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Identification of Joint Dynamics of Mechanical Structures Using Condensed
F.E.M. Model and Experimental Modal Analysis
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Abstract

Dynamic properties such as stiffness and damping of mechanical joints are essential for the

accurate prediction of the dynamic behaviors of the system and subsequent improvement of the

design. So far several techniques, analytical, experimental, or both have been developed. A

technique using condensed F.EM. model and Experimental Modal Analysis is presented to

identify the joint structural parameters. First, modal parameters of structure are measured by

Experimental Modal Analysis. Then finite element model of the structure is condensed for a

certain complex frequency obtained from experiment to match with the order of the Experimental

Modal Analysis model. Finally by equating the modal parameters obtained from experiment with
those of the condensed system, the unknown joint structural parameters can be identified. A

simulation study is conducted to investigate the accuracy of technique. The experiments are

performed with ball bearings in a rotor bearing system.
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Table 1 Identified joint stiffness of CASE I (£,=5.0E+4, £,=5.0E+4)
REQ (rad/sec) 1st mode 2nd mode 3rd mode
Node 224.73 297.01 3706.5
1 1.0 1.0 1.0
2 1.00345 0.761879 0.451243
4 1.01067 0.789E-9 -0.605287
6 1.00345 -0.761879 0.451243
7 1.0 -1.0 1.0
ki (N/m) 4.9758E4 4.9962E4 5.0052E4
k. (N/m) 4.9758E4 5.0042E4 5.0052E4
Table 2 Identified joint mode shape vectors and joint stiffness of CASE |
FREQ((rad/sec) 1st mode 2nd mode 3rd mode
Node 224.73 297.01 3706.5
1 1.0 1.0 1.0
4 1.01067 0.789E-9 -0.605287
7 1.0 -1.0 1.0
2 1.00345 0.761879 0.451243
6 1.00345 -0.761879 0.451243
ki (N/m) 5.0000E4 5.0000E4 5.0004E4
b, (N /m) 5.0000E4 5.0000E4 5.0004E4
Table 3 Identified joint stiffness of CASE 11(k,=5.0E+7, £,=5.0E+7)
REQ(rad/sec) 1st mode 2nd mode 3rd mode
Node 2648.6 8852.9 9600.2
1 1.0 1.0 1.0
2 -0.159583 1.09718 0.518943
4 -2.48721 -9.2E-11 -4,2899E-2
6 -0.159583 -1.09718 0.518943
7 1.0 -1.0 1.0
Ry (N/m) 5.0000E7 5.0000E7 5.0000E7
k(N /m) \ 5.0000E7 5.0000E7 5.0000E7
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Table 4 Identified joint mode shape vectors and joint stiffness of CASE I

REQ (rad/sec) 1st mode 2nd mode 3rd mode
Node 2648.6 8852.9 9600.2
1 1.0 1.0 1.0
4 -2.48721 -9.2E-11 -4.289E-2
7 1.0 -1.0 1.0
2 -0.159584 1.09718 0.518943
6 -0.159584 1.09718 0.518943
£ (N/m) 5.0000E7 5.0000E7 5.0000E7
b (N/m) 5.0000E7 5.0000E7 5.0000E7
Table 5 Identified joint stiffness of CASE (£, =5.0E+10, £,=5.0E+10)
FREQ((rad/sec) 1st mode 2nd mode 3rd mode
Node 2743.3 10123.0 18936.0
1 1.0 1.0 1.0
2 -1.268E-4 -1.2987E-4 7.00622E-4
4 -2.00133 7.8401E-11 0.440112
6 -1.268E-4 -1.2987E-4 7.00622E-4
7 1.0 -1.0 1.0
£ (N/m) 5.0001E10 5.0003E10 5.0000E10
ko (N/m) 5.0001E10 5.0003E10 5.0000E10
Table 6 Idntified joint mode shape vectors and joint stiffness of CASE IIl
REQ (rad/sec) 1st mode 2nd mode 3rd mode
Node 2743.3 10123.0 18936.0
1 1.0 1.0 1.0
4 -2.00133 7.8401E-11 0.440112
7 1.0 -1.0 1.0
2 -1.281E-4 -1.0300E-4 7.007E-4
6 -1.281E-4 1.0300E-4 4.9997E10
ki (N/m) 4.9494E10 6.3025E10 4.9997E10
£y (N/m) 4.9494E10 6.3025E10 4.997E10
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Table 7 Identified joint mode and stiffness errors with respect to mode shape vector error of CASE 1

