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Abstract— This paper illustrates the application of an indirect 

adaptive trajectory controller for MEMS lateral comb 

resonators to obtain better convergence and trajectory 

performance. A recursive least square estimator with forgetting 

factor is used to estimate the parameters of MEMS in real-time. 

Accordingly, the control law and gains are derived to achieve 

high performance trajectory controls. Simulation results 

demonstrate a close trajectory profile and accurate parameter 

estimation performance.

I. INTRODUCTION

MEMS sensors and actuators are increasingly used in 

commercial electronics and in highly demanding applications 

[1]. This requires a high degree of system reliability, which 

can be achieved either by mechanical structure reinforcement 

[2] or by real-time closed-loop controls [3]-[5]. The control 

approach is used to correct undesirable MEMS operation due 

to faults [18]-[21],[23], structural asymmetries [24], and 

aging [5]. In some applications of MEMS such as gyroscopes, 

a number of LCRs with different parameters are required to 

be controlled to follow the same pattern and resonate 

coherently. In this case, there is a need for precise control of 

these devices to follow the desired trajectories regardless of 

their different parameter values and variations.

High profile applications of MEMS require a real-time 

parameter estimation unit to monitor the parameter variations 

and generate data for trajectory controllers to increase the 

reliability [23] and life of the device. Several controllers have 

been designed for MEMS including open loop and closed 

loop systems that require precise values of MEMS parameters 

[6]-[7]. An open-loop controller designed by Ernest J. Garcia 

et al [8] have a simple square wave driven method to control 

a micro engine to provide enough torque for micro system 

structures. However, an open loop controller cannot 

compensate for parameter shifts and provide accurate 

tracking performance. Closed loop controllers such as 

conventional PID’s require the knowledge of system 

parameters and their variation for precise controls [9],[10]. 

Robust [12] and variable structure controllers [13],[24] have 

been introduced for time varying parameter systems to 

compensate for parameter shifts. Off-line and on-line 

parameter identification techniques are required to build 

accurate trajectory controllers [5],[9],[15]-[17]. Direct 

adaptive controllers have also been successfully designed and 

implemented for MEMS LCRs [5],[25]. However, dual-

purpose application of hardware processors for trajectory 

controls and fault diagnosis suggests the application of a 

parameter estimation unit to be used for both monitoring and 

controls. Indirect adaptive controllers require a parameter 

estimation unit to calculate the controller gains and generate 

the control command. The choice of parameter estimation 

becomes very important in convergence of adaptive controller 

as [11] have used recursive least square and [12] has 

integrated direct and indirect adaptive controllers for better 

convergence. In this paper, the trajectory control of MEMS is 

achieved through an indirect adaptive controller and the use

of forgetting factor recursive least square estimator for better 

robustness. The design procedure and structure of the 

parameter estimation unit and the indirect adaptive controller 

are illustrated. 

II. MEMS STRUCTURE

A MEMS lateral comb resonator consists of the moving 

proof mass, stationary drive combs, and the flexural springs 

that provides suspension and mechanical restoring force, as 

described in Figure 1. The resonator can be modeled as a 

damped harmonic oscillator with a second order differential 

equation. For this study, the device is driven by balanced 

electrostatic excitations to mirror typical actuation schemes. 

This is achieved by applying two identical DC voltages with 

different polarities onto the stationary combs at both sides of 

the MEMS lateral comb resonator, and a time varying voltage 

(e.g. a sine wave) to the proof mass, creating a lateral force at 

both sides [5]. 

Ideally, the equal distance of the shuttle fingers from the 

stationary comb fingers generates equal force at both sides of 

the shuttle finger and leaves the device leveled while 

translation occurs in the main direction of movement. 

