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Abstract - In the paper, simulation model of the
mechanical component of the fully differential
capacitive MEMS accelerometer has been developed
using MATLAB/Simulink. The model allows to
simulate movement of the proof mass, capacitance
changes of the measuring capacitors of the sensitive
element, sensitivity of the sensor depending on the
applied force of acceleration, and to perform the
transient analysis of the integrated device at the
system level of computer-aided design.
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I. INTRODUCTION

Microelectromechanical  systems (MEMS) are
miniature integrated devices produced by using
micromachining technologies. They combine mechanical
and electrical components. Mechanical components can
be classified into sensors, devices that convert any
physical motion intc electrical signal, and actuators that
perform the opposite action. They convert electrical
energy to mechanical motion. Nowdays, MEMS
technologies are developed very rapidly, because of the
demand of such devices in different engineering areas.
One of such devices is a sensor for measuring acceleration
(integrated accelerometers (MEMS accelerometers)).
MEMS accelerometers play a sufficient role in modern
techniques and they are widely used in automobiles
(airbag deployment systems. roll over detection,
electronic stability control, navigation, security systems
and active suspension), consumer electronics
(smartphones, laptops, tablets), sporting equipment,
military applications and etc [1].

The important role in the design of such heterogeneous
systems as MEMS accelerometers plays computer-aided
design systems that allow to decrease development time of
the integrated devices and to decrease their cost. The
conducted analysis of the papers on MEMS design allows
to say that creation of qualitatively new mathematical and
computer models of the integrated accelerometers for
optimization of their construction parameters with

technical characteristics and improvement of design
efficiency is an actual task. [2-4]

II. CONSTRUCTION AND MATHEMATICAL MODEL
OF MECHANICAL COMPONENT OF FULLY
DIFFERENTIAL CAPACITIVE MEMS
ACCELEROMETER

In Fig. 1 schematic view of the construction and
mechanical parameters of the SE of the fully differential
capacitive MEMS accelerometer are shown. The central
part of the SE of MEMS accelerometer is a proof mass A,
which is suspended by the spring elements with a spring
coefficient K to the frame
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Fig 1.Schematic view of the SE of the fully differential
capacitive MEMS accelerometer
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Movement of the proof mass can be described by the
2nd order differential equation (DE), as a system mass-
spring-damper:
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dt dt
where M — mass of the proof mass, D and Ky - damping
coefficient and spring constant respectively, Fox — external
force of inertia which acts on the proof mass due to the
external acceleration a,y,.
Analytical solution of such nonhomogeneous DE (1)
will be a sum of the solutions of the general solution of its
homogeneous equation x.(z) and partial solution of the DE

equation (1) X,(0: x{t)=x,(t)+ X, (r).

The general solution will be the following:
x,(t) = c,e™ cos(Bt)+ c,e sin{t)
= e”(c, cos(fit)+ c, sin(Bt))

x(t) = ae™ cos(ft — p) ¥))
where @ = 1/(:]2 5 C% i ¢ — amplitude and phase shift of
the movement of the SE.

If @ = B, then the partial solution of the DE (1) has the
following form:

X, ()= At cos(w,t)+ Bt sin(wgt)
(- Ma? + K, Jatcos(or) + (- Mo} +
+2Mew, Beos(wt)— 2Mw, Asin(wt) = F, cos{at)

+K x(f) = F, (6) = Ma,, () (1)

s
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0
Thus, the final solution of the DE (1), when o = S, has
the following form:

x(t) = ae™ cos(pt — ¢)+

0 _tsin(oyt) @)
0
The designing MEMS accelerometer has a fully
differential topology. It means that there are four
measuring capacitances C;;, Cya, Cg, Coy -
Csl,2 = (C.s i Acs )/4 (5)

where C, — nominal capacitance at rest and AC, the change
of the nominal capacitance of the microsensor. Under the
action of the inertia force the proof mass moves along the
sensitivity axis respectively to the moving coordinate
system (X = Y — Z), that cause to the distance change
between its comb-finger eiectrodes and nonmoving comb-
finger electrodes of the integrated device.