Case 1: known joint mode

Case 2 : unknown joint mode

FREQ((rad/sec) 1st mode 2nd mode 3rd mode
est. value 224,73 297.01 3706.5
Casel B (N/m) -3.063E5 -4.1885E5 -6.9790E5
k2 (N/m) -7.463E3 1.2531E5 -9.6273E4
2 0.996397 0.75483 0.444323
Case2
6 1.00402 -0.76131 0.45192
b (N/m) 4.9649E4 4.9334E4 -7.4972E4
ko (N/m) 4.9490E4 5.0661E4 5.8811E4

Table 8 Identified joint mode and stiffness errors with respect to mode shape vector error of CASE 11

Case 1: known joint mode Case 2: unknown joint mode

FREQ (rad/sec) 1st mode 2nd mode 3rd mode
est. value 2648.6 8852.9 9600.2
Casel ki (N/m) 5.2178E7 4.9816E7 4.9693E7
ase ko (N /m) 5.0386E7 5.0124E7 4.9687E7
Case? 2 -0.166564 1.08907 0.563535
se
6 -0.158962 -1.09431 0.469269
b (N/m) 4.8078E7 5.0000E7 5.1282E7
k2 (N/m) 5.0186E7 4.9992E7 4.8410E7
Table 9 Identified joint mode and stiffness errors with respect to mode shape vector error of CASE 1II
Case 1: known joint mode Case 2: unknown joint mode
FREQ((rad/sec) 1st mode 2nd mode 3rd mode
est. value 2743.3 10123.0 18936.0
Casel ki (N/m) 5.2735E10 5.0939E10 4.9269E10
k(N /m) 5.0489E10 4.8567E10 5.1782E10
2 -0.7104E-02 -0.2586E-02 -0.285025E-02
Case 2 6 0.4979E-03 -0.2382E-02 0.219685E-03
ase
ki (N/m) 8.9681E8 2.5553E9 -1.2005E10
k: (N/m) -1.2731E10 -2.6491E9 1.5986E11
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Table 10 Model parameters with respect to assumed joint parameters of Fig. 3

1st mode 2nd mode 3rd mode
Complex frequency —0.8294E—01 —0.3480E+01 —0.1168E+02
Node +10.8507E+03 +i0.3331E + 04 +10.7312E+ 04
1 1.0 +i0.0 1.0 +i0.0 1.0 +i0.0
2 —0.2046E —01 —0.6847E—01 —0.6822E—01
+i0.7836E—03 +i0.1173E—01 +10.3920E—01
3 —0.2255E+01 —0.1706E+01 —0.7496E—00
+i0.2490E—02 i0.2039E - 02 +i0.1057E+01
4 —0.3304E+01 0.2039E—02 0.1057E+01
+i0.3209E—02 —i0.1078E~-02 —1i0.7060E—01
5 —0.2253E+01 0.1704E+4-01 —0.7497E+00
+10.2234E-02 —i0.2731E-01 +i0.5169E—01
6 ~—0.1662E—01 0.5597E—01 —0.6065E—01
+i0.3238E—03 —i0.5126E—02 +i0.1784E-01
7 0.1005E+ 01 —0.1018E+01 0.1024E+01
-10.5424E—03 +1i0.9311—02 —i0.4072E—-01

ki =1.3000E+08
k2 =1.6000E+08

¢:=5.7000E+03
=3.5000E+03

Table 11 Identified joint parameters of Fig. 3 which condensed to 5 degrees of freedom

