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Study on the Appropriate DOF of Rigid Body Motion of Carbody
Considering Capsule Vehicle Nolinear Characteristics
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Abstract Capsule vehicles for hyperloops, like conventional high-speed rail vehicles, can be expressed
as a dynamics model with 15-DOF. On the other hand, the levitation and guidance suspension systems,
which are the primary suspension systems of the capsule vehicle, have nonlinear characteristics by
reflecting the characteristics of the levitation force and guidance force caused by the magnetic field, so
the computer simulation for understanding the dynamic characteristics of capsule vehicle is more
complicated and requires more effort and time than conventional high-speed rail vehicles. Therefore,
although a dynamic model with 15-DOF is important, it is necessary to implement simpler mathematical
equations by reducing the degrees of freedom to have no significant effects on the dynamic
characteristics of the capsule vehicle and simultaneously shorten the simulation time. Hence, the capsule
vehicle dynamics models with 11-DOF and 9-DOF were proposed, and the simulation results for these
were compared with the simulation results with 15-DOF to find out the differences between them. A
mathematical model of the dynamic characteristics of a capsule vehicle in which the primary suspension
is expressed nonlinearly was developed using the nonlinear subspace identification method. From the
simulation results, this study proposed a capsule vehicle with 11-DOF that has little effect on the vertical

and lateral motions of the capsule vehicle body.
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Fig. 1. Capsule vehicle suspension system overview
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Fig. 2. Magnetic levitation system[7]
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Table 2. Capsule vehicle parameter values

Parameter Symbol Value
Mass of Car-body(kg) M, 17,060
Mass of Bogie(kg) M, 4,759
Secondary Suspension Spring Stiffness K
Coefficient(N/m) sv 37.26e4
Secondary Suspension Damper
Coefficient(N+s/m) G 3.276
Length of Car-body from the center of
the mass of Car-body to the lateral or I 7.40
vertical secondary suspension c ’
system(m)
Bogie Length(m) 1z 4.40
Height from the center of mass of the
bogie to the lateral secondary Reirt 0.497
suspension system(m)
Width from the center of mass of bogie
to the vertical secondary suspension w,, 0.40
system(m)

Hight from the center of mass of Bogie h 0.07
to the guidance EDS system(m) gul ’
Width from the center of mass of Bogie w 0.63
to the levitation EDS system(m) o ’

a -
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(a) Vertical displacement of bogies and car-body
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Time (sec)

(b) Lateral displacement of bogies and car-body
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Fig. 7. Simulation results for 15 DOF model

o]E°f tist I3 &L RMS(Root Mean Square) Zf=
Aot b ESF Zrt

Table 3. Peak and RMS values of displacements and
rotations from 15 DOF simulation

Di Front Bogie Rear Bogie Car-Body
P Peak | RMS | Peak | RMS | Peak | RMS
Vertical | 56 9707 | 5.0791 | 21.0531] 5.1042 | 2.7282 | 0.7872
(mm)
Lateral |3/ o515 9.9054 |36.0317| 9.9766 | 5.1999 | 1.4325
(mm)
Roll
1.42e-2 | 3.45e-3 | 1.44e-2 | 3.47e-3 | 1.10e-3 | 3.09e-4
(rad)
Pitch 15 f0e-3 | 1.06e-3 | 2.41e-3 | 1.06e-3 | 1.24e-4 | 3.17e-5
(rad)
Yaw 15 (93| 1.82e-3 | 3.45e-3 | 1.13¢-3 | 1.67e-4 | 4.32¢-5
(rad)
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Fig. 8. Simulation results of Car-body motions under
9, 11, and 15-DOF models
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Table 4. Peak values of car-body’s displacement
under 9, 11 and 15 DOF simulation and
deviations (dev.)

15-DOF 11-DOF 9-DOF
Motion Peak Peak | % peak| Peak | % peak
value value dev. value dev.
Vertical Disp. | 5 2og) | 27344 | 0.23 | 2.6881 | 1.47
(mm)
Lateral Disp. | 5 1909 | 59414 | 080 |52615| 1.18
(mm)
Roll Motion | 5511 | 00011 | 0.00 |0.0012| 9.09
(rad)
Pitch Motion |y /0 4 |1 26e-4| 1.61 |1.28e-4| 3.23
(rad)
Yaw Motion |y o7 4 |1 01e-4| 14.37 |1.96e-4| 17.37
(rad)
Average dev. - - 3.40 - 6.47

Table 5. RMS values of car-body’s displacementunder
9, 11 and 15 DOF simulation and deviations

(dev.)
15-DOF 11-DOF 9-DOF
Motion RMS | RMS | % RMS| RMS | % RMS
value value dev. value dev.
Vertical Disp. | ;a5 | 07872 | 0.00 | 0.7882| 0.13
(mm)
Lateral Disp. | ar5 | 4 4154 | 119 | 1.4163 | 113
(mm)
Roll Motion | 5 090 4 |300e-4| 0.00 |3.22e-4| 421
(rad)
Pitch Motion | 3 19 5 13 90e5| 256 |3.21e-5| 2.8
(rad)
Yaw Motion | 390 5 | 467e-5| 8.10 |4.62e-5| 6.94
(rad)
Average dev. - - 2.37 - 3.06

Table 6. Computation time under 9,11 and 15 DOF
models for one iteration simulation

No of DOF of [Computation time fo Er(ljmgxii?nnt :zlvnzﬁ
the model 1 iteration (min) resI;trect 0 15 DloF
1 15 DOF 0.9844
2 11 DOF 0.5274 46.43 %
3 9 DOF 0.4414 55.16 %

Table 4, Table 5 U Table 62 RH AFEE 4
} 11-DOF @ 9-DOF 9] 97} Ao] Hhaysha] o
HIAE JES 23S ASRATo] 7] 08
AL & 4= 9} 11-DOFQ] 593t mdle 214 &

59 T3 g QA= Wt 3.40%, RMS g 2xh= Wt
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15-DOF A} 595t Hdof tisto] A4 259 H3
gk 2= Wit 6.47%, RMS FF 2= B 3.06%%
YeRta 9lom AR 55.16%2 TAEHIS &
4 Stk

3hH, 11-DOF®F 9-DOF HFollA Xp49] 8 °%
Zho] W= ko] AL 7zt 14.37% E 17.37% &A UE
war Qick T2y 219 & B B A B %
9] Ao m g U RMS FF 2% 1.5% oJH9] o3}
£ EoF1 gt o|2RH IHLEF9 AHLol=
11-DOF ®dlo] 9-DOF 24| H|3} 15-DOF Zd9]
AlEFlolAd Aol dA3] - US & 5 U
o]t tjx}9] & 20| 11-DOF BdlojA 1= o
1} 9-DOF HdojA& =R 97| o= Hel
o A FA 5 T G IEF 2 4 H3F 250
U 23S £ 49 11-DOF 290 H|5le] @& H|S:
SHA YR AR, AlEF|olA Al7to] ©5EEE 9-DOF
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