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Abstract: Ground vibration test is an important part of aircraft model development and strength verification. In air-
craft ground vibration test, an appropriate excitation scheme can significantly shorten the test's period and improve
the accuracy of mode identification. In this paper, QR decomposition based on the finite element model is used for
global planning of exciter placement, and mode participation is introduced to evaluate the plan's exciting efficiency.
The multivariate mode indicator function is used to optimize the exciting force vector for closely spaced modes. Fi-
nally, these methods are verified in a small general aircraft's ground vibration test, which significantly improves the
test’s efficiency and reduces the difficulty of closely spaced modes identification. The excitation scheme optimization
method adopted in this article has high engineering application value.

Key words: ground vibration test; exciting force vector; QR decomposition; mode participation; modal identifica-

tion

WRBH: 2023-11-28; {EEIHH: 20240228

B&mE: LRI A (MIZ3-2N21(2)

BEESE: TAC0974—), B, Wi+, #5550 E-mail: asriwbw@vip. 163. com

SIAME: PR, EASC, RIGE, . WHLHE IR S0 AS BRI 5 TARIGIELT]. Al TARkRE, 2024, 15(5): 114-119,134.
CHEN Haoyu, WANG Binwen, SONG Qiaozhi, et al. Optimization and engineering verification of excitation scheme for aircraft

ground vibration test[J]. Advances in Aeronautical Science and Engineering, 2024, 15(5): 114-119,134. (in Chinese)



% 5

AR 1 45 - TR T R S I IR O SR A A5 L ARG 115

0 35l

KL H A HE 21t 36 ( Ground Vibration Test, fif]
FRGVT)H T CHLES ) 9 3 0122 280, Sk |
BLB) T3 25 B 43 B B AU, O Ji5 20 4R R OL B 4k i
S Bl W S5 2 ) 2 1 R B E A AR R R
BILA 5 AT ] 5 5 38 56 TF v (7 EE A

TE R b 1 PR 2 i 5 b, AR A S 2 ik R — A
RIS T o IR IR B A 6 TR AL A,
4 it Jonn Bt ML s bk v 3Rl A GG A o o R, S
B Oy B R AT RS A B 5 HE IR R BOAT TR 1 &
YRS S8, T — BB AT DL U Y AR
JEIZ B A R 8 B IR R G AR R R
AHAL 43 25 125 1 AL b T 4 2 1k 56 58 R el B8R B PIL
Tl — R 2 TR 0 I3 A9 PR 2 A, 7E B — FE 0t
S5 o JE AR G AR TR Y AR R S U R R L T
FERET —f it , B 2RI A S HEMBLESE
PRARIE BT 09 R T 58 I 2 AN aak — YRl 4k
R AT 3R BT A 6 T AR A (AR B, 8 7R TH X SE B T
A [5) R e 5 3k 1 JL B H AR A A AR I e A
SR 28 3 M LA S BRI O 5 0 SR AR Ak B, AT
(NSNS (A Y (ORI B 5 N 5 WA 3 (1)
(AR E W 851 5

AR R, TCAILSE A R TN W ) o R e A
A0 J7 1) e e, A AT 3R R 2 i 5 B T R R A A
58 W S — T B 2 G 5 R R 45 25U G
FE IR R A AE A W 4 bl ey S ki S S it
BRI T s BRI, B AT — A
B W A, S e T B R DL T Y O =L AR
1E 3 50 1 E A7 A T A IR Bl i 58 O R AE S
A, DT £ T 1 2 50 ) S R0R , e KR |
245 5 R R

FEF A ALK Bl 1 L b 1T AR B0 R 7 &
YAk & 9k E B 2 — AP AT A7 00 0 0T B B e S
FE T RSB U RAFROR T RS, Ash-
er ™ B T A X6 e B AT 8 2R A 3R A5 R 1 8
In] S (IR O ST T 5 Wright 5198 U IE
A2 4 AR Sy st A% B H AR AR, 3R R XS B — B B
BRI A E RS- FRE B, TS
5 UK ) i B RO ORI 5 0L s Williams 551V 45 &
A RO ST R T A RO ST K 2 SR B IR
R FH T PR AR A A I 3 ) S A 328 BT 5 Kopec
SRV TR K st o A 3o R S0 PR A

il

T % 5 Pak ™ HE — 25 3k T 3K 2l S0 5 A% 36 oA
B T R T A R R AR 1 B AR AN T
%5 Avitabile % Tl ASEAS 8 7R R EOR DT
AR AR s Ewins ™ e FL AT bt i 8 T RS 48 R oA
BT PR R I S R X R N
GARTEUR B B 55IF T 2 48 HE B S F5 7R R BOG) 25
RSB AROR . 28 LTI B XTR 2k
U5 BRI AR 2 R N BSE R T T R IR R L
F T DA R AR B R T R A Y RML IR T vk A
PRGNS RGEBE A HERAE A S 2
FHAE B, PR ot 0 HG 7 552 B T AR [0 rp iy 1 B
FERE A D UL R ) X RS B 15 R O Ak 7 vk AR
02 7% TRE ) 132 FR RN I .

