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Abstract—The paper presents a way to improve the
transient regime of a miniature accelerometer by using a
fuzzy controller to close its loop. The fuzzy controller
replaces an electronic block on the feedback path of the
closed loop, block that, in the classical architecture, assured
the system damping and, in the same time, played the role of
elastic link of the accelerometer proof mass. For the
proposed controller, proportional-derivative variant is
chosen, and its input-output mapping is derived. The
membership functions for inputs are s-functions, =-
functions, respectively z-functions, while the output
membership functions have constant values. To define the
rules, a zero-order Sugeno fuzzy model is chosen. Finally, a
comparative numerical study between the classical and the
proposed accelerometer architectures is made.

. INTRODUCTION

Extremely important in the Inertial Measurement Units
(IMU) of the aerospace navigation systems, the
accelerometers always brought into discussion topics
related to optimization techniques by which they are
designed. Most of the accelerometers, because of the
conferred advantages, are closed loop devices. Usually,
the loop closing for such a sensor, based on the movement
of a seismic mass under the influence of an inertial force,
is achieved using some classical controllers of
proportional-integral-derivative ~ (PID) type. Lately,
however, the intelligent control techniques have opened
new opportunities to obtain controllers with high
robustness, which gives simultaneously a number of
advantages related to the system performance improving
[1]-[4]. Moreover, miniaturization of the high-power
computing systems, but also, the control technique based
on the linguistic rules elaboration, come in support to the
easy implementation of these control systems. In
literature, already appeared several studies about the
development of sensors that address this type of control,
for both miniaturised and non-miniaturised sensors [5]-
[7].

The here presented work was developed in a research
project concerning the development of high-precision
strap-down inertial navigators, based on the connection
and adaptive integration of the nano and micro inertial
sensors in low cost networks, with a high degree of
redundance, financed by National Council for Scientific
Research in Higher Education (CNCSIS) in Romania.

This paper presents a way to improve the accuracy of
an accelerometer using a fuzzy controller to close its loop.
The study starts from an optimized version of the
accelerometer, based on the use of an electronic
amplification and filtering block of proportional-

derivative (PD) type, heaving the role to replace the elastic
link of the proof mass and the damper [8].

Il.  MATHEMATICAL MODEL OF THE PREOPTIMISED
ACCELEROMETER AND CLASSICAL Loopr CLOSING

Initial study performed on the accelerometer ([8]) led to
the functional scheme in Fig. 1, showing that the
accelerometer is a closed loop one, having on the direct
path, a displacement transducer, and on the feedback path
an amplification and filtering block and a permanent
magnet whereon slides a coil. The aims of this initial
study were: system dimensioning, choice of optimal
configuration of the amplification and filtering block and
of the optimal values of the elements in its scheme [8].
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Figure 1. Functional scheme of the accelerometer

According to [8], notations in Fig. 1 are: a— carrier
vehicle acceleration; &,x — acceleration and the
displacement of the proof mass relative to a reference
frame related to the carrier vehicle; F - inertial force
appearing in the vehicle non-inertial reference frame; U -
output voltage of the displacement transducer; U, — coil
supplying voltage; lf,— feedback force. Relative to the
vehicle frame, from Fig. 1 it results the equation:
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How Ifiz—mé, from eq. (1), the equivalent form is
obtained:
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where d*x, (t)/dt* =—a,(t). For the x, displacement, the



corresponding output voltage of the displacement
transducer can be derived as:

u(®) =k -x (), @)

with k, the transducer constant.

Differential equation of the electrical current passing
through the coil in the feedback path is:

di(t)

t)=L——=
u® =L

+R-i(t), (4)
with L- coil inductance, R— coil resistance, and i-

electrical current. The feedback force can be expressed by
the relation:

F (t) = nBNDI(t), (5)

where B is magnetic induction of the permanent magnet,
N — number of turns, and D— coil diameter. If p is the
electrical resistivity, characterizing the coil conductor, and
d is conductor diameter, then L and R have the next
formulas:

L — “’O“’rTCND4
4d

o doND

(6)

Analysis on the optimal configuration of the system led to
the next relationship between the input and the output
voltages of the amplification and filtering block

Yl .
U, = —(1+ZJU, @

Y, =sC, and Y, =1/R,. As a consequence, the dynamic
regime of the accelerometer is described by the equations
(2)-(5) and (7).

