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Digital simulation model design and analysis of
piezoelectric cantilever beam smart elements
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Abstract: According to the vibration control of piezoelectric laminated structronic thin shell system, a
new method for vibration characteristic analysis by using special digital circuit model of smart elements was
presented. By means of the finite difference discretization method, the dynamic partial differential equations of
the cantilever beam, sensing signal and piezoelectric control moments were transformed to finite difference e-
quations. Dynamics smart elements matrix model based on Newmark-B integration method was established.
DSP circuits of smart element simulation systems were fabricated to simulate the output characteristics of the
piezoelectric structronic cantilever beam systems under lower modes with different finite difference mesh ele-
ments and different integration time steps. The results with different control methods are more precise than that
of the analog circuit model in relevant reference. This method provides a new approach for the vibration simu-
lation analysis of piezoelectric structronic systems.

Key words: smart-structure technology; simulation model; vibration control; finite difference; digital

circuits

TP RE S R A L RO R T KRS TAE! .
[6] , ITAFR [ PN Ah 2y 35 08 LA R AR O 15 8 B BEAS AL ZR G0 1y B R S 30 3 A AR
LA Bl (R BESS AL 2R S8 (IR Sh P ] Il ALt A MES R RERTRE 8 ROSE S A1 AL s B RHORG 5

i B . 2011-05-25; MZHARATIE]. 2012-08-23 1455

2% H AR b 3E . www. enki. net/kems/detail /11.2625. V. 20120823. 1455. 022. html
EEWA . EEKARPEEE R I H (511751037 51105095)

EEBN. T FH1982 ) B iILTFIREN, it ,wangleigood@ 163. com.



55 8 3]

T R R TR O SR B ST 1071

K B 0 3RS B8 L 28 PR I8 M 7 0 2% 532 Wi S 6 2
s WAt B 2 R S S A B 2 Ay — i R
JEE R 57 IR < O AT 7 LA A B

BIRESI R G B S KA 4 Fhoy
% OA RITTH A7 L ; @Matlab FAF05 E ; @R
OLRE % 7 L 5 (OB HL B L

SCHR[ 6 ] A BR T 4 4% 43 A 2 e vl B 2
IR A5 18 22 58 A AR T 50 e R A% ] g )il 5 B AR
I RAEZ A BB S5 1B 5 2% LA K &)
SYRRICIZ | ShAS MR N R . SR [ 7 ] 2k
T AR PR X L 2 B A Matlab B
AT RSN B 5347 ; Matlab 75 #  fUOR AR ME 7 &
Z 05 AR, SCHR( 8 ] A A BR 22 73 05 vk X 1
HUE REZE LA SR 45 M R GE 1 PZT (B AR 1Y) T
PR i S VD g AT AR A F 5 . SRk [ 9 - 10 ]
Xof s FL R B ) T AR B B ) R GeR AT IR
2203 5 LA TR B A O BT AT 00 S BN
A7 S A X ASE AL P B [ e LA g A
FAGAY I HASTHU i B TR R ) 13 P AT
SRR BORAECR B, IR T IRz il 5 5y 43
Brk§ .

IR B v 6 ) 7 ELATF TR AR D B e
JE% ) R A fih 2 1) A0 v 38 B3 188/ IR AT ARl ) 3
R ) B BT B g, O HLU S R SRR e
SRR A 2 ) PRAS AR AR () Sl i 7 FLAR AL AR
.

ASCHR T BT e AR R RE A I R 48
SRS R ML R RE T iy AR R A
BIR 22 7310 s i B IR 25 R e 0 ARG by 1%
RN 4 ) 1) 3 8 v B 3 T 2 A 03 T R A S 15
A RETTH 303 7 B T S R RE TR A
A, JEM 3T Newmark-8 FL43 5 ¥ 7E DSP B HL
P& RO TR RE T EAE AL, HE AT T 2 RO TR s it
PN BIFRBH 2 B, B LR HIASEAEL H g% oT
AR 3 25 A5 H B A AR ) B Tl 10 45 2R

