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aq

EHARENINH] BT — AN KB it J7 56, 9 RERT 2 A S LH A IR FTdR Bt 1 8 3 ik 7T 8
BRARRTT 1) 5~ MHORR— R BN, My i 8 e P b AT 4R B i, B s B e £
ARICIE LIRS ZCR, B SCBUATZ A S LM (B B PR B2 R B i s i P
BRI SR Je L R S BE P BT JZ BOR B AN T it [ LR BE I SoRAT O RERE ke T —4K
e PR RE AT 22 A BALIH P R it il 240 ) S k.

CAHBE LR, JCiR 2R RE LS M RO IR 3 M e 2 SR a4, H0 ANJT I A% RS O A AL AT
B 0~120 ek [13] R A BRICHI SRR (Monte Carlo) 47 B MM /7%, $RH T 56T 7] 58 B2 (1%
JEER I P T3 SEAACHEIN. SCHR [14]) 415008 s B S RH R BORFE AT 2 A ST i S5 A IR Sl 4]l it v g 2
AL, S T — RN T, T4 HRGE PR S AR R A R e B, LSRRI Ry SZRH
JER) ERR. T 18 2 2R RSN KR 3h £ SRR RO 7T, e rb i B T 5 1A A TR N s
I 7 B89 0 % 5 TR B T AR B0 S S i B (152160 Sk [17) R T FxLMS B0, B H &
ARSI BV g PR sh iz b, FLA IR RISE T FXLMS 59500 B & BTS2l fe i A 2ot
RSN MANL, SCHR [18] 14 AR 45 A4 4 S P sl 42 )R 0 i K OBk DA by — A mT PR dR bn
HAREACIESN B0 B, 45 & R ML BB R — sl i FxLMS Bkt Eahdail 2.

AL R AL FLE REM DI TEXT R, S e R A B A R AN R RE I iR B L Bl
i) o R, e s PR SRR R FELVE B 45 10 B AT BN BB A8~ A A S0 P S5 R 25 R 222 11 1 O I i R 48 1
SEWTIU. 383 07 BTS2 ] S, S8 UE AR SCFT B 7 iR I R AT PEAN A 2P

2 EHETAHMLEE

2.1 I BrREE

SR FE AR 2 I HU R REI AT LS IRBIIN G, B e 7 AR AR R AR B 33 DA AT =) 1]
R RS MLAR HE DN (SR 1, 25 R B BRIT /0 (A E, 45 NI 3 A RAl H AR s AL
T 5 RS N BN R AL

- _% : (1)

N
€k,1 €k,2
; <|€max,1| * Emax,2|>
Forr, epq Mg 7397 H IR T, %45 RS — B A IS BVE A N AR . emax,1 M emax,2 70
BNTE E RS, 55— A0SR BB n) N AR B R, N NS L i AT RS R, T
75 B0 Py (10 55 BB A& BTG B ) AR H

T HR T A e E oK B AL

J

i(é('h’“(ﬂﬁ))’ 2)

k=1
b, he(t) NREJEES Rk 3R ¢ DT EGTIS AR, BATET BrBES o E, BURER T A1 80
A IIRLRE - J7 1 BINAE % 45 r I RE
J7 G = A AR A KB 8 R 2

1 (& lek 1] lek.2]
_ k,1 k,2
e=——(> EIERE .2 : 3
N < <|5max,1| |5max,2>> ( )

k=1

Hor, epy M e o 20 AIDNFE B IR T, 245 R K2R — A ER I RS TR N AL, enax M emax2 77
BAAE B RN, 28— B 1SS ATk 1 N AR I B K AEL, N &S R
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2.2 fILE%

N T TE N R AR AR A B 25 IO A AT JR) 75 22, o 22 70 AL BRI AR 5 o S8 LB S A RNk AT
RN, R R B, MABENLIEE ‘DE/rand/1°, ‘DE/best/1’ Al ‘DE/current-to-best/1’ = 1
B A5 A AT SR

(1) DE/rand/1:

Vie=Xr o+ F (Xr6—Xrs0); (4)
(2) DE/best/1:
Vi = Xpest,a + F - (Xry,0 — Xry,6) 5 (5)
(3) DE/current-to-best/1:
Vie=Xic+F  (Xpest,o — Xig) + F- (Xoy 0 — Xry0) (6)

Hr, Vi o WHTAERIIAE T AME, X o AETTME, X, a0 Xy o Xog,a IFIEEH 3 AN EAHE R AMA,
i # 11 # o # 13, F AL RET, Xpest.o AMHFERMLAE. B REF F = Fun+rand(0, 1) (Fnax — Fiin),
TR T Frin M1 Froax BISIANRN T BT IEFERNRESUE, Fuin = 0.6, Fnax = 1.5. rand(0,1) AJ
PIMEA R T F 7E Foin M Foae Z BN, F R SD AR BT DLAEAS S0 B2 0 A0 i 2 [R) o) B
IRE, AT m Ak R R AR R IR /). T3 N8 7 5Ru B BEA LI B IG 1 RS
AR 2 FEE.