Therefore, the generated electrostatic force along the 

direction of movement becomes a function of the constant 

inter-digit side gaps of the comb drives. In reality, however, 

imperfect manufacturing steps and parameter variations can 

cause structural asymmetries and influence the motion of the 

device [24]. The structure of Lateral Comb Resonators (LCR) 

might also experience rotation under conditions of over-

excitation, over-loading, and the occurrence of faults. The 

occurrence of a fault can also influence the symmetrical 

motion and push the device toward instability.

The system’s parameter values—such as the mass, spring 

constant and damping coefficient—possess uncertain 

variations among different devices of similar design and 

might change during the operation. Moreover, occurrence of a 

fault could result in asymmetries in the output displacement 

of the microsystem and make the shuttle rotate around the 

point of fault.
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Table 1 provides a description of the parameter uncertainty 

that can arise during manufacturing and operation in harsh 

environmental conditions. Although linewidth uncertainty is 

often a known process metric, many of the other uncertainty 

mechanisms are unknown and difficult to determine during 

device operation. Other sources of parameter uncertainty arise 

as the device wears. This can limit the displacement and 

cause asymmetry in the device.

TABLE 2. MEMS PARAMETERS AND THE MECHANISMS THAT CAUSE 

UNCERTAINTY

Parameter 

Type

Parameter(s) Cause of Uncertainty

Geometric Mass

Drive force (finger 
gap and thickness)

Spring Constant 
(flexure width and 

thickness)

Linewidth errors

Moisture 
absorbance

Mechanical 
fracture

Environmental Damping

Spring Constant 

(thin-film constants 
Young’s modulus 

and Poisson’s ratio)

Package pressure

Package humidity

Structural Spring constant 

(thin-film material 
constants)

Mass

Varying processing 

& operating  
parameters 

(pressure & 

temperature)

Material density

Table 2 lists the geometrically determined, as-drawn, 

parameters of a typical MEMS device along with maximum 

and minimum values that can arise as a result of fabrication 

tolerances.

Fig. 1, MEMS Micro Comb Resonator with grating (openings) on the proof

mass.

TABLE 2. AS-DRAWN DEVICE PARAMETERS

Mass   
x10-10 (kg)

Spring Cons. 
(Nm-1)

Resonant 
Freq. (Hz)

Minimum 1.9036 0.0185 2046.7

Standard 1.9331 0.0354 3045.6

Maximum 1.9675 0.0618 3703.6

III. REAL-TIME PARAMETER IDENTIFICATION 

The tracking performance and convergence of indirect 

adaptive controllers directly relates to the choice of parameter 

estimation technique. The control gains are designed 

according to the estimated parameters of the plant.

The time varying parameters of MEMS have been 

estimated using forgetting factor recursive least square [18]-

[21]. This technique is described in the following and is 

applied to a MEMS LCR device to identify the parameters of 

the device. Then the Parameter Identifier (PI) is applied to 

form an indirect model reference adaptive controller. 

RECURSIVE LEAST SQUARE WITH FORGETTING FACTOR

Recursive least square technique is designed to provide a 

real-time parameter identification. Part of the history of 

parameter variation can be used in the process of 

identification. Forgetting factor is a tool to determine the 

weight of the recent input-output values with respect to the 

old data. In this method, the weight can compensate for the 

rate of the parameter variation and the noise. To implement 

the recursive identification, the system should be represented 

in the parametric form. These steps are illustrated as follows:

Step 1: parametric model

The governing equation of MEMS can be modeled as a 

mass-spring-damper system
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where y is the displacement, m is the mass of the proof mass, 

ks is the spring constant, is the damping coefficient, Fe is the 

electrostatic force applied to the system. The electrostatic 

force is a function of the applied voltages and geometry of the 

device, given by
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where n

permittivity of air, t is the length of a finger, g is the gap 

between fingers, and Vb and Vs are applied voltages to the 

comb and proof mass respectively. Replacing the electrostatic 

force in frequency domain results in:
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The system (3) can be written as:
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Filtering both sides by a Monic polynomial
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nss )()( of the same order as the system (in this case 

n=2) results in [22]
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the formulation can be written as 

Tz ,                                 (8)

where is the vector of unknowns and is being identified by 

forgetting factor recursive least square. 

