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Mx(t) + Cx(t) + Kx(t)=0, (1)
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Kb M, CHIK e R 53050 0 R G0 10 o i BELJE RN RE A 5, HARRAE D7 B2 8 det[ s°M + sC + K]
= 0, A 2N DR E I BRI 5,55, - 5o (FeH s, Hs BOHEBE (i = 1,3+ 2N -
1)), FRA R G 5 3 S50 %) o 45 P 21 52 02 L Hh B ) RS 1 at, BRVHE A2 sTMIu, +
s;Cu, + Ku, =0 (i=1,2,---2N) Wu,,u,, - ,u,, NRGE(1) WHBESR&E, P u,, Hu, 1)
JHE i =1,3,--- 2N - ;200 FRIEE sovI'M +sp'C +v!'K=0"(i=1,2,--- 2N) v, ,v,,
e vy NRG(L) WA, Hody,,, v, 3 i=1,3, - 2N - 1, ()" Fom () Hdtk
%8 M, C R K AXTFRFERT, REE(1) A AR 2 A0 Y H2S M, C Tl K AS 25T
FREERERT , 22 AT 1) it — R AN [ .

1.2 F,(A,B)=0BREFE

o
x(t) .
y(1) _{x(t)} e C. (2)
A (D) WZ B RGO T — B R4t
Ay(t) +By(t) =0, (3)
Hrp
[0 M} {— M 0}
A= ,B= . (4)
M C 0 K
PR A F1 B} RGEAPIRSFERE, W Z58 (1) XY SCRFAE ]
sA¢p =— By, (5)
LN F(A,B) = 0 BIRPIRES TS, Hoh s WRGE(1) BB,
@ = {Su} e ™ (6)
u

HREHEA B ARSI &, ERNE N AN IRIRSE (1) WABSR & d @ =
(o1 @, = oy ] HAIRZS I R AR,
1.3 F,(A,B)=0BEHREEEMELHE
XFFXIFRA RS, RG R PERUERE M, C F1 K XEFR, AR AN [R] 3 S AR 2 1) i
TE A B IR S5 TR NS IR 2R A IR ) s A TR A, ATRRIR S HE A F B
Xtk A
P'AD =E, (7)
D'BD = A =- diag(s,,s,, " ,5y) « (8)
XFFXTFREAN R G, RGERIPERUEE M, C R K XS FR ABAFE SRR B4 AR A6 75 25 (] B
XSRS W A BEGIIETE A A1 B AL A5 F T J2 1E 38 1. AR A [R) RS BT X6 7 18 4 Rk
25 ) i 22 AT SR SIS IR 58 4100 AR 3 48T 7 A OIS A RS i O 1T REARS LA IE 58
P FEAE T A 2 Tl st Schmide (il 2545 ) 1E 38 Ak Fe ok S IE 28 .
MAEAEXIFR R G, BSR4 AN AR ] ) SR A8 1] 17 A FB ALY 2578 T A RE
UEIESEHET) ) PRIAT WA 5 | AR T PR 1) A2 AR S ) ek
BN R, e O SRR s, MR IR
slA+ B =0, (9)
Hrp
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¥ = {v} : (10)
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FRECHRSHE A 1 B WARES m &, BWE N 4R MRS (1) NAESERN & 12 ¥ =
(g, ¢, - oy ] ARSI RFFE WUR RGN ARG, BRI R W22 RS
IETE A F B AU 25 T IR IEAC 1, IR 2% X SR 2 ) s A 7 Ak, AT A5

VAD - F (11)

Y'BD = A =- diag(s,,s,, " ,8,y) (12)

AN FEAEXTFR R GE D AR FA LG ARAE P 25 [ e 2e /2 AR ) 8= 7E A 1B il

AT AN RE AR UEIE S T Y. B SRS RSP AR BB X B A A A RS 1) et 22 (AT AR 2 AR GE
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—REAE TR AR P 4 (R B S E S A S ATh AR A T AR T R BN T AR X BR EA R G A
A DR 1) S5 PTG 2 R AR AN TR DR LG AR R 1) 1 22 f SR A A g it — 20 5
1.4 F,(H)=0BERERE