Applying the Laplace transform to the previous
mentioned relations, they become:

as) =-s’x, + Ff—(s)

U (S) = ktxl(s)l "

U, (s) = F(s)U(s), (8)
o8

F (s) = nBNDI (s).

F(s)=—(ts+1) is the transfer function of the
amplification and filtering block (t=C,R,). Starting from

the relations (8), it results the system block diagram with
transfer functions in Fig. 2; the next notations were used:

k :NBND and < :%.
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The accelerometer equivalent

Matlab/Simulink model results under the form presented
in Fig. 3.
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Figure 3. Accelerometer Matlab/Simulink model

Representing the amplitude-frequency characteristics
(JH(jo)| as a function of f ) and the step response of the
system for different values of the parameter t (1 ms, 1,5

ms, 2 ms, 2,5 ms, 3 ms), the curves in Figs 4 and 5 were
obtained; H(jw) is the transfer function of the closed

loop system, under the frequency domain form. Based on
the observation (see Figs 4 and 5) that a non-monotone

|H(jow)| function in the [0,0) frequency interval equate

with the occurrence, when applying a unit step
acceleration type, of unwanted oscillations of inertial
mass, has achieved an optimization subroutine of t which

provided the value t,, =2,1373266ms.
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Figure 4. Amplitude-frequency characteristics
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From the numerical values set out in [8] for the
components of the accelerometer, resulted that it has a
linear static characteristic with a negative scale factor

K =-0,137030102 Vs*/m.

I1l.  PROPOSED APPROACH FOR ACCELEROMETER
CLOSED LOOP ARCHITECTURE

Considering the configuration of the accelerometer in
Fig. 1, correlated with the block diagram with transfer
functions in Fig. 2, one concluded that the system can be
controlled by a fuzzy logic controller, placed on the direct
path, after the displacement transducer, as shown in Fig. 6.
As a consequence, this controller substitute the electronic
amplification and filtering block (placed on the feedback
path in the initial version) and controls the supply voltage
of the coil. So, the new accelerometer output consists of
the U, voltage supplying the coil which creates the

feedback force (Fig. 7).
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Figure 6. The new functional scheme of the accelerometer
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Figure 7. Accelerometer block scheme using fuzzy controller

Fuzzy logic technique, based on the fuzzy sets theory
developed by L. Zadeh [9], provides a simple tool to
interpret the human experience into reality, enhancing
conventional system design with engineering expertise.
Fuzzy logic controllers are rule-based controllers, the
basic configuration of a fuzzy logic model being simply
represented in next parts: the fuzzifier, the inference
engine, the defuzzifier, and a knowledge base. So, the
design of a fuzzy logic control system supposes the
following steps: fuzzification strategy choosing; data base
building; rule base elaboration; inference machine
elaboration, and deffuzification strategy establishing [10].

Through analogy with the classical methods of control,
the simplest fuzzy controller is the proportional controller
(FP). Its input is the error and the output is the control
signal. On the other way, the derivative component in a
controller helps to predict the error, so, by combining the
proportional and derivative actions in a controller an
improvement in the closed-loop stability is obtained [11].
In this way, if the equation of a proportional-derivative

(PD) controller is

the obtained control signal is proportional to an estimate
of the error Tp seconds ahead; i(t) is the command
variable in time, e is the operating error, Kp is the
proportional gain and Ky is the derivative gain. Expressed
in discrete form, the equation of a PD controller is [12]

Kk)::KP-eao4-KD~E§512§giiiﬂ, (10)

S

or
i(k) =K, -e(k) + K, - Ae(k). (11)

k is the step, T, - the sample period, and Ae(k) - the
change in error. In our case, the chosen fuzzy controller is
of type PD so, the inputs to the controller are the voltage
U and the derivative AU of the voltage U (change in
voltage), while the voltage U, is the command variable
(controller output).

