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Optimal fuzzy controller design for beyond pull-in stabilization of circular
micro-plates
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ARTICLE INFORMATION ABSTRACT

Circular micro-plates are used in microelectromechanical systems (MEMS) such as micro-pumps and
ultrasonic transducers due to their special geometry. One of the most important problems with
electrostatic micro-actuators is pull-in instability which prevents large displacements. Stabilization in
beyond pull-in displacements can be attained using an appropriate controller. This paper presents a
position control problem for an electrostatic micro-actuator consisting of two circular clamped micro-
Double Circular Micro-plates plates to enhance the stroke and speed up the input commands. To consider the modeling error and
Beyond Pull-in Stabilization geometric uncertainties, a fuzzy controller is applied. First, the equation of the plates vibration is
Fuzzy Control derived using Lagrange equation with single mode assumption. Fuzzy rule-base is constructed
Optimization according to static and dynamic simulations. Genetic algorithm is utilized for finding the optimum
Electrostatic Actuator I . .

parameters of the controller to accelerate accomplishing the commands. Finally, the maximum voltage
of the plates is fitted with a function using the optimization results for full range gap commands. The
performance of the fuzzy controller along with this function is depicted applying step, multiple step and
chirp commands. The obtained results show that the objective has been met well.
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Fig. 1 Electrostatic actuator with two circular microplates
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controller and optimized PID one to the step command 0.4

4k QLA LPID 5 5l san booasS s o Shoe amlie 12 54

oads oolo lis 8 Jeaz 0 aS odel Caws 4 PID (goaisS J ;S (saing
il oloyd Gl 4 ange 3B goosS S o Slas A2 S o .ol
sl 00 4o PID saigy go0isS J S o Slas L 0.4
dnte e G50 oS JyS b alie )0 a1 gouinS S
el o0l 2ol5 37% 4 30% 55 a1 ldsl g dsxo ey (9 JSi)
oS J S b awolie j0 die (5B (oS S 3l eolatul (i
el 0ols 2215 55% |, aisl Loy PID (saig
dpasian S5 > so3l sl ;o (gilwaigs mls ) eolaul jslaiea
bl Wsdioo (33ln b S b Sy At et nolie
ol (35) (salasly & ygods g 0ol ool ylis A3 S o
d = 0.6956wges + 0.8292 @35)
5 oad S ol ol ez g oals 33l e salolee 1 eolatll b
2 5bse e 10l 5elisS 5o aiaadse coled 4 (liwd S oo
ol Az galy plod il @ ange 558 goas Jyus s, 14 S
6‘)‘." 59 ‘) od...SJ)....S cewlis é)S.Lo.c ‘JS.w u.“ Ll 0l ools
5 i e (LA (228 )b Gl 55 s S S slagle s
o Cess 4 (36) salaly 4 a5 L bl Bl
035 0<t<?25
_ 015 25<t<50

Wdaes =) 04 50<t<75 %
02 75<t<100 0

bz galy glagleyd slp d gargy oie 7 Joua
Table 7 Optimum value of d for various step commands

0.4

1.2

T.1F
= 1

09r

O  Optimization result
Linear fitting
0.8 . : : -
0 0.1 0.2 03 0.4 0.5

w
des
Fig. 13 Linear fitting on the optimum values of d
d sage polis g9) p b 331 13 b

05

—

031

wmax

02}

0.1

0 20 40 60 80 100 120
t
Fig. 14 Performance of fuzzy controller to multiple step command

ddlf..\.;gé:kl.; Qb}é'ﬁ%S}&dowJ)ﬁo)ﬂ«cl4N

S Sl 23V G e g Sy e aiile o)l 51 S o

1 ol 17 053 1396 (1335 58 (e Suille s

Sae 5By Jlaie pled
0.8147 0.05
0.8940 01
0.8937 0.15
0.9860 0.2
1.0493 0.25
1.0971 0.3
1.1555 0.35
1.1587 0.4
0.9792 0.45
500
x Best fitness function
. Mean fitness function
400} 1
300+
ke,
200" .
100} :
0 XXXy x RAR xmEn LT T
0 10 20 30 40 50 60
o

Fig. 11 Fitness function versus the generation of genetic algorithm for

the step command 0.4

04 sy ol b (sl S5 e sl s o 2 il e 11 U

158


https://dorl.net/dor/20.1001.1.10275940.1396.17.1.36.6
https://mme.modares.ac.ir/article-15-7296-fa.html

[ Downloaded from mme.modares.ac.ir on 2024-04-20 ]

[ DOR: 20.1001.1.10275940.1396.17.1.36.6 ]