W
=it e e, (13)
x(t)

A (D), WZ I RGO AL RN — I R4

Hy(t) —y(1)=0, (14)
Hir
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-M'K -M'C

FRHA R GRS R R RS (1) BYRHIE ) RS A AR S HE R H A0 — R AIE [R) 2

Hg = sg, (16)
iCN F,(H) = 0 BIERIRAES TR, Hrb s MRS (1) BISR,

g:{u=eC2V, (17)

sUu
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(g & - &y WAWEMERME. i FIREHM H AR, AR m &2 [H T
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1.5 F,(H)=0EBRENENEZHE

EX 2 XtmEr, e ¢, EA
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R'G =E, (20)

R"HG = diag(s,,s,,""*,5) « (21)

X FE RS, X BB A RS ) B AN RE PRIE 1 38 1. B SR AN [RS8 i X oL 1 22 A IR A 1)
Z TSR IE A A T AELKH T AT X6 7 AR B e A RS ) S 0T BE IR IE A2,

2 PRSI RS HRA 0] 5 A IE A PE RS A BB SE 56

2.1 MHREMRSHHEEG
E—A5 Al EMEEFFERE R, REREE 7w b= AERSh, il 1 Fow.

Y

1 5-AlEAE L AIBLE RS
Fig.1 A 5-DOF non-proportionally damped system

RGHINIEE K (P07 :N/m) JoiEE M (AL kg) FIBHJERE € (A7 N-s/m) 735 4

m, O 0 0 0
0 m 0 0 0 (200 0 0 0 0
0 0 m, 0 0 0 500 0 0 0
M= . =l o o0 1000 o0 0o |,
0 0 0
B 0 0 0 8333 0
miz| LO 0 0 0 8333
0 0 0 0 -
L 12 ]
C =
[ ¢, - ¢ 0 0 0 ]
¢ ¢ toe, -, 0 0
L
0 -c, c, teyte, e+ ——(cy—¢c, tes—cg) ——(cy+te, —cs —c)
2 2 _
L r I
0 0 _7(03_04"'05_06) T(C1+C4+Cs+ca) 7(03_64_65_06)
I 0 0 —%(c3+c4—c5—cﬁ) %(03 —cy ¢ —¢g) %(034'(;4"'05 +¢g) |
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[ 4 -4 0 0 0
-4 10 -6 0 0
0 -6 166 0 0 .
0 0 0 4000 0
L 0 0 0 0 4 000
K =
[k, -k, 0 0 0
k, k +Fk ~k, 0 0
0 —k, by +ky +ky + kg + kg —%(k3—k4+k5—k6) —%(k3+k4—k5—k6)
0 0 —%(k3—k4+k5—k6) %Z(k3+k4+k5+k6) L?Z(k3—k4—k5—k6)
0 0 —é(k3+k4—k5—k6) %z(k3—k4—k5—k6) L4—2(k3+k4+k5+k6)
[ 10 000 - 10 000 0 0 0
- 10 000 30 000 - 20 000 0 0
0 - 20000 24 000 0 0
0 0 0 100 000 0
L 0 0 0 0 100 000 |
F1 REMFEE (2.1 /MR
Table 1 Eigenvalues of the system for the example in section 2.1
i frequency with respect to the right mode s; frequency with respect to the left mode s;
1 -0.024 5+9.700 0i -0.024 5+9.700 0i
2 -0.024 5-9.700 01 —-0.024 5-9.700 0i
3 -0.035 2+6.135 4i -0.035 2+6.135 4i
4 -0.035 2-6.135 4i —-0.035 2-6.135 4i
5 -0.043 3+1.502 3i -0.043 3+1.502 3i
6 -0.043 3-1.502 3i -0.043 3-1.502 3i
7 —-0.240 0+3.455 8i —0.240 0+3.455 8i
8 -0.240 0-3.455 8i —0.240 0-3.455 8i
9 -0.240 0+3.455 8i —0.240 0+3.455 8i
10 -0.240 0-3.455 8i —0.240 0-3.455 8i