For our system, the [-1, 1] interval was chosen like
universe for all of the input and output signals. Also, we
had opted for a number of three membership functions for
each of the two inputs, and five membership functions for
the output. The linguistic terms for inputs are N
(negative), Z (zero) and P (positive), while for output are
NB (negative big), NS (negative small), Z (zero), PS
(positive small), and PB (positive big). The membership
functions for inputs are s-functions, w-functions,
respectively z-functions. To define the rules, a Sugeno
fuzzy model was chosen, model proposed by Takagi,
Sugeno and Kang [13]. In this way, for a two input -
single output system the fuzzy rule is of the form:

“if (x, is A) and (X, is B) then y=f(x,x,)”, (12)

where A and B are fuzzy sets in the antecedent, and y=f(x,
Xo) is a crisp function in the consequent; f(xi, X,) is a
polynomial function. For the output membership functions
constant values were chosen (NB=-1, NS=-0.5, Z=0,
PS=0.5, PB=1), while the parameters of the inputs’
membership functions are presented in Table 1.

TABLE I.
PARAMETERS OF THE INPUTS’ MEMBERSHIP FUNCTIONS
mf parameters
mf type
Xieft Xm1 Xm2 Xright

mfl (Al and A)) | zfunction | -1 - - 0
mf2 (A? and A?) | = -function | -1 0 0 1
mf3 (A’ and A’) | s-function | 0 - - 1

A;(Q=L_2,i:1,_3) are the associated individual

antecedent fuzzy sets of each input variable, x is the
independent variable on the universe, X is the left



breakpoint, X.gn is the right breakpoint, and [Xmi, Xm] is
middle interval in that the peak flat — characterising the s-
function, z-function, and n-function shapes.

Starting from the inputs’ and output’s membership
functions, a set of nine inference rules were derived:

Rulel:If Uis A and AU is A, then y*(U,AU) = -1,
Rule2:1fUis Al and AU is A?,then y*(U,AU) = -0.5,
Rule3:If Uis A and AU is A?,then y*(U,AU) =0,
Rule4:1fUis A>and AU is A, then y*(U,AU) = -0.5,
Rule5:1fUisAZand AU is A%, theny*(U,AU) =0, (13)
Rule6:If Uis A?and AU is A}, then y°®(U,AU) = 0.5,
Rule7:1fU is A*and AU is A}, then y’ (U,AU) =0,
Rule8:If UisA’and AU is AZ,then y*(U,AU) = 0.5,
Rule9:If UisA’and AU is A, then y°(U,AU) =1.

The rule-based inference chosen for each consequent is

also presented in Fig. 8, and the resulted fuzzy control
surface in Fig. 9.
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The new Matlab/Simulink model of the accelerometer
results by the form in Fig. 10.

A

Fuzzy Logic
Controller

1.48*107(6)s+1

Transfer Fen 1

Figure 10. Matlab/Simulink model of the accelerometer using fuzzy
controller

Representing on the same chart the step response of the
accelerometer for initial variant (for t=15ms, t=1,,

and t=3ms) and for new variant (using fuzzy

controller), the characteristics in Fig. 11 were obtained.
Fig. 12 is a zoom of the characteristics in Fig. 11, which
shows that by using fuzzy controller to close the loop of
the accelerometer, its transient regime was reduced from
12.25 ms (obtained for =1, in the classic version - Fig.

12 b) to 0.08 ms (Fig. 12 a), that is 153.125 times.
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The assessment of the accelerometer precision, with
design in the classical variant, made in [8], led to the
conclusion that if it is used in an inertial navigation
system, the resulted positioning errors are due in most part
of the transient regime of the accelerometer. To achieve a
qualitative test of the accelerometer new architecture one
suppose that it is boarded on a vehicle which moves
straight and is subject to an acceleration signal by the form
of repeated steps as in Fig. 13; the same input signal is
applied to the scheme which models the classical variant.
Accelerometer response in the two variants is shown in
Fig. 14: Fig. 14 a - fuzzy controller, Fig. 14 b — classical
variant.
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Figure 13. Repeated step applied acceleration
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Figure 14. Accelerometer response for repeated step input