1 EERFEHENIEFEERKFRE
LN NN R A AR =3 LIPS = 2 i il
SERAE TR N h° b 1R AL IR 2% /A 30
A1) He FR IR, AN 2% e Hs P b R A6 R NI B2 L) S
1 -4 6 -4 1 0 - = 0
0 1 -4 6 -4 1 ° :

Gh 2t kb BHLJE R B AR Ak BT 7= AR S, R SOk
(9 ] AT HIAE 52 51 15 380 A e H 4 ) 7 JE B, Vi
FHRKE « ) L5 S B sh 12 oy 5 iR ] &
A

al? +pAi53_ba <ﬂ24111) = bF; (1)

YI

ox
Hr )y At I i ;p % AR A T AR A =
bh s M5, e AR B 25 77 A B9 6 3 5wy i A
FEz I B SERL R F, AT EAN T Wi T =
bh*/12.

V4

y
S
< T~ =
B P

L— K E 5 b— S JE ; h—JEL .
El1 EHEEERERSEHRS
W 2 BRI EKEE « T 55 m
Bt BEBKE N Av = L/m. BRI SFS N i, &
R A E SR AT S =0, AMI A Y S
Hi=m, AR NEEAFE uy ~uy, TR

U
1 ‘ 21 3 m—Z‘m—l‘ m|
4 b
Uzp U1 Uzp U3z L U3 m-243,m-1
FO‘i=0 x=Lli=m

K2 ARZEINE BB R RS R 58

Fe AN T8 s R v SR A2 R i o ) 4 i)
IV DN R IPA R T & i 1D AT S
FEIIERAC N W T T RE

Yh’
m(us,tn - 4”3,i+1 + 6”3,,' - 4”3,,'71 +

ou
o’

it AR R R 14 181 5 i R Y i 1 5 MU A0
W3 i= -1, m+1,m+2. ¥8 A A R
220y TR O — RO RN T

u3,i—2) + ph - o= F},i (2)

Uz 4 Us _FS,] 1
: VA2 :
X | uy (A +phl iy, |=| F5, | (3)
_u3,1n,+2_ _il"3,rn_ _F3,rn_



1072 b om0 i 2= B R R 2% 22 i)

2012 4F

BRI R G R AT

I¥i] 7 Sy
oo =0 (4a)
duy o/0x = 0=>u; | = uy,
FI s
62u3,m/6x2 = 0=us 0 = 2us, — Us
63u3,m/(‘)x3 =0
DUz 0 = 2”3,m+1 _2u3,m-1 + Uz,
U3 0 = 4”3,m - 4”3,,"-1 + Uz 0
(4b)

1E%5 8N F AR, 2N(3) 22 M 2 B0%
AR m x m 0977 W, A5 BIFE AR 2 1 00 T
) 2R G BRI RA ] 7R O — S AR
Z A PR R ) TCRL R SR s R p I X
Kou,, + Mii;;, = F,; (5)
Hor Ky i moxom BYR) U6 W BEJE B 5 MR o i AR
M M =ph x E |E J B[ s Ak 250 .

2 EREEERNERETHEMERE

S BT A Aw/2 JEF RS wy S JLAR]
SEFRREAR S S A R AR m o+ 1 A
FIXIRA AL, Ab T30 A0 X3 Axs2, HoAS 0
Aw. W56 T G5 AR/ AL AR/ AE S A8 1 F X SRR
K — A RETC. W4 BT A AR T Y8 B AR
R WYL e VA I ORI DI S
R I AT AR RE T A A,

2.1 EeETkRBIESHBEBILER

FSCHR[ 11 ] AT, 56 4 A B 70 B R R T Y

JE AL AR AL AR 5 R Ry

& Z—hff’(hmr? aaxu;)dx (6)
Hor = (h° + h) /2 JARIRES 5 B R b A T
22 ) A 5 by, 2 TR

FIFH Z B A BR 22 0 A5 B 5 e 41
RETCAR AT 5 M N E .