If a, = 0, then capacitances of the measuring
capacitors are equal and can be determined by the
formula:

=C,=C,=C,=A4¢c5,/d=C,/4 (6
where A, — area of the measuring comb-finger electrode; d
— distance between comb-finger electrodes (plates) of the
capacitor; g, — dielectric permittivity of the environment
between capacitor plates; g — vacuum permittivity
(8,8541x10°” F/m).

Ky )Bt sin{et)

If a,y # 0 and 4d << d, then the change of the
capacitances of the measuring capacitance can be
calculated by the following formula:

Acs i Csl + Cs4 s Cx2 W Cs3

:ZAcsrgo( g
d-Ad d+Ad

7
om b
d

‘and the capacitances of the capacitors are calculated by

the formulas:
C,=C,=(C.+AC.)/4
Cs2 = CsB = (C's =2 AC,‘ )/4 (8)

x 1 . e
From (7) and — ~ = the capacitive sensitivity of
ext 0
the accelerometer can be calculated by the formula:

SACCMCI

; = Sariaey, 199(9
B Kl ol K paerostbotagy 4

The sensitivity of the system can be calculated by the
formula:

V K
Se = out = _____le_ = (10)
aexl a,)O
where ¥, — output voitage which can be calculated from

QL&

4
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s4
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CortiC
the formula V0 L=V =L O
CS] i Cs2

— modulation voltage.

III. MATLAB-SIMULINK MODEL OF THE
MECHANICAL COMPONENT OF THE FULLY
DIFFERENTIAL CAPACITIVE MEMS
ACCELEROMETER
In Fig. 2 the developed MATLAB-Simulink simulation

model of the mechanical component of the fully
differential capacitive MEMS accelerometer is shown.
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Fig. 2 Simulink — model of the mechanical component of the
fully differential capacitive MEMS accelerometer
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In Fig. 3.4 simulation results of the movement and
velocity of the proof mass of the SE at the sinusoidal
acceleration in 5g. From the diagram it is seen that the
displacement of the proof mass is in the range from -50
nm to 50 nm. In Fig.5 the diagram of the displacement of
the proof mass under the action of the constant
acceleration 5g. The diagram in Fig.6 shows the change of
the capacitances of the measuring capacitors depending on
the applied acceleration of 5g which is located within
6278 ... 6292 fF. In Fig. 7 the dependence of the
capacitive sensitivity on the working resonance frequency
in the range from 5 to 100 Hz for the various values of the
nominal capacitance is shown.

Therefore, for such construction parameters of the SE
of such fully differential capacitive MEMS accelerometer
the highly accurate amplifiers and high-sensitive
electronic circuits for processing of such signals are
required.
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Fig. 3 Movement of the SE x(t) under the action of the
sinusoidal acceleration 5g
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Fig. 4 Velocity of the SE v(t) under the action of the sinuscidal
acceleration Sg‘
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Fig. 5 Displacement of the SE under the action of the
acceleration 5g

Fig. 6 Velocity of the SE response under the action of the
acceleration 5g
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Fig. 7 Capacitance changes Cy), Cy and Cy, Cg depending on
the applied acceleration a(t)
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Fig. 8 Sensitivity dependence on the resonance frequency S,
F/m/s? for the various values of the nominal capacitance

IV. CONCLUSION

The MATLAB/Simulink simulation model of the
mechanical component of the fully differential capacitive
MEMS accelerometer has been developed. On the base of
the developed model the simulation of the behavior of the
SE of the fully differential capacitive MEMS
accelerometer has been performed. From the obtained
simulation results the plots of dependencies are depicted
and analysis of the output _dyn}dmic characteristics of the
SE of MEMS accelerometer ' on the parameters of its
construction, and also movement of the working mass,
change of the output measuring capacitances of the SE
and sensitivity on the resonance frequency of the SE for
the various values of the nominal capacitance of the
microsensor for its defined construction parameters under
the action of the external acceleration.
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