Calculating the distance covered by the vehicle by
using two methods, a theoretical one and another one
based on the u, (t) information (respectively on the u(t))

obtained through numerical simulation at the system
output, the next results are highlighted: 1) wvehicle
coordinate from the theoretical method, x=1.525m; 2)

vehicle coordinate from the numerical simulation of the
architecture including fuzzy controller, x,, =1.5248065m;

3) vehicle coordinate from the numerical simulation of the
classical architecture, x =1.5232985 m. The relative

‘classical
positioning errors appearing in the two cases are
=0.1115%; the

€y =1.268-10%% , respectively &

values show that the improvement of the transient regime
by the fuzzy controller produces a reduction, with
approximate one order of magnitude, of the relative
positioning error, when the accelerometer is used in a
mono-dimensional inertial navigator.

classical

IV. CONCLUSIONS

The paper presented a new approach in terms of closing
the loop of an accelerometer, by substituting an electronic
amplification and filtering block (having the role of
damper and elastic link for the accelerometer proof mass)
with a proportional-derivative fuzzy controller placed
unconventionally at the end of the direct path of the loop.
The fuzzy controller aim was to control the voltage
applied to an electrical coil which provided the feedback
force. Comparatively with the classical architecture, the
new approach reducing the transient time of the
accelerometer of approximately 150 times, improving in
this way the positioning performance of the accelerometer
if an inertial navigation system included it. A comparative
test proved that the positioning relative error was reduced
with approximately one order of magnitude if the fuzzy
logic closed loop architecture is used beside the classical
architecture.

ACKNOWLEDGMENT

This work was supported by CNCSIS-UEFISCDI,
project PN 1I-RU, No. 1/28.07.2010, “High-precision
strap-down inertial navigators, based on the connection
and adaptive integration of the nano and micro inertial
sensors in low cost networks, with a high degree of
redundance”, code TE-102/2010.

REFERENCES

[1] Yu Wen, Recent advances in intelligent control systems, Springer,
2009.

[2] A.E. Ruano, Intelligent control systems using computational
intelligence techniques, Institution of Electrical Engineers,
London, United Kingdom, 2005.

[3] K. M. Passino, and S. Yurkovich, Fuzzy control, Addison-Wesley,
1998.

[4] A. Zilouchian, and Mo Jamshidi, Intelligent control systems using
soft computing methodologies, CRC Press, 2001.

[5] A.T. Moradi, Y. Kanani, B. Tousi, A. Motalebi, and G.
Rezazadeh, “Studying of a tunnelling accelerometer with
piezoelectric actuation and fuzzy controller”, Sensors &
Transducers Journal, VVol. 89, Issue 3, March 2008, pp. 17-29.

[6] M. Kraft, and E. Gaura, “Intelligent control for a micromachined
tunnelling accelerometer”. Proc. Int. MEMS Workshop (IMEMS),
Singapore, 2001, pp. 738-742.

[7] E. Gaura, and R. Newman, Smart MEMS and sensor systems,
Imperial College Press, London, UK, 2006.

[8] A. Hiliuta, and T.L. Grigorie, “The optimization of a closed-loop
accelerometer”. Electrical Engineering, Electronics, Automatics
(EEA) Journal, No. 7-8, 2000, pp. 11-16.



[9] L. A. Zadeh, “Fuzzy sets”, Information Control, Vol. 8, 1965, pp:
339-353.

[10] B. Tomescu, On the use of fuzzy logic to control paralleled dc-dc
converters. Dissertation Virginia Polytechnic Institute and State
University Blacksburg, Virginia, October, 2001.

[11] J. Jantzen, Tuning of fuzzy PID controllers. Technical Report 98-
H871, Department of Automation, Technical University of
Denmark, September 1998.

[12]

[13]

V. Kumar, K.P.S. Rana, and V. Gupta, “Real-time performance
evaluation of a fuzzy Pl + fuzzy PD controller for liquid-level
process”, International Journal of Inteligent Control and Systems,
Vol. 13, No. 2, June 2008, pp. 89-96.

M. Mahfouf, D.A. Linkens, and S. Kandiah, “Fuzzy Takagi-
Sugeno Kang model predictive control for process engineering”.
Printed and published by the IEE, Savoy place, London WCPR
OBL. UK, 1999, 4 pp.