¢ = D=
0
B hy, 1} Ax (u&l - 2u5, +uy
L 2(Ax)’
Uz e1 — 2”3,m + Uy,
2(Ax)’
m-1
Us iy = 2Uy ; + Uy, )
: : : 7
2y 7

e -Suli s S U ARG E LR RN

S hshslr‘lS
¢ = ILAx <u3,m71 - u3,m) (8)
BT 45 B B R AL R 5 I A Z AR s N
PRI s ALRE M T2 Hh A A Pl S 10 571 A
R B3 B N —A> 22 73 A BE B9 RS TR E .
2.2 EFIAEREELERT
HISCHR[ 9 ] mT a0, T LA 3l ™ AR B 22
T AR T e 3
1) SR RS I, 42 ) o 5 A J 5
WHLBIBR (¢ = 6o , IR P HiAS

u3,/n+l =
- Lb(M;, (L) Ax*/YT) + 2uy, — Uy, =
uc + 2”3,171, - u},m,—l <9)

Horft M (L) = & (duy (L) /o0x) = € (duy,/9x)

G R R R, E = - (R, -
Y, i,/ L) S R A AR RIS K (8
GRS, 5 E—Ah S 2K, dy, IR
WORL, YRR R 4 FR R, TR
%
L& Ax
§h3 (u3,m - u3,m71) (10)

B (9) Fal (10) #HSCA(5) 153
(R I S e A8 RE T A

Kduw + Miiw = F3,L. (11)

AR (5) ML, 32 B LR I B
WG K, BRI R 25 G TR T s | &
G BRSSP (R R B 72 A

2) M R I R S
" = Gad®/ae, Wi iy Sy E -7

u, =-12

u3,/n+l =
Lb(M}, (L) A /YD) +2u,, = u,., =
- U, + 2u3,m - u3,m—] <12)

Forb M, (L) St A 00 TR A LR X

M (L) = - Ea[ (duy/ox) /0t = = € d ou,,/
ox]/0t, RS EER(9) MHIH], u, w31 50 P ]
T 2 R E
L& Ax, . .
$h3 (tds, =tz ;) (13)
FRER B2l (13) Ak (14) BB AR (5) 15
B He HL B TR A0 22 298 %) R A S A A il ek 7
AE O AR
Ku,, + Cu,, + Mii,, = F,, (14)
Hv e, Ir=AmLe B, 59EZ AL (5) M

u, =-12




%5 8 1) T ESE A R RE TR T EAS RS T B A A 1073
Lb, B8RS 1 S s 2 2R 48 B e Rk, ®1 HRSH
o _ . 24 BER [T
3 g?%&%%ﬁ%ﬁ"]%ﬁﬁﬁﬁiﬁ*ﬁﬁ! p/ (kg - m~?) 1.19 x 10° 1.80 x 10°
B B . Y/(N-m-2) 3.1028 x 10 2.00 x 10°
PR T 3245 T R e TR RS AR A 2 1) W BE SR dy/(m - V1) 2.3x10°"!
M K BHJRHLRE C, 8 M M I 15 3540 (8] hy/(m - V1) 4.32 x10°

AR I RS B SRIE TR AN 1AL 3 TR,

Ik

SARIEFEK BBREC, R 2 FEM,
B AR AL SN HE RS

#

ST BN 2 BT — e 22 P e R AR

X1, Xp,V1,V0,8,4y

¢

AN A LT ER AT, 0 =0.25, B=0.5

W& a=1/(ant?), a;= Blant), ay=1/(aAt), ay=1/(2 &)1,
a;=PBla-1 as=At(B/a-2)2 a=At(1-B), a;=fAt

¢
TERH BN BERE K* =K+agM+a,C
IR ARG

VIS B e, L PEREv H T
DSE BE W a,=F /M, 8]t =0

!

AT — i Rle=t+Ar

f

A

F3*=F3+M(a0x1+a2v1+a§a1)+C(a1x1+a4v1+a5a1)
FT—RZ# x,=F K
IR ay=ag(x;—x1)—awi—aza,
HE wrtaga taa,

AT — I R GL R S B SR B R A B A T 2

X=X,V ™V,41= @

=2
&
R
K3 BRSO B R R A

8 FHECF L % TMS320C6713 DSP 1E M 5 g
TU0; FLRRY B RE PF A, el AREAP AL B 16 4241
RIET 154, PC YL Code Composer Studio %X
FOEAE 1L USB {5 B 5 805 s i AT 2
s H.