HIe 1 FTRIZS A ) o IOt I B AR P 5 58 42— 30, 10 W sy, 00,849, HLEE 7 55 9 AN

%5 8 55 10 NP A B —HARAR ARSI (6) MEREMEN ¢,,0,, 0,4
Bk, AT Dy = [@,,0,,0.,,05,06.05.05,07,010,0 | B, A

DAD =E,

{(I)?B(P =— diag[ s, ,5,,55,5, 555,856,575 50,510 »
H o = “01 12,03,04,P5,P6,¥7,Ps,%9 ’5010} -ﬁ‘*ﬁ?}:ﬁ'fﬁ(l7) *ﬂiﬁ:(l9) P 2E ATIRAS 9]
g8y, 8 ANy, ey JARE RS RSHEE I R = [y, 1y 1y 1,15, 15,15,
rioste] MG =1[g .8, .8, B, AH

{RHG =E,

H 1
R"HG = dlag[sl 582553584 555556557558559 ,310} .
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APk AR AR w2 R AR TR B R TE RS A RE S IR T SCHInA RIS X £ 1k
A LI RE LIRS T X 7 ) A RS 1] k22 [ 1 et TE A2 A,
2.2 AEXFRERFHEEEDS]

AEXIFR R GE Al AR IR o B e BE RS R G i A LUER | I8 2 R g2 — NI
Fermyfi , B T RS .

B2 Witk

Fig.2  Schematic of a flexibly supported rigid rotor
T AR B, K h 0.5 m, BAEHR 0.2 m, BHEH 7 810 ke/m’ , X AHE 2 Hh #3%
AR A T A 1) SRS S SN BE S &, = 1.6 GN/m k= 1.4 GN/m ,k, = 1.1 GN/m,
k, =16 GN/m , HUg R #s e R ¥ N ¢, =¢,, = ¢, =¢, =1kN+s/m 4 THHERELT T
A OB BB 1) (RS MIE S8 T 7 R BT 1) B9 5 30, 32 S5 R A XERR PSR A 1l
SN, 3K b 5 0 DR S o P TR I, AR S8 — 43 T8 ) Sk B2 8 300 o/ min, 7 4E T 1
T ARG

12268 0 0 0
0 122.68 0 0
M = ,
0 0 28625 0
0 0 0 2.862 5
2 0 0 0
- 0 2 0 0
1o o 0.125 0.533 15|
0 0 -0.53315 0.125
T 2.1 0 0 0.025
0 3 - 0.05 0
K =
0 -005 01875 0
10.025 0 0 0.131 25

H136 2 AT 0L, 70 A RS ) I X L YRR P 5 58 4 — 20,38 W 5,8y, 00,5, FIUHIZE AR
At (6) M= (10) #1E F (A,B) = 0 BN ZE AR & S22 AR S50 w=
[, G, G s 0, ] M@ = [ ,¢,, 0] I, 15

VAP =E,
W'B®D =— diag[ s,,5,,55,5,,55,5¢ 5,55 | «
FHEX(17) 3K (19) 13 Fo(H) = 0 IS AR AR, S22 AR R A58 G =



1088 1S 7 T T8 b il

(8.8, .8 ) MR =1[r,,r v, ry,re,rs,rg,r, ] B, A1
R"G =E,
R"HG = diag[ s, ,s,,55,5, 55,5657 ,55 | «
AL 336 P A 2 AR S 1) st 75 R B IR A R S IR AN AT SCIT AR IS %o £ A i
HHIIRE.
R2  REMFFIEL (2.2 /NTRYFHD)

Table 2 Eigenvalues of the system for the example in section 2.2

i frequency with respect to the right mode s; frequency with respect to the left mode s;

0.029 7+0.347 5i

0.029 7+0.347 5i

2 0.029 7-0.347 5i 0.029 7-0.347 5i
3 0.008 2+0.130 2i 0.008 2+0.130 2i
4 0.008 2-0.130 2i 0.008 2-0.130 2i
5 0.011 7+0.159 2i 0.011 7+0.159 2i
6 0.011 7-0.159 2i 0.011 7-0.159 2i
7 0.010 4+0.153 5i 0.010 4+0.153 5i
8 0.010 4-0.153 5i 0.010 4-0.153 5i