UeD 9 b iy ywuxo

Slopals SBAX09 )Sa0 )3 MBS (S)IILL b9 SISk Sl A SIL SeS UHiuS Abb

By a3l jskien (gluangy anlp el cuss 4 S
boad S5 (S ok plpm 1 gled wiz Gl 4 oas s
@ e Sy et glp sk, gileaite @ e ) eslanul
e hd Sope a Olsiee ) Ghash ol @B et el cess
1D ged
FlA slacaadse 4 (gu s (Sl i3l soanS S8 (b L -1
@ oS ey S (S5 soik g end el L2aS g lbl )
Galols plos Koo ojle @ sy o (LB ke ol 90 5l e
ool 428l 20 Condge Colild dasin g0
ol awr wlre Lol eans as gl eslanl -2
S ol Gl sl 0 Shos PID ey oS 28
3eslatwl (els ek a oly Gl Glopls gamiog S Cax
Bl el 093 s L 02 Gl o 5l oS S
Sl zels ws,0 58 1) ldiwl lej 5 0ol gl 8
oS S8 (b g 5 il @S G5l 5l eolanul L -3
b el a5 0l ool Glise clacasdse 4 oo yios oSl ,LL
g oo 00 7S 1S Sl
GouS S gl oad il las g aige culpo l eolaul b -4
el JBs o8t @ oz g Al g slagle (sl
slad Sl oz 6995 ilvand plle 5 (o> b

A easlice oy 1.4 Cosbse
Sy ol a4 Wlgiee Jiogh ul o adbasuy S 95,
5 950 sbosle (il 5 (pocuades Slap iy S plu JyuS
2555 1,8 eolaiwl 550 ollas slacaadgs jo 6l

&ip-T

[1] D.J.Bell, T. Lu, N. A. Fleck, S. M. Spearing, MEMS actuators and sensors:
observations on their performance and selection for purpose, Journal of
Micromechanics and Microengineering, Vol. 15, No. 7, pp. S153, 2005.

[2] D. J. Laser, J. G. Santiago, A review of micropumps, Journal of
Micromechanics and Microengineering, Vol. 14, No. 6, pp. R35, 2004.

[3] G. W. Vogl, Nonlinear dynamics of circular plates under electrical loadings
for capacitive micromachined ultrasonic transducers (CMUTSs), PhD Thesis,
Virginia Polytechnic Institute and State University, Blacksburg, 2006.

[4] C. 1. Park, Frequency equation for the in-plane vibration of a clamped
circular plate, Journal of Sound and Vibration, Vol. 313, No. 1, pp. 325-333,
2008.

[5] R. Shabani, F. Golzar, S. Tariverdilo, H. Taraghi, I. Mirzaei, Hydroelastic
vibration of a circular diaphragm in the fluid chamber of a reciprocating
micro pump, International Journal of Engineering, Vol. 27, No. 4, pp. 643-
650, 2014.

[6] S. S. Rao, Vibration of Continuous Systems, pp. 457-495, Hoboken: John
Wiley & Sons, 2007.

[7] D.-Y. Qiao, W.-Z. Yuan, X.-Y. Li, A two-beam method for extending the
working range of electrostatic parallel-plate micro-actuators, Journal of
Electrostatics, VVol. 65, No. 4, pp. 256-262, 2007.

[8] S. Shmulevich, B. Rivlin, I. Hotzen, D. Elata, A gap-closing electrostatic
actuator with a linear extended range, Journal of Microelectromechanical
Systems, Vol. 22, No. 5, pp. 1109-1114, 2013.

[9] J. Su, H. Yang, P. Fay, W. Porod, G. Bernstein, A surface micromachined
offset-drive method to extend the electrostatic travel range, Journal of
Micromechanics and Microengineering, Vol. 20, No. 1, pp. 015004, 2009.

[10]J. I. Seeger, B. E. Boser, Charge control of parallel-plate, electrostatic
actuators and the tip-in instability, Journal of Microelectromechanical
Systems, Vol. 12, No. 5, pp. 656-671, 2003.

[11] F. A. Shirazi, J. M. Velni, K. M. Grigoriadis, An LPV design approach for
voltage control of an electrostatic MEMS actuator, Journal of
Microelectromechanical Systems, Vol. 20, No. 1, pp. 302-311, 2011.

[12] W.-M. Zhang, H. Yan, Z.-K. Peng, G. Meng, Electrostatic pull-in instability
in MEMS/NEMS: A review, Sensors and Actuators A: Physical, Vol. 214,
pp. 187-218, 2014.

[13] A. Noghrehabadi, A. Haghparast, Dynamic and static pull-in instability
analysis of partially affected nano-cantilevers using modified couple stress
theory, Modares Mechanical Engineering, Vol. 99, No. 9, pp. 1-11, 2016. (in
Persian .,l5)

159

0.4 sahy plop 12 PID gous 8 sl el )by saiae polie 8 Jgur
Table 8 Optimum values of the PID controller for the step command
0.4

