a function of time as following  
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or 
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Substituting (24) into (21) yields 
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replacing from (19) results in 
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replacing from (22) and defining  
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yields 
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The augmentation error gain adjusting technique is 
according to the followings [14] 
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Figure 3 shows the adaptation law using the augmented 
error technique. 

 
Figure 2, Model reference adaptive controller for systems with higher 
orders than one. The auxiliary error signals, filters and control command 
are shown 
 

4. Displacement Optical Monitoring Technique 
 

The position feedback is obtained by the optical 
monitoring technique which has been used to validate the 
precise displacement monitoring of the device. Through 
wafer optical displacement monitoring system, shown in 
Figure 4, contains a laser wave-guide 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 
the beam scattering and ray loss. 
The laser coming out of the die is collected and directed 
to the detector through a multi-mode detector fiber optic 
probe which 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, so that the output voltage of the 

detector contains the movement information of the 
MEMS. 

 
Figure 3, Model Reference Adaptive Control for non-SPR systems, 
adaptation technique and error augmentation technique. 
 

The alignment of the output laser beam and the detector 
fiber optic coming out of the openings on the device is a 
critical point. The Gaussian distribution of the laser beam 
allows us to concentrate on the openings and reduce the 
spot size on the device [15]. 

 
Figure 4, Displacement feedback system, through waver optical 
monitoring, including laser emitter, bulk lenses and micro comb 
resonator are shown. 

The collected optical data then is transferred to the data 
recovery algorithm which determines the instantaneous 
displacement of the shuttle [4], [5]. The control command 
then is generated by adaptive controller and is applied to 
the device. 
 

5. Simulation and Experimental Results 
MRAC is used to compensate the uncertainties of the 
system by following simulations. Different control cases 
are simulated and the tracking error and control effort are 
shown in each case. 
 

Simulation Results 
Simulations of the designed controller under uncertainty 
of mass, spring constant and damper coefficients are 
investigated in this section. Different types of uncertainty 
impose different reflections on the control effort of the 
controller. The ideal model contains the following 
parameter values  

102090.2 −= em ( kg ), 709.7 −= eβ , 0269.0=sk . 
 

Uncertainties on Mass of the device 
As mentioned earlier the mass of the shuttle of micro 
comb resonator varies according to the variations of the 
photolithography and LPCVD process. Large particles 
fall down onto the device might also change the mass of 
the shuttle. Mass changes have an effect on the resonant 
frequency and result in different performance of the 
device. Output tracking profile of micro comb resonator 
with a high value of mass change of ten times, is shown in 
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Figure 5. The tracking error as an indicator of the tracking 
performance is shown in Figure 6. This figure shows that 
the error reaches zero as time increases. 

 
Figure 5, Mass uncertainty effect modeling and tracking performance of 
MRAC for 10 times over-estimation  

 
Figure 6, Tracking error profile of MRAC in mass uncertainty case 
 

Uncertainties on damping coefficient 
Damping coefficient uncertainties are caused by operating 
condition environment such as air viscosity, temperature 
and humidity changes. Under-damped systems usually 
show longer movements and slower oscillation decays. In 
the case of a change of the damping as five times of the 
actual damping of the system the controller can still 
provide zero tracking error at an acceptable control effort 
to compensate the variations. The tracking profile in this 
case is shown in Figure 8. Tracking error reaches zero 
rapidly as the adaptation is completed. As it is seen the 
damping coefficient uncertainties are modeled as phase 
shift in the output of the actual system. Tracking error 
shows no difference and a complete phase shift 
compensation using MRAC controllers.  The control 
effort is shown in Figure 8. As it is seen the controller 
does not require too much effort to compensate the phase 
shift. 
 

Uncertainties on spring constant 
Spring constant variations result in a significant 
behavioral change on the device. Symmetric displacement 
and resonant frequency are highly dependent on the 
delicate structure and geometry of MEMS spring structure 
and spring constants and as a consequence affect the 
performance of operation. Deviations from the desired 
values impose an asymmetric movement or the size 
change which burdens extra effort on the controller. 
Figure 9 shows the tracking performance of the device 
with spring constant change twice as much as the desired 

value. As Figure 9 shows, the tracking error reaches zero 
as time increases rapidly after the adaptation is 
completed. Figure 10 shows higher control efforts to 
compensate the spring constant uncertainties. 

 
Figure 7, modeling the effect of mass uncertainties on control command 
generated by MRAC. 

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

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

Experimental Results 
The actual device under test contained a combination of 
all manufacturing uncertainties which caused drastic 
variations from the desired behavior. The test device was 
released form the silicon oxide several months before 
MRAC tracking test and had been stored in a glass 
container. Therefore the humidity aging and wearing 
effects were considered unknown. The controller was 
implemented on the real-time control board dSPACE-
PPC-DS 1103 and made use of the through wafer optical 
monitoring displacement technique. Applying the control 
command, tracking profile of the output is shown in 
Figure 11. 
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Figure 10, Modeling the effect of spring constant uncertainty on control 
command generated by MRAC. 
 

According to the pulse type behavior of feedback signal 
to the system the controller compensated a part from the 
optical data variations and resulted a close tracking of the 
reference. Figure 12 shows the effort of the controller in 
this case. 

 
Figure 11, Experiment results and tracking performance of a micro comb 
resonator with multiple uncertainties controlled by MRAC.  

 

Figure 12, Experiment results of a) Reference signal, b) Control Effort; 
Multiple uncertainties controlled by MRAC. 
 

The control effort was %57 higher than that of the 
reference waveform, which according to the simulation 
results show the uncertainty on stiffness of the suspension 
springs of the manufactured micro comb resonator. Most 
of the effects of this type of uncertainty came from a 
combination of all the uncertainties on the device.  After 
releasing the MEMS from the silicon oxide layer the 
capillary forces produced more stiction and resulted in 
uncertainties on the force generation process, therefore 
higher control efforts were required.   
 

6. Conclusion 
This paper showed the feasibility study of application of 
adaptive controllers to MEMS micro comb resonators. 
We have successfully applied a continuous-time MRAC 
for tracking control of microsystems. Modeling of the 
structure of microsystem with uncertain parameters was 
shown. The augmentation technique was used in the 
design of the controller. Different uncertainties were 
modeled and their effects on control effort were studied. 
The laboratory test results of the controller on real-time 
control board showed satisfactory performance of the 
controller. We have shown both by simulation and 

experiment results, that the model reference adaptive 
controllers can control the micro comb resonators in the 
existence of multi-uncertainty parameter values. 
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