Step 2: FFRLS

Recursive least square is used to identify the parameters of 

MEMS. This technique can be written as [22]

0
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where 
0

is the initial values of the parameters, and e is the 

estimation error calculated by 
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The covariance matrix P is updated recursively by using 

the forgetting factor as 

02
)0(, PPP

m
PPP

s

T

, (11)

where 0 is the forgetting factor, and 2

s
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normalizing signal, defined as
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with a positive 0 as normalizing coefficient. 

IV. INDIRECT ADAPTIVE CONTROLLER

To design the controller, the estimated parameters of the 

system are used. Figure 2 illustrates the indirect adaptive 

model reference diagram. To obtain the controller gains, the 

combined system of controller and the MEMS device must 

generate the same transfer function as that of the model. 

Fig. 2, Schematic block diagram of self-tuning adaptive controller

Thus, the control law can be obtained as
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In order to have the same output generated from the model 

and the plant, the transfer function of the model from ym to r

should be equal to the transfer function of the controller and 

the MEMS combined from yp to r. Applying the controller to 

the MEMS, the output can be obtained as

2101

2

10

0

BsBKapsapss

sKK

r

y

p

pp
. (14) 

Equalizing the transfer functions yields 
r

y

r

y
mp

, and 

01

2

2101

2

10

0

amsams

K

BsBKapsapss

sKK
m

p

p
.

(15)

Therefore, the controller’s coefficients can be obtained by
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V. SIMULATION RESULTS 

The control objective is to have the MEMS device follow a 

certain trajectory. Our assumption is that the MEMS 

parameters are unknown to the controller, but the estimation 

unit will eventually identify these parameters. The estimator 

gains (forgetting factor and normalizing coefficient ) need 

to be tuned to improve the control performance. 

The parameter estimation profile for each of the model 

parameters is shown in Figures 3-5. The forgetting factor and 

normalizing coefficient were set at =10, and 10 .
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Fig. 3, Model parameter identification at B=10 and 10

Fig. 4, Parameter identification at B=10 and 10

Fig. 5, High frequency gain identification at B=10 and 10

The performance of the Parameter Identification in 

combination with adaptive controller is shown in Figure 6. As 

the figure illustrates, the plant’s output follows the desired 

trajectory very closely in a short time. Figure 7 shows the 

control effort and the reference input signal. As the figure 

shows, the control effort decreases to compensate for 

uncertainties in the system as the parameter values are 

updated. 

Fig. 6, Tracking performance of the controller at B=10 and 10

Fig. 7, Model reference input and control effort at B=10 and 10

At larger forgetting factor, the estimator converged to the 

actual value rapidly. The parameter identification 

performance is shown in Figures 8-10 at B=30 and 10 .

As these figures illustrate, higher rate of convergence 

comparing to smaller forgetting factors was achieved. Note 

that guarantee the bounded input and output signals.

Fig. 8, Parameter identification at B=30 and 10

Fig. 9, Parameter identification at B=30 and 10

Fig. 10, High frequency gain identification at B=30 and 10

The trajectory tracking control performance increases at 
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higher values as it is shown in Figure 11. The control 

command is shown in Figure 12 in this case. 

Fig. 11, Tracking performance of the controller at B=30 and 10

Fig. 12, model reference input and control effort at B=30 and 10

The convergence rate of parameter estimator increased at 

higher forgetting factor values. This resulted in faster control 

and closer trajectory tracking. 

CONCLUSION

A MEMS displacement trajectory control was achieved 

using an indirect adaptive controller. A forgetting factor 

recursive least square estimator was designed and used to 

identify the time-varying parameters of MEMS. The 

convergence rate of estimation and therefore the tracking 

performance of the MEMS output displacement was 

improved at higher forgetting factors. 
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