MFREREEME TIEEN4%x107 m Wk
HUEBE RSE S50 Lx b x h =0. 1 x0. 01 x
1.6 x 107" m* BB G FrA bl bt S 45 1 2
FORSCHR [ 9 ] b i B, AR CH RS 8o & 1
7.

3.1 AEFRSEE KBRS A 53 47

FEBCE 2 B (BB S om =8 R
SONFFLLET AN R 1/4 AR [ 5 (8, SO i
I Ar, E RS S 2 UL 4. AR ) 25
KB r AR AE i RSIPIRAS B B3RS R
SESERY R 22 WA 2. W] LIE 25K %
7R FCERY ) R R 3 BTN T B R L
RIEMORAR. 2 Ar =5 ms I, R ARIZA 4
ASREE R RV OR, 5o BUECh 8 IRy it
ALK R AN KT Ar =2 ms, RIS J& 301 9 A7 76 24
20 LA B RAFE R RERAIESS R A AR A .

0.002
0.001
£
a8 0
ia
-0.001
-0.002 . . . . ]
0 0.05 010 0.15 0.20 0.25
ITR]/s
a At=0.1ms
0.002
0.001
&
R 0
&=
-0.001
-0.002
0 005 010 0.15 020 0.25
B[R]/
b At=2ms

K4 orBofm =8 WANRIN R B B ksl 2k

%2 AERESKTEHRRNNMEIRE
5I{E (41.73 Hz)

B A/ms A HIRSIR/He

HIIR 22/ %

0.1 41.22 -1.22

0.2 41.17 -1.34

0.5 41.06 -1.61

1 40.82 -2.18

2 40.54 -2.85

5 36.36 -12.87

3.2 AEEER S EREBIHREN N 51

Sh I R B (7 LA IR 1Y g B A A R
SR T RE ¢ 22 6 [8] SR A 19 SE U 15 5. il i
KRR AT LA B4 RS TR B IR Sl 1 £k
K5 247 HBRAT 2 BB 25 B9 & g8 LR e



1074 b om0 i 2= B R R 2% 22 i)

2012 4F

(m=8,At=0.1ms). Hr}& 5b & 2 BrBiimig
AU ) TR M 7 388 A7 A% e 7 1% e {1 AR Ak
BHAT LU i TS NF A B T Riz 5l
AL A R B — B ABE 28 7, TiF Y32 17 AR A
AT LA [A] i ARAD) 22 A IR Bl .

0.002
0.001
2
R 0
E
-0.001
—-0.002
0 0.05 010 0.15 020 025
B E)/s
a 1B/
0.002 ‘
0.001 “
E
8 01
=
-0.001 “
|
-0.002 : : : : -
0 0.05 0.10 0.15 020 0.25
KT IE]/s
b 2K

K5 Rl 2 BB AR sk a2 G ik sl 2k

T3 REFMELK Ar=0. 1 ms F, 24825
(4953 B m, 43 ST 2 YRS Y 5 S 16 A1
IR JEIYI AP 32 IR Bl 3 K 55 R (R R 22

R3 HI2 MESEARSRETHMRIRE

1 B 2 By
B Y iy
¥ A Hhrzh A Rz
(41.73 Hz) #H (261.65 Hz) #
i/ Ha s i %/ Ha -
IR 2/ % LR 22/ %
4 39.68 -4.91 207.52 -20.69
8 41.22 -1.22 244.65 -6.50
12 41.49 -0.58 253.16 -3.24
16 41.60 -0.31 256.82 -1.85
20 41.63 -0.24 258.48 -1.21
24 41.70 -0.07 259.32 -0.89

oy BUBGHE 22 | T RN 22 20 A R BT T S PR
Wy BRASEAY R FURE Y BT A B A R 25 iR A
BT T IRV AR ; 78 I 18] 264 R 73 BOB—HE 1Y
THOUT RSB oH R, 07 07 HARR R s iR
AR PR 1Y TR 25 B s I HLIE B B 4L
R RS S IR AT AR A 18 DA, AR IO I 1 2
A AR AR, 755 — B A% 0 R 10 F) 251
JEVIA A REFETE 24 20 AL E Y SRAE 15
3.3 fIBREREEARGEHHRSN