PRI, AR SO 6L T R 203 56 TR S R Y
£ R R R a0 R 7 R R T R R OT
i D5 B AT 25 A OE ST, 2 1 A IR O A B 42
i B0 SOR PR IE B S EURS FE Y B, LU N TR
HLH T I 2h i 56 R THR R S5

1 HIRFRMMUEFE
1.1 ERER

AR SRR X IR O S AR AR T TR 1 F 5 1 8L T LU
AN FEAR TR

B — BB BNAR O R BRSO
B T AR L IF R, E 45 g 1 oo R 8 A B 4SS TR 7
1 4% 2 I 56 5 A RE AR AR DRI S 5 AR ST &
% 1 A BIR 0 AR R ABE 2 PR A L A o A, (OB S R
A — W 2% 5

5 T WO AL RE AE 2 R 3 T ) A B
B T R B, HL A% B R B kM G O
RAf.

1.2 ETQR&IMBEHIBEIRAE MK

QR 4 fi# 7 1996 4F- Bt Schedlinski % F 1%
A DN ) YA 7 O A, HC R R R T QR 40
14 1E 22 P, DAICHIR O3 B2 A B B TR JT 1Y 4% B A
AU R o A SR QR 23 T T R HL s
TET 4% ) 1 6 14 4 ) i IR O SR LR e BT A A 0 A
A5 iR R 7 RO 07 B BEAT e U AL A3 4 O i
e A 4L 9 AR 52 G ST AR R el b S o K 5
VR 22 G0 R B, 3 B A U R T 0



116 fiias TR

L 515 %

HBE A B9 QR 4 i T 5 A
Rn R12 Rln
O R?z b Rg,,
AZQRZ[ql q: q,,] . . .
0 0 - R,
(1)

A Q MFRMEIE W s R Ry =k
FESEBR R, (1) 38 F vl 5 4
AE=A=QR (2)
Xof B OO0 B B 203 B E A BT ) A
J& B = B R oG i 4R 0T R e 4 0 HE KN
HEF .

8 QR M T CHLIR Sk B % 3T, AR
T3 fifE (R A AL Sy i 8 805 e UH — AR S R
BIRBIHE B . PA—A> 3X 3 4t B 1Y IR BY 46 B4 Ry 9]
KR (2) 51k

ATE:[Al Az As]:
Ry, Ry Ry
I:ql q: qiﬂ]' Rzz Rzg (3)
Ry

AP AL S AT X T AT S T S IR R (5 o
JAE

(3 EE
Al:RMQI
142:R12q1+R22q2 (4)

A(%:Rliiq1 + R23q2 +R3393
QR 2 il Ca A1, 2 (4) g ) i g 2 A A
ELW, Witk A M R, =08 A8 245 m &

Al Ay e A SRAEAIG . AR TE LD BRAS HBE
245 15 70 268 52 BR 0 3 16 BN | R, | R4 T 0,3
SR A T 7 91 1 5 £ AR S 2 8 L MR 5 A 1
A HE I 3R T 04— R 7 TR LA
B 70 5 WA I 585 0 A 4 A8 BB A 4 D L T
T PTE LT A B AR A B B R,
N L X IRE I SR S R 9 O %G Bt it
A

12 LA 2 (2) BT 19 QR 438 05 2 v, o T 91 %
WU E BOAPAE 52 DR 5 A B L = A 1 R Y
X 43 75 3 2 HE 4 X (R /N R P HE 19 DAk ol L
ARG BT T, 91 M A E ) A PP T
JHF A RO A Y 2RI

1.3 HIRGLETME T ZE

K H L. 270 Pe ik 5 vk s AT DUER X BT A I oG
R 25 X U R 7 HE AT AR e HE R BT R T vk
PP AN CBE A SR SRR A TR AU R R G T O
)T A REES B AR S5 ABEES 2 548 i E 4 45
PR FE AT PR A B PEAG

S 50 T IF 8 4 0 B 1 45 125 1 A
Xof o B KB BE BRI A R BE A s, H
BB AR A, b O S AR
RS 1 BB, N Rt il FE BE B, N B A A HR
FERU, N, IS E, MP, N5 r RS TE A
N A =N VAL R TR ORGSR B U
BT 2 1 AT 3 BT A R R
X T A DR FE AR S I AR AR

| —

(i
=
oh

Hi

#1 HEZH
Table 1 Mode participation

[T A1 AN, B A)
Ny Ny N
A1 MPpP,, = z [ Ao | MPy,= z |Amv,1| Z MP,
0=1 0=1 i=1
Ny N, N
BN MPy, = z ‘A(n,\vm‘ MPy N, = Z |A()A\",A\",,,’ z MP
O0=1 Oo=1 =1
N, N,
R > mp, >, MPy
=1 ;