TEAE X Bt 28 R CR A B & SARBE, B ORAF 4 (1) 22 FF

CR = CRyin + rand(0, 1) - (CRimax — CRumin) (1 — GG ) , (7)

HH CRuin M CRyax /238 X BIIZEE T, CRuin = 0.6, CRiax = 0.9. G Fl Grax 70 512 2012
AIREAN R RIEARIREL. rand(0,1) BIFAAEFFEAETS CR P LAE CRuin M CRuax Z [AIFEHLAZAL.
KIAE X CR AT LIS IIHT g () 2 FE 1, B/ INIAE R 7 CR AT RAOR B ACARRRAE, ORHF A AT AR AR
SETE.

NTIRTHSCESE, 3R T MR B ORIE . FEWUGEARET, FREERIECN NPy, EREE AT, Fi
RN NP . 28 G ARBIFPIEERIE K /N
NP min — NPini¢

Gmax

Mt DE BVRMAL 2 R e O AR R (2, y) IS TR, PRAL BV FE L 4R
SR A T RS RA s H TG R B A RS RN 3 [R] i
2.3 UEMLERTEE

TR EARA S5 RS I AT 58, PR SEENT H sET AR O ARAREAT 50 IRFFIR, FEHL 50 (RISAT
SR HP IR I A s 5. T BT T 3 FAS TR 7 SRS, X 38 N RS BB BB AT ) —
AL BE. =Fh 77 S0 18 B RE R B st Ze an 18] 1 o, MHEE T 7 R — M=, TR =URSIoEFE R =4
7 RPEARESN S . MIRIES) S . IR EAL BRSNS HAL KIS A B A S R 2 fis.

KH Adams Fl Matlab/Simulink BE 7 BXF L AT 3 Fhor 00 oL B 3 d 80k Xt 3
b7 224 Sl it 0 A 5] FRY R 05 LB 45 45 5 EAT #0915 201 ] 3 Blra i 0 S5l A5 Rt be 1, Jiim
FHIFNEAR S OL R, 7 R =R RO BT I R — .

IR OT R =SS R, M e i) e R Re ] 4 B, BIP  H BRAE BN 2 5 0 M5628-
P2, [k AR AR 50 M2807-P2.

NPg41 = round [( ) G+ NPinit:| : (8)
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1 (MEARRE) LEMUAERE RBITSENLZ. (a) RELRSS; (b) HMIRIERNEE; (c) BEERE:E.

Figure 1 (Color online) Convergence curves of the fitness function for layout optimization. (a) Error semsor; (b)
disturbance actuator; (c) reference sensor.

3 IREhESNTHIE X
3.1 FxLMS &£

Kl 5 & FxLMS ﬁ%zEE’J EMIIER]. ZH%ES o(n) ERPEERIET S(n) JERHIENES o/ (n),
F%J%%ﬁthﬁ’ﬂnv y(n) B RGGRIE S(n) F4ES d(n) HILERES v (n), HIREES e(n) WA
BEAL N
FxLMS HEM B IE R R an R
(1) hl.ai{kf)h_n;é{mﬂ%m S(n) BREIMIEBES o (n) fEN LMS BIEMMAGS, RIEIE
LMS 5% BT IR G TE 7= AR (15 22 1 B A A

2'(n) = x(n)S(n). 9)
(2) IBATFH] FXLMS 5% 18 23 A [ f:
w(n + 1) = w(n) + 2ue(n)z’ (n). (10)
(3) (s 5
Hr, w(n) = [wi(n), wa(n), ..., wr(n)]" NIERKBHRERE, 2(n) = [2(n), 2(n—1),...,2(n—L-1)]"
NZHEAET.
3.2 THK FxLMS EiE (VSS-FXxLMS)

4t FXLMS FP KM T, M DA B SCR A SIOE B2, VSS-FXLMS Sl il % 2K i H i
LA, AT PP SO AR A IR 2. A RRIEARIII AR B BUR Z ORI, R BCR P KA 7
Dy RSt QINE= K- 7S e RS 4w 7 aplin M UBvk e S LA R T N b A SIS PR N EEOS ST B
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Figure 2 (Color online) Optimized layouts of three schemes. (a) Scheme I; (b) scheme II; (c) scheme III.
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Scheme I
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Figure 3

simulation comparison.