Sl A=l
5.7338 sl ol
11781 S ie ol

152395 S JISsl et

e pieles glp (28] 0,5 plonl laamiog Sio bawgs 2855 5 28,
b (Sl slaplep slzl pllin sud Sk soanS S ol
ol lp el ous sloand ' Cpm SR S & iy ail> s
Pelge i B7) galal, Bk Glog Gl slace
Wees = 0.2 — 0.2 cos(¢(t)) @37
B8) salal, wjgo 4 P(1) e has Gz (28,5 Sl o Las
124] 59 o 55
o(t) = ¢po +2m (fot + §t2> = 0.3t + 0.02¢? 38)
&5 g o bz 0 LSS Ll s wk s fy ol 0 &S
@ @l Jhosl ai «(35) sakl, 5l oolinul b aiies (IS5 i
wBon Cuadss ) ol Dpponr Sy ainte cgiluaig sl Cuws
8y A5 JSh s o sl pm gley Jsb o g ead ol
el 0 ) ez o B sl pls a5 oS J S

SN -6
559« Seiliwly Sl oS yzmeg S (5,2 sl GRS o Lol &l
a4 obaws jelateds (esh w0 el cainS gl sonuyy
55 O 3y eelas sl (658 oanS S Ikl 5l 518 slacaadge
KW M)f )lS 4 ‘éleﬁlo ELE T

o ,Sae )1 51 ool b g odkal s as dmio 90 S o (galolas ol
SILL I 355 5 5SesS slaplep sl pllin 51 gonss s
ol SeS 4 0alS S sa wulrd e A (ow) (BT

05+t = = = Normalized displacement 1
v v oo Desired normalized displacement
04 r . E " 1
!1\. "_ "i "
r it n
03} r P L N
: A A
I | > | I R R
- ] : ! N
LA B R R Y
i, Vi LR
L Sy ‘! 11
v V.
25 30

Fig. 15 Performance of optimum fuzzy controller in response to the
chirp command

ez Olod sl s e 36 (soanS S 0 ,Skee 15 S0

* Chirp

1 osloits 17 053 1396 (5335 58 (w30 Sl uwdise


https://dorl.net/dor/20.1001.1.10275940.1396.17.1.36.6
https://mme.modares.ac.ir/article-15-7296-fa.html

[ Downloaded from mme.modares.ac.ir on 2024-04-20 ]

[ DOR: 20.1001.1.10275940.1396.17.1.36.6 ]

UeD 9 b iy ywuxo

103310 S aAX09 )Sao S (S (GIIIILU g SISk Gy dius I (G0 IJHS U HiS Alb

model for rectangular plates-based resonant micro-sensors based on modified
couple stress theory, Modares Mechanical Engineering, Vol. 14, No. 8, pp.
121-130, 2014. (in Persian ...,l3)

[21] Z. Rostamnezhad, T. Adili, A. Chaibakhsh, A. Jamali, Feedback-feedforward
control system design and optimizing the performance of crude oil fired
heater furnace using genetic algorithm for abnormal conditions management,
Modares Mechanical Engineering, Vol. 16, No. 5, pp. 10-18, 2016. (in
Persian ..,l5)

[22] D. E. Golberg, Genetic algorithms in search, optimization, and machine
learning, pp. 103-110, Boston: Addison-Wesley, 1989.

[23] C.-W. Tsao, K. Mohseni, Design, Fabrication, and Mixing Characteristics of
an Electrostatically Activated Resonant Micropump-Mixer, Proceeding of
2004 ASME International Mechanical Engineering Congress and Exposition,
Anaheim, California, USA, November 13-20, 2004.

[24] R. L. Easton Jr, Fourier methods in imaging, Sixth Edition, pp. 115-117,
West Sussex: John Wiley & Sons, 2010.

1 ol 17 053 1396 (1335 58 (e Suille s

[14] V. Marefat Khalilabad, Control of a clamped-clamped microbeam under
mechanical shock effects using feedback linearization technique, Modares
Mechanical Engineering, VVol. 16, No. 10, pp. 69-76, 2016. (in Persian _..,ls)

[15] E. E. Moreira, V. Lima, F. S. Alves, J. Cabral, J. Gaspar, L. A. Rocha, Full-
gap tracking system for parallel plate electrostatic actuators using closed-
loop control, Sensors and Actuators A: Physical, Vol. 244, pp. 174-183,
2016.

[16] L.-X. Wang, A course in fuzzy systems, pp. 1-127, Upper Saddle River:
Prentice-Hall press, 1999.

[17] M. Radgolchin, H. Moeenfard, Development of a multi-level adaptive fuzzy
controller for beyond pull-in stabilization of electrostatically actuated
microplates, Journal of Vibration and Control, pp. 1-19, 2016.

[18] J. N. Reddy, Theory and analysis of elastic plates and shells, Second Edition,
pp. 96-154, Boca Raton: CRC press, 2006.

[19] W. Soedel, Vibrations of shells and plates, Third Edition, pp. 482-486, New
York: Marcel Dekker, 2004.

[20] A. R. Askari, M. Tahani, Presenting size-dependent electro-mechanical

160


https://dorl.net/dor/20.1001.1.10275940.1396.17.1.36.6
https://mme.modares.ac.ir/article-15-7296-fa.html
http://www.tcpdf.org