N T SRR R e O A TR A 6 R Bt S 3
JEG R A T A P OR 5 SO 9 ] v iy

VOB SBLAUL A (i 07 BC 25 AT LA, SR B [1] 2

K Ar=0. 1 ms R BEC m =24, Jiti il A [v] 5 155 144

fis, o BN 52 AR SO AR a5 1 B IR s R

J 5 BB AE 15 25 DL R B 67 s A5t il T AR sl i

TERIBEE L 5 BEE (RG22, A A 55 S0k 9 ]

RO B O B2 SR T AR UL 4 TNk 5.
F4 UBREESITHORNBIERRE

R AR L H B
Wit Bf/Hz g/ /He  iR25/%  M%E/He  1R2E/%
0 41.73 39.8 —4.64  41.70 -0.07
100 41.67 39.8 -4.49  41.64 -0.07
300  41.54 39.6 —4.67  41.50 -0.10
500  41.38 39.4 -4.78  41.34 -0.10
600  41.34 39.4 -4.70  41.30 -0.10
1000  41.07 39.1 —4.80  41.02 -0.12
x5 EEHARBEEHTIRNIESHRELERIRE
B B B L A B e
Wi WH/Hz MBH/H: 9R2/% BLUBLH/Hz 1%35/%
0 0 0 0 0 0
100 0.331 0.285 -13.84  0.328 -0.91
200  0.181 0. 146 -19.45  0.179 -1.10
300  0.118 0.092 -22.37  0.115 -2.54

500 0.070 0.081 16. 14 0.068 -2.86
1000 0.036 0.029 -19.58 0.035 -2.94

LA R R B R AR SR L i IR B
WA A S A 4 94 K o T AR 5 g R R S
T il ) S A 4, 52 4% i IR S BB BILJE He e e
TN BN — W E 5 145 2218 AR, Kl vl i
7 FUREIRY SR HIRAU L B T P 1) 05 L7 2 HAT B
e FRPR A E | S SCHRR 9 ] P A BRI (.

4 & &

AR SR X L B R R G B S R B 45
il le) &, B 0 T —Fh L AR e oo Oy B Tk,
F£ DSP %57 f AR BGIE T AT AT

1) B BETTEF L BT A ELAG AT 2200 9% B o
/N AR BrT MR A ORI S
BRI AR A, RE A R IR A BR T AR A XY
RESE 14 22 40 43 H Bof [ 2o K R 401 r B8 5 B0RS B2
I ME T 87 2 AR ) e 5

2) B RETCOH FLA AL () st ) AR 43 284K 0 ik R
INTRERIR B0 R 1Y 1/20 A REARIE £ L 5k B
PE. T B 2 53 FE (R 1G ORC , O FLAS Y (18 4 20 il 1
AT HE 4

3) FRETT Oy B R LE A0 AL I R R 5 4 1
TR AR B S BS I R iR 22K
TR AT (1) S5 5L | S F 9 5 e 5 F I AL A
PRGN B AL T — R iR 1.

(%% 1095 T1)



55 8 3]

SRIE A LT STT SH QFD %% 5 R

R T 1095

IS LR G 5 SR AT 55 FIAR S

ERGLR

AR

SN P SR A 1) 2R SR REAR 2.

A

2) ARPEM AT %k L AR () 2 A R RS
BRI AT LA BT B G 5 T 2 £ R A RRE Y

KHE R RES AL

(1]

(2]

S Z X #k (References)

B OGN Wi 5 ] SE R R AR 7 S A A R
T R Tk KA A4 B, 2008

Hu Guanbo. Technology application research on quality and reli-

i FHIFFE[ D ].

ability for products development and production [ D ]. Tianjin.
School of Management, Tianjin Polytechnic University, 2008 ( in
Chinese )

AEIGH, R, A58 AR ST STT/QFD HYRARHE 5 R 40
Mo i sE[ )] SR A AR BAR 2 B 2441, 2008 ,19.(4) 117 -
19

Li Qiaoli, Guo Qisheng, Li Liang,et al. Analyzing method on e-
quipment requirements based on STT/QFD [ J]. Journal of the
Academy of Equipment Command & Technology,2008,19 (4 ) .