(Color online) Feedforward proportional control Figure 4 (Color online) Optimized layout of smart

piezoelectric blades.

(1) VSS-FxLMS-1 HiZ:

pu(n) = —Blog (ﬁ) : (12)

o, 24 g bk p FBUETER, 280 o EPKPZLES, 0 <a < 1.
(2) VSS-FxLMS-2 HiZk:

w(n) = yu(n — 1) 4 7 arccot (|e|) €2, (13)
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Disturbance »| Primary Path P(n) d(n)

r-r-————-——-——-—-== = |

I o

[ x(n) _ Z (n) )

| Filter W (n) +—»{ Secondary Path S(n)

P |

| | Estimation of |

| the Secondary | FXLMS

| Path —§(n) x'(n) |

L > LMS |
| I
e e e e e e — — — —— — — — —

B 5 FxLMS EEREHAEE.
Figure 5 Structural block diagram of the FXLMS algorithm.

H 280y 2T ZIPKIBE, 28 r KT, arccot (|e|) i 2 46 %HE ) [ 1 U] BR 5,
R ZE LB DN, AR ).
(3) VSS-FxLMS-3 &ik:
p(n) = Ep(n — 1) +np°(n — 1), (14)
Hrr, p(n) = Ap(n — 1) + (1 = Ne(n)e(n — 1), ZH ¢ RMTEKIHE R, 0 < ¢ < 1; 28 HEKH
T, >0; ZH N RIERET, 0 < A < 1. BB KERTSHRZ, IHHEERER.
(4) VSS-FxLMS-4 5ik:

p(n) = €Eu(n — 1) +ne*(n —1)e*(n — 2). (15)

VSS-FxLMS-4 5i54E VSS-FxLMS-3 5L 3Ll EAmE 7R 1 A, Wik Tis5H.
(5) VSS-FxLMS &k, AR LR ERE SRR AL KK, AEdEFE MG RERS
MR AL X B0 BB O 20 K AT R B, $2 H —FF VSS-FXLMS Hyk. DK R T

u(n) = pimax log(a + [le(n)])- (16)

A KR TRERH AR, W TRERS e #AT JEHOHE, |e(n)|| = />p_o €2 (n — k), fRIET
OREHE N IERH AP REUR 500 n — 1 DRZIIRZER S RLIIREE 5 BN, RiE Tt
HAERAS M IVBRRAE. A A XM log BB [le(n)|| HEATIHHEALEE, log BB — I
I R, BENE DRAETH S D KR 7 B AR 22055 s N TS fE IR 30 1 shiz il i AR iR 20K
I 25K A7 BOR RE 6 S PRI, B 1R Z USSR DK P I IMRIE R 5 IR 245 5 RS IR 25K
70N, AT SRAT AT YR SA0HE B AR S IR 72 (Bl )R 3. {H. Log BRBUE TR AR, ATHE X RAE 0~1 Z[H]
H [le(n)|| BN, BRET p TR HBUOUE, 7RIS KRET o NIEEL, 1E log BEGHER 5
AT a RIRIE log BEUTHEX BT 1, MRS K E T p O91E8L BT log BB LS
PR, N T PRIED KA A S B KRS O, 2 p BBUVE AP0 T B KAE AR B p BOIE S

A )

SN o(i(n — i))?
Horb, SN (@i — 1) RIESE ¢ BONE SRR BATIR, R T BB Kk, BAURTE 4 AT
SV Y, T R B AT O

O<pu<

; (17)

() = {umax, (1) > fmax, (18)

wu(n), otherwise,
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Piezoelectric Smart

; Power Amplifier Target PC
Charge Amplifier Blade p Host PC g

6 (FEIEZE) £F Matlab xPC F&HSHEHISIRTA.

Figure 6 (Color online) Real-time control experiment platform based on Matlab xPC target.

*1 EEIHSH.

Table 1 Parameters of piezoelectric elements.

Parameter Mb5628-P2 M2807-P2
Actuation length (mm) 56 28
Actuation width (mm) 28 7

Overall length (mm) 66 37

Overall width (mm) 31 10
Output force (N) 205 40
Drive voltage (V) —60~360 —60~360

® 2 BEAMKBERARSH.

Table 2 Technical parameters of charge amplifiers.