2.3 EXRERASZHEEEDS
B p B SR EAR X FREEJE R G St BEE AN BE R R 23501
M(p) = diag[ 1,1,1,1],

- 1+2p° p(1-p"-2¢) 2°¢ -pi’(p° +4q")
0 —(p? +24? a0 + &
K(p) = ; (po q) z;)q q(po q) ,
0 1 0 0
[3p - (1+p"+2¢°) p(1+2¢) -4 (P +q¢)
2 ] 0 0
C(p) = ,
=, 2 | 0
0 0 2 1

Hpg=1+p, HAGEWWIRIRE N p =— 1, WA RS HRFIEE IR 3.
R 3 ARBIMFFEE (2.3 /N EIEH])

Table 3  Eigenvalues of the system for the example in section 2.3

i frequency with respect to the right mode s; frequency with respect to the left mode s;

1.343 8-0.993 4i 1.343 8-0.993 4i

2 1.343 8+0.993 4i 1.343 8+0.993 4i
3 -1.059 7-0.731 6i -1.059 7-0.731 6i
4 -1.059 7+0.731 6i -1.059 7+0.731 6i
5 -1 0

6 0.431 8 0.431 8

7 0 -1

8 0 0

I3 3 AR, 22 ACIRAS )28 Xt BE B R AE B L S8 A (BAE P 5 B BT aefe, 54
RS TR RIS 7 26 8 AN FIS ZE S X W RO 2R 5 57 8 AR Ay X EE AR i A R A ) iy
XERERIIRAR N s, 55,00 s, ZEARS 0] 58 BT X0 07 FOBBER AR R (EL b 5 B AT T— 38 (E -5 Al 2
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TEEL R AR (6) Azl (10) 3 F (A, B) = 0 BIW 4E ARSI, e A RAE
] R THERE N W= [, 4, ¢, 5,8, ] 1D =[o,,0,,0,,0,,0,] B, AH

Y'AD =E,

{‘I/HB(P =— diag[s,,5,,5;,5,,5 ] «
FHE(17) M3 (19) Wik F,(H) = 0 B2 ACIRIS I, IR AIRES A B A 76
HR=[r,,r,r,r,rd MG=[g .8 8.8 .8] M, WAH

R"G =E,,;,

{RHHG = diag[s,,5,,55,5,,5]

AL 2.3 /NS SR v i T AR A R 1) LR SRR b AR TR R A RE AR S R A
SCHTR RS F AL AR FR D RE. TR 2.3 /N5 (9 4015 Ut B TC e e MR AR S Ty B IE U, &
AT Xof JO7 ) — %o AR A 1] 5 L BOIRAS ) B TC IR AT AR TEAZ. 3% 5 1.3 F 1.5 /N5 i BUAR Y O
THEA R GRS ] 2 1Y 1SS PELS 182 — 3.

HeAh, H 3 AT [ F (A ,B) = 0 B S Fo(H) = 0 BUARZS 1) 07 7 A6 1) i R 2 ik
JE—Em.

3 TR
R B P B AR S I IR AR T LR 2R, BT XS BN R R ST —
XPRAEAE s, S s, BTN IPIRZS 1500 o, Tl @, HIAS SO SEg 45 R m] H
" 0, =7,
©ide; = {1, P
X I RBIE AR, X2 SER AR AT X 2R IEIL @ = [o,0,], N
H b SO 8 S 30 i 235 2R T
WD - [0 1} ,
1 0
" 0 si| . 0 s,
O"'BD =- Lz O} 5 @"Bd =- L. O}'
ARG T LUIE b5 i 1 R A5 LAk PRI AT P S 9055 S0 BB AR TR] A %0 £ A 45