1st mode 2nd mode 3rd mode
Complex frequency —0.8294E—-01 —0.3480E+01 —0.1168E4-02
Node +i0.8507E+03 +10.3331E+04 +1i0.7312E+ 04
1 1.0 +i0.0 1.0 +i0.0 1.0 +i0.0
4 —-0.3304E+01 0.2039E—02 0.1057E+01
+10.3209E — 02 —i0.1078E—02 —i0.7060E—~01
7 0.1005E+01 —0.1018E+01 0.1014E4-01
—i0.5424E—-03 +i0.9311—02 —i0.4072E-01
2 —0.20463-01 —0.6847E—01 —0.6829E-01
+10.7808E—03 +1i0.3590E—02 +10.3745E—01
6 —0.1662E—01 0.5613E—01 —0.6058E 01
+i0.3209E—03 —i0.3015E—02 +i0.1611E—01
ki (N/m) 1.3000E + 08 1.3259E+ 08 1.4473E408
¢ (N - s/m) 5.6742E+03 2.2326E4-03 1.5804E+03
k2 (N/m) 1.6005E 408 1.6027E+08 1.6901E+408
cz(N « s/m) 3.4638E+03 —2.0950E+ 04 —2.1584E+03
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Table 12 Identified joint parameters of Fig. 3 which condensed to 7 degrees of freedom

1st mode 2nd mode 3rd mode
Complex frequency —0.8294E—-01 —0.3480E+01 —0.1168E+02
Node +10.8507E+03 +i0.3331E+04 +1i0.7312E+04
1.0 +i0.0 1.0 +i0.0 1.0 +i0.0
3 —0.2255E+01 —0.1706E+01 —0.7496E—00
+i0.2490E—02 +i0.2840E—01 +i0.5117E—-01
4 —0.3304E4-01 0.2039E—02 0.1057E+01
+i0.3209E—02 —i0.1078E—02 . —i0.7060E—01
5 —0.2253E+01 0.1704E+01 —0.7497E+00
+i0.2234E—02 —i0.2731E—01 +i0.5169E—01
7 0.1005E+01 —0.1018E+01 0.1014E+01
—i0.5424E—03 +i0.9311-02 —i0.4072E—01
2 —0.2046E—01 —0.6847E—01 —0.6864E—01
+i0.7823E—03 +i0.1139E—01 +i0.3815E—01
6 -0.1663E~01 0.5598E—01 —0.6074E—01
+i0.3224E—03 —i0.4784E—02 +i0.1679E—01
kb (N/m) 1.3002E +08 1.3023E+08 1.3090E+08
a (N - s/m) 5.6855E+ 03 5.4281E+03 5.3974E+03
ko (N/m) 1.5986E + 08 1.6015E+ 08 1.6098E+08
¢ (N «s/m) 3.4276E+03 3.1029E + 04 3.0813E+-03
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Fig. 5 The transfer function of node point 1,3,5,7 of the lower 3 mode of rotor bearing system, frequency band

is 0-1600Hz
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Table 13 The experimental modal parameters and the identified joint parameters of 3 lower modes of a bearing

1st mode 2nd mode 3rd mode
Complex frequency —0.3653E+1 —0.2443E+2 —0.1357E+3
Node +10.8259E+3 +10.3151E+4 +i0.7022E+4
1 1.0 +i0.0 1.0 +i0.0 1.0 +i0.0
3 —0.2979E+1 —0.2207E+1 —0.2231E+1
+i0.9751E~1 +10.6489E—1 +10.1325E+1
4 —0.4253E+1 0.0 0.1655E+1
+10.1427 +10.0 —i0.3428
5 —0.2991E+1 0.2210E+1 —0.1027E+1
+i0.1376 —i0.1021 - 4i0.1523E—-1
7 0.1081E+1 —0.9502 0.6435E+1
—i0.1050E ~ 02 +i0.1974 -1 —i0.3724E+1
2 —0.2393 ~0.3058 —0.1708
+i0.3101E—3 +10.4909E—3 +10.4107
6 —0.2268 0.3253 0.5664
+i0.5120E-3 +10.7587E—3 —i0.1499E—1
b (N/m) 1.6618E+7 3.5220E+7 25141E4+7
a (N - s/m) 2.5565E+3 2.3062E+3 3.0105E+4
k2 (N /m) 7.7863E+6 3.3754E+7 8.4342E+7
¢ (N/m) 2.3346E+3 —2.4436E+3 9.9512E+3