Parameter Value
Input voltage, charge +10 V, 10° pC
Output voltage, charge +10 V, £100 mA
Operating temperature 0~40°C

Precision < #1

/ﬁ\:l:'jv Hmax %Lﬁ“%;]%
IR 3 VSS-FXLMS 52 HUE B AU E S50 58 37 5 AR A T AR IR

w(n+1) = w(n) + 2ue(n)z’(n). (19)

4  HRENEEHISLE

4.1 SKEFEHE

ATHET Matlab xPC SEIRHEH] RS0, EATBONSS . R BEM 7. THEBOR A« B R R
SEAE T R AR AN AL BB A5 A A T LR e I P iR s T sh P ST S a0 6 .

Je R gEH i R TR S BN 1 .

L FEOR E AT DR TBOR B8 IR S50 Al n sk 2 A3 .
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Table 3 Technical parameters of power amplifiers.

Parameter Value Unit
Input voltage 0~10 A%
Output voltage 0~300 \%
Average power 35 w
Average current 290 mA
Bandwidth 10 kHz
Operating temperature 0~50 °C

VSS-FxLMS-1
VSS-FxLMS-2
VSS-FxLMS-3
VSS-FxLMS-4
VSS-FxLMS

Voltage Output(V)

. L L L . . . . .
0 5 10 15 20 25 30 35 40 45 50

Time(s)

4
VSS-FXLMS-1 VSS-FxLMS-1
VSS-FxLMS-2 VSS-FXxLMS-2
S 05 VSS-FxLMS-3 S 2 VSS-FXLMS-3
= VSS-FXxLMS-4 =1 VSS-FxLMS-4
= VSS-FXLMS = VSS-FXLMS
S 0 S0
° °
205 i 522 .
(b) (©)
1 . . L L L L L . . 4 . . . L L \ \ \ .
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
Time(s) Time(s)

7 (MEMFEE) FRMIRIES T 5 M VSS-FxXLMS EZEMITHIMR. (a) EB—MEBMEES; (b) EZM
BEBRERES; (c) ZIES

Figure 7 (Color online) Control performance of five VSS-FXLMS algorithms under different excitation signals. (a) The
first-order natural frequency signal; (b) the second-order natural frequency signal; (c) the multi-frequency signal.

4.2 SWIESSHR

SEISSRAEASR A 1000 Hz, JEH 2SN ECN 32, BBTRICA 50 s. B ol Esh s 4h K e & gent
FOEIIRBNESN, ESLIRTTIE 10 s JERIEHE S, 7 EiFHhISESE H 1) VSS-FXLMS HER R
FIEHIRCR, BN 3 NSRS 54T 5 P FXLMS S sz it b, X 3 FiE 520 Bl R A
4V, $% N 13.667 Hz (— WA MER) FIEAE S TREN 4 V, %A 66.017 Hz (B FEAHER) 1)
BAIE S AANIRIE N 2 V, R 58 13.667 Hz, 66.017 Hz (I1E 52155 &N 240G 5.

B 7 43500 N SIS 5 R 2 A0S SR N 5 A VSS-FXLMS Sk dlRC st b, ol LA B, &1 0t
AR IRAS FESRZ RS S, AR H K VSS-FXLMS 5032 R Slom fE #548 T H 4 4 B VSS-FxLMS
Rk

N TR ) VSS-FXLMS BUELEA A THL T B 8k, 7 B M2 R 5445 5 (1) B 6l _E B
e P A5 S E N BRAE S AT IR T ahixdl. B 8 AN A s E 5B A TIMIER T 5 F VSs-
FxLMSs FEHE s8R . nf AR B, A SCHRH A VSS-FXLMS 5035 1 W S50 R A4 il RCR AR
THAR 4 P VSS-FxLMS B3, RILH TIRIF & 1.

N T VAL SRS BAIIR R, 5l NIIIRBCEEAE NI FE bx:

Sy Jei)?

2 im [d(@)[?

(20)
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VSS-FxXLMS
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Time(s)

1 4
VSS-FxLMS-1 4 VSS-FxLMS-1
VSS-FxLMS-2 VSS-FXLMS-2
05 VSS-FxLMS-3 2 VSS-FxLMS-3
VSS-FxLMS-4 VSS-FxLMS-4
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1 1 L 1 1 1 L L 1 (b)
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Time(s)

Time(s)

8 (MEIRZE) SINEREESIRIES T 5 # VSS-FXxLMS EZHITHIHR. (a) E—MEAFRESHM
AEERE; (b) BEZMERMERESHMBIERE; (c) ZMESHMAKES.
Figure 8 (Color online) Control performance of five VSS-FXLMS algorithms with white noise as the excitation signal.

(a) The first-order natural frequency signal plus white noise; (b) the second-order natural frequency signal plus white noise;
(c¢) the multi-frequency signal plus white noise.

x4 BEBEHMEREZESEAMKEST 5 M VSS-FXLMS EZEMIMRME (dB).