4 ZWshR S BRI TARIR S0 0B il RE = A= A2 i

L AR T BUGAER 3l 23 M U 52 e e A T 2. R T AL L 2.2 /Y B
1, 7 2R 1) AR5 R RSO0 T #5 BESCRR[ 7 ] 200455 LR B T HIRUBUR A R
JEE | 3 5 A AR S SRS 1) AR IE B RO AR DD RS TSR RAUEE IR I AR T 5 4
RE RS RBPEVERS L ARG IR 46 Z U A, BB 2 H0R m, , 10 0 A S0k
[7] ZWshr s AR PR RBUR RBE, s ORI ] i A5 5 J5 1 SCR[ 7] T i
REE, s NBAHSEIO R Am,/m, = 0.01 WEITFH1 22 434008 R AR BARSE RNk 4
7.

H1Z 4 AA, JRREAR 5 5 T HIRE R S 22 A R A SR I — MR , TR W AR5 I
TSRS 25 A R 2 B0 X UL 5 LR W2 SR AR R | R A il RS B it
PRSI HT L4 1 1) 05 RE M RIS, AR AT IE S PEAGL S | IR AL PT LAAT 280 B b 5 TR R 1) 52
M, 38 B 7 A AN b B ) P R S Ml 22
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R4 BERREUET LS EXT (2.2 NG

Table 4 Comparison between the three sensitivity algorithms for state vectors of the example in section 2.2

g<°>] (x1073%)

Sim

sg,[,zl] (x107%)

“(:l) (><10’3)

Si,m
!

1 0.000 6-0.003 4i -0.000 1i -0.000 1i
2 0.000 6+0.003 4i 0.000 1i 0.000 1i
3 0.066 7-0.525 9i 0.068 8-0.521 7i 0.062 1-0.525 9i
4 0.066 7+0.525 9i 0.068 8+0.521 7i 0.062 1+0.525 9i
5 0.142 2-0.967 7i 0.002 6-0.005 3i 0.002 0-0.004 1i
6 0.142 2+0.967 7i 0.002 6+0.005 3i 0.002 0+0.004 1i
7 0.094 6-0.694 4i —-0.004 9-0.002 8i —-0.003 7-0.002 0i
8 0.094 6+0.694 4i —-0.004 9+0.002 8i —-0.003 7+0.002 0i
:l__: N
5 én 14

ARSCRE X WA DL IR 2575 B 2, i 1 T R 8 28 1] BT g ) 7 A R A 1)
e, T LASE UM [ A4 A 2 B SC PP adh T8 5 o X AR EE A R ST | AR XEAR B 2R B8 K AR X PR A AR
FIX 3 PSRRI AR B R S AT A S0 # 7 TARZS 1) i IR A PR A S BG4 ol o
PHROIRAS 18] B AU, A RESE B AR Zh RE AR TR, W] Ui i 1E S MR 36 , A Rt it 4
P BRGS0 45 R B 7= A 1 R T
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An Unusual Phenomenon in the Complex Mode
Orthogonality Theory and the Strategy Against It

ZHANG Miao', YU Lan', JU Wei’
(1. School of Science, Changchun Institute of Technology ,
Changchun 130012, P.R.China;
2. R &D Center, China FAW Group Corporation,
Changchun 130011, P.R.China)

Abstract: The label phenomenon was revealed through verification of the correctness of the
complex mode orthogonality theory used in engineering with numerical experiment. Firstly, the
decoupling function of the state vectors under different state space schemes was theoretically
analyzed. The related conclusions were also proposed on the orthogonal properties of the state
vectors in the cases of symmetric and asymmetric structures with repeated frequencies. Second-
ly, the label phenomenon was found out and the method to eliminate its undesirable influence
was given. Finally, through a general example of sensitivity analysis, the likely risk out of igno-
rance of the label phenomenon was demonstrated. The research indicates that, through neces-
sary orthogonality check and adjustment of the state vectors’ orders, the decoupling of the
state vectors is realized and the adverse effect of the label phenomenon on the calculation accu-

racy is eliminated.

Key words: complex mode theory; label phenomenon; orthogonal property; decouple; diago-

nalization