425G LB Z 5 IEAL J7 Ik AR EOR 07 B
DA I M 455 S« B ST X T A S T R A A B A JB
A — A PR B B e B EAT QR 0 i, I eh 81 A% ik

T AT 3 — 2 R O PR A R HR B e v 22 11K
PeBE) SRR IZIAR O BT SRS S 2 5
MP{H, ZAE Y i AR U AT DL 3R 735 32 B Ao 1 0] 2 —



% 5

I 285 ) BRI 203 5 B — > MP B R AR T 1%
(MO LA T R W T U PN = 1 <
Z I W2 A PR 7 B 5 BT A B OGRS U)X
W0 LH ORI Ol T T i R Y R TR
DI 8

H TR S 5 (0 2 — 41378 BR300 2% B A
S WARBCR BRI XHE , 3R MP BE 7 20
SRR BCE S BLBEE o K TR R 3l AR
Wi br v BE Sy S A A T R RS S S R R
— O A R -

1.4 ZEREFEESIRAEERADMML

TEE — RN B RR,EBWEL TR
2% Be 0% 38 A R A (R4 R AR IBCEL X N A AR A 4k
B, AFG SR AR 56 1 AR v A AR RS, O 4R T A
B HE UK BE 30 5 22 SOph A X kL B A5 2 T e AR
T35k CIE 3% 3055 e 5 A A0 1k
L TR, AR T B BT S
A B 0 B TR A A5 AT 3R O R 4 o B, B AR RS )
FOE A A 6 St 1 AR R A kB, DR AR
KAk R e IR 5 B b i AT, Ak T4 S AT
MR 5 S R BT AT 2 AR RS R R
(Multivariate Mode Indicator Function, fa #R
MMIF)#47,
TEST 38R P, 235 A B4 25 o 38 ) S X T 5 A
X=HF (5)
S 2 1y Jon R A o R R 5 F R g T
(5 s =2k, A
X, +iX,=H,F+ iH,F (6)
H R Bl ) 2 B Rl AT, A 4 R Uk Ry
— M E AR ERSIE R, WA ER T A
X, = 07 i 7E g 4% 1 R Al X R AT BB N HR Uk
A 15 2 A8 e S R R RACT IR L B ——F
o — A~y 10 B P A5 0 RS2 4 B AR S R R
He R TT BN , S e i ST L | X | 5
REEA X, + X, | A
| X, | =X MX, (7)
| X, +iX, | =X"MX,+ X" MX, (8)
i 3 (7) ~ 50 (8) ] X £ A8 i B 48 7 o
ok

P e A TR T IR SR S IR T B Ak 5 TR 117
| X |
|F|=—"—=
| X, + X, |
F'H'MH,F

=1 (9)

F'(H'MH,F+ H'MH,F)F
13 (9) 5 Rayleigh f & SCHYAR PRI , 7] 4 0
A D SR /N R A (L S AR 1 i B
(H'MH,) F=(H,MH,F+ H,MH,F)FA
(10)
£ AL b T R B K5 T, SR AR 7 36 R vk
W A7 5 by AU L R X (10) v 2% 2 B0R]
B o AR AR AR 225 LA R AL A
AR, bR 2 B R A AR TS eR BOR i 7 1
LA, TR R RS ORI E R 2 R
IR, I I 2 7% 2% o BUE A B9 3R 0 fE Ak 07 i H
F1% 2 1 TR AR 37 R 3 9 A A B E T, DT A
PR AR B S B X 4 AR RS B 2 S SR TR R

ﬁio
2 T EIgiE

2.1 RIEXF S

P32 #1533 3l )AL X100 K X6 42 FF i M 1 3% 30
X bR R Oy A Tk AT R, Hesh h
FH MR TE RN E 1R .

E1 XL100 &HLA B oo
Fig.1 XL100 aircraft FEM

2.2 BIRGLEMKR

K 1. 2~1. 3795 77 35 BEAT WOk A0 B 5 0F
fiti, 4 IR O MR B LB 0E 25 Ve 0L E 724>, B4 A 16
PR L E 60 -5 00 1] PR A2 124

TS IR R R AT QR A, TS B L
TR 5 — A AR 5 A e A IR 5 A, I
R I IR U A 2 BIA b 1) I 284 59 % 11 4 o



118 i as TR

IFEE FAREE, MR ERES S5 NE 2R,
RS 2 506 b K HE B — 51 5 K E (22. 89,
27.23,32. 11) 0y o G 4 Ui 2 1l i 2 R 10, &0t
AT, 7R AR B 3N IR A 5 13— B GRS
PIA B — R B RS S 5 R

#£2 WRGEESZSY

Table 2 Exciter placement’s mode participation
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