Table 4 Vibration suppression efficiency (dB) of five VSS-FxLMS algorithms with sine excitation as the excitation signal
at natural frequency.

First order Second order Order superposition
VSS-FxLMS-1 —17.314 —12.128 —11.418
VSS-FxLMS-2 —17.377 —12.484 —12.327
VSS-FxLMS-3 —17.718 —12.487 —14.164
VSS-FxLMS-4 —17.977 —13.458 —14.527
VSS-FxLMS —18.299 —13.902 —15.061

* 5 MIMBEREERBIRIEST 5 # VSS-FXLMS EEIMNRHEE (dB).

Table 5 Vibration suppression efficiency (dB) of five VSS-FxLMS algorithms with white noise as the excitation signal.

First order Second order Order superposition
VSS-FxLMS-1 —15.828 —16.175 —16.254
VSS-FxLMS-2 —16.603 —17.206 —16.935
VSS-FxLMS-3 —17.607 —17.370 —18.057
VSS-FxLMS-4 —18.001 —18.540 —18.463
VSS-FxLMS —18.830 —19.643 —18.865

b, d(i) NREINIREN ESNIEHI Z AR ZER T, e(i) X REHATIRAN LSS 2 JG IR ZEE S, Sa
MBS R DR, AN dB. Sa RIMEDBRD, FOR A RIMIR RO AT

R 45 73 RN AT AR L5245 5 AN F R A AR AR S 5 T 5 A VSS-FXLMS Sk ik
R, WA R FnER IR VSS-FXLMS FEM) Sa (SR RN, LT HEH 1 VSS-FXLMS FE
e SAPE REAIIIIR ORI T HAR A VSS-FXLMS 5.
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ASCULE R REM ORI %, 3R T 3 B B A AAEN, I R DE SR R H TR
FIAL B AT, B E Adams A1 Matlab/Simulink BEA 15 BT & _FEAT 15 o2 il 4 B4 JRxt L,
B UE TS AR B L0 H — A B I 7 B A 5 586 S i AR BN B8R D 17 P S50 BE A AR
BIRZEZFPR R, 1-H TR RZE SEEZ S L KR VSS-FXLMS Bk AT #R3) £ 5h 45
FIRARAG L B 45 Rt 7 e Re i Fr, A 1 SEIIRE 3mSR &, 730K H VSS-FxLMS-1
B0, VSS-FXLMS-2 5% VSS-FxLMS-3 5%, VSS-FxLMS-4 FiEMH H ) VSS-FXLMS #ik, 1F
BRI AN 22 AR 2 A N T AR B) E Bh P i SL e, S s RIS UE TP VSS-FxLMS BiEMA
R,

SR 24 H He F R BRI 7 m) SEBR L, AR T 5 22 J7 T B ADEAAS 2. i, s FR bR
ML EEH TRl R R AL IR 57, FEUEREIFAL, 4k sznn K Hia 4T al Sett; s /R sh & 78 o riL i
WE NPT LR )RR it — 2P WAk B R Be T R RGBSR R R mb s SR A
RN A — F A AR ] 850 A A

&2k
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Optimal placement and active vibration control algorithm for
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Abstract As complex thin-walled curved components, aircraft engine blades feature intricate structures and
operate under harsh conditions. Blade vibrations can directly affect the operational stability of aircraft engines.
For the research of next-generation aviation engine blades that utilize piezoelectric materials for active vibration
suppression, this paper proposes an optimal placement scheme based on finite element analysis and a variable
step-size adaptive filtering control algorithm, for optimal placement of piezoelectric elements and active vibration
control of smart piezoelectric blades. Firstly, three optimization objective functions for the configuration of
piezoelectric elements are presented. The position of the piezoelectric elements is optimized by performing modal
and transient analyses on the blade’s finite element model and employing an improved differential evolution
algorithm. The superiority of the modal strain absolute value-based position optimization scheme is validated
through feedforward proportional control simulations. Subsequently, a VSS-FXxLMS algorithm that dynamically
adjusts the step size based on the error signal amplitude is proposed, capable of balancing convergence speed with
steady-state error. Finally, a smart piezoelectric blade is designed according to the optimal placement results,
and a real-time active vibration control experimental platform is constructed. Real-time control experiments are
conducted and comparatively analyzed for single-frequency and multi-frequency disturbances. The experimental
results demonstrate that the proposed VSS-FxLMS algorithm achieves effective vibration suppression with a faster

convergence rate.

Keywords smart piezoelectric blade, active vibration control, optimal placement, differential evolution
algorithm, variable step-size FxLMS algorithm