(3]

[4]

(5]

(6]

17 =19 (in Chinese)
T DT Dy RE R I Y 4 A
PEAE A R FH 27 BE 2006

Miao Yutao. Study on mathematic model and application of quali-

B HS ATSE D] 5%

ty function deployment [ D]. Xi” an:School of Natural and Ap-
plied Sciences, Northwestern Polytechnic University, 2006 ( in
Chinese)

Wasserman G S. On how to prioritize design requirements during
the QFD planning process [J]. [IE Transactions,1993,25(3) .
59 -63

Tang Jiafu, Fung Richard Y K, Xu Baodong, et al. A new ap-
proach to quality function deployment planning with financial
consideration [ J]. Computer & Operation Research, 2002,
29(11) ; 1447 — 1462

Xt 1B 5k A i DA @F(QFD)I& BT - St R 2
L] ARG LA ,2000,18(2) 1 -

Liu Hongen, Zhang Lieping. Quality function deployment theories
and methods review on research progress [ J]. System Engineer-

ing,2000,18(2) : 1 —6(in Chinese)

(& #B/:%E %)

B S G S S e O O I e A S S e e S O N S i e S e O A A A VM A s s G i S R G G A s G e e 3

(L#EE 1074 IT)

(1]

(2]

(3]

[4]

(5]

(6]

S Z L #K (References)

Tzou H S,Ding J H. Distributed modal voltages of nonlinear pa-
raboloidal shells with distributed neurons[ J]. Journal of Vibra-
tion and Acoustics,2004,126:47 —53

Yue H H, Deng Z Q,Tzou H S. Distributed signal analysis of
free-floating paraboloidal membrane shells[ J]. Journal of Sound
and Vibration,2007 ,304 .625 - 639

Dehaven J G,Han Y, Tzou H S. Transition of membrane/ ben-
ding neural signals on transforming adaptive shells[ J]. Journal of
Vibration and Control ,2007 ,13(7) ;1007 — 1029

Tzou H S,Fu H Q. A study of segmentation of distributed piezoe-
theoretical analysis [ J].

Journal of Sound and Vibration, 1994 [172(2) :247 -259

lectric sensors and actuators, part 1:

Tzou H S,Fu H Q. A study of segmentation of distributed piezoe-
lectric sensors and actuators, part 2 ; parametric study and active
vibration controls [ J |. Journal of Sound and Vibration, 1994
172(2) :261 =275

Xu S X, Koko T S. Finite element analysis and design of actively
controlled piezoelectric smart structures[ J ]. Finite Elements in

Analysis and Design,2004,40:241 -262

(7]

(8]

[9]

[10]

[11]

[12]

Huang D, Sun B H. Approximate solution an smart composite
beams by using MATLAB[ J]. Composite Structures,2001,54 .
197 - 205
Alessandroni S, Isola F, Porfiri M. A revival of electric analogs for
vibrating mechanical systems aimed to their efficient control by
PZT actuators[ J]. International Journal of Solids and Structures,
2002,39:5295 -5324
Tzou H S, Ding J H, Smithmaitrie P. Electric circuit design and
testing of integrated distributed structronic systems[ J]. Journal
of Sound and Vibration,2002 ,257 :931 - 943
Tzou H S,Chai W K. Design and testing of a hybrid polymeric
elcetrostritive/piezoelectric beam with bang-bang control [ J .
Mechanical Systems and Signal Processing,2007,21:417 —429
Tzou H S. Piezoelectric shells: distributed sensing and control of
continua [ M ]. Netherlands:
1993:115 - 147
G, Shah A, Bibyk S B. Integration of VLSI circuits

Kluwer Academic Publishers,

Lenning L
and mechanics for vibration control of flexible structures[ J].
IEEE/ASME Transactions on Mechatronics, 1997 ,2(1) :30 —
40

(% . XW¥H)