Table 14 The model parameters and identified joint parameters at first mode of bearing system

1st mode 2nd mode 3rd mode
Complex frequency —0.7675E+01 —0.4854E+03 —0.1301E+04
Node +i0.8165E+ 03 +i0.3225E+ 04 +10.4472E+04
1 10 +i0.0 1.0 +i0.0 1.0 +i0.0
2 —0.1846E+00 0.7007E+ 00 0.6277E+00
+10.2669E—01 +i0.1150E+-01 +i0.4316E—01
3 —0.2785E+01 0.2593E+00 0.4522E~02
+i0.8748E—01 +i0.2747E+01 +0.1544E+00
4 —0.4041E 401 0.2828E + 00 —0.7553E—-01
+i0.1302E+00 —i0.2650E+00 —i0.2548E—-01
5 —0.290E+01 —0.6050E +00 —0.1031E+00
+i0.1342E+00 —i0.2547E+01 +i0.9773E—-01
6 —0.3935E+ 00 —0.2532E+01 —0.1057E+00
+i0.1113E 400 —10.4325E+00 +10.4185E 01
7 0.7534E+00 —0.3570E+01 —0.2627E+00
—i0.9996E—01 +i0.2244E+ 01 +i0.1113E+00

ki =1.6618E +07
ke =1.7T7863E+07

¢, =2.5616E+03
¢:=2.3254E+4-03
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Table 15 The model parameters and identified joint parameters at second mode of bearing system
1st mode 2nd mode 3rd mode
Complex frequency —0.6876E+01 —0.3713E+02 —0.1180E+04
Node +i0.8416E+03 +i0.3224E+04 +i0.6150E+-04
1.0 +i0.0 1.0 +i0.0 1.0 4100
2 —0.8080E—01 —0.3949E+00 0.7530E+00
+i0.4891E—02 +i0.1710E+00 +10.4908E—01
3 —0.2448E+ 01 —0.2507E+01 0.2782E+00
+i0.1564E—01 +i0.4195E+ 00 +i0.8839E~01
4 —0.3560E+01 —0.2206E-02 —0.3536E+00
+i0.2079E-01 +i0.3405E—02 —i0.1457E+00
5 —0.2450E+01 0.2509E+01 0.1037E+01
+10.1604E-01 —10.4227E+00 +10.1451E+00
6 —0.8432E-01 0.4084E+00 0.1037E+01
+i0.5610E—02 —i0.1917E+00 +i0.3030E+ 00
7 0.9959E+ 00 —0.9810E+00 0.1523E+01
+i0.8483E—03 —i0.2917E-01 —i0.6227E+-00

k=3.5216E+07
k,=3.3754E+07

c1=2.3062E+03
= —2.4436E+03

Table 16 The modal parameters and identified joint parameters at third mode of bearing system

1st mode 2nd mode 3rd mode
Complex frequency —0.4371E+01 —0.2890E+ 02 —0.2689E+ 02
Node +i0.8471E+03 +i0.3335E+ 04 +10.7334E + 04
1 1.0 +i0.0 1.0 +i0.0 1.0 +i0.0
2 —0.5004E—-01 —0.3882E—02 0.4584E—02
+i0.5929E—02 —i0.7750E—01 —i0.2905E—01
3 —0.2345E+01 —0.1553E+01 —0.6547E+00
+i0.1879E—00 —10.1885E+ 00 i0.4105E—01
4 —0.3426E+01 —0.1294E—02 0.9255E+00
+i0.2389E—00 —i0.4902E—02 —i0.5341E-01
5 —0.2339E+01 0.1566E+ 01 —0.6539E+00
+10.1578E-00 —i0.1833E+00 +i0.4002E—01
6 —0.3210E-01 0.8317E—01 —0.3303E-01
+i0.5177E-02 —i0.4728E-01 +1i0.7162E—01
7 0.1021E+00 —0.8882E+00 0.9281E+00
—10.6383E—01 +10.4256E—01 +i0.8115E—01

k=25141E+07
ky=8.4342E+07

¢ =3.0105E+04
¢ =9.9512E+03
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