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Note: F is the force applied at the two terminals of inerter, N; F,is the screw
force applied at the nut, N; Fyis the friction on the contact surface between
nut and screw, N; x; is the actual displacement of nut, m; Ax is the elastic
deformation of screw, m; 7 is the driving torque applied at the screw, N-m.
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Fig.1 Nonlinear mechanical analysis of nut and screw
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Note: k. is the equivalent stiffness of screw, N/m; ¢, is the equivalent
damping of screw, Ns/m; f'is the friction, N; b is the inertance of inerter, kg.
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Fig.2 Nonlinear mechanics model of inerter
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Table 1 Parameters of test condition
WS % ZHUH
Teat parameters Parameter values
15 2% R 3 Inertance/kg 130, 330
M Frequency/Hz 0.1, 1, 3,5, 7,9
PRME Amplitude/mm 20 (0.1, 1), 10 (3), 5(5),
CH 5 P R AR (3505 ) 3(D, 2 (D,

B3 Rk
Fig.3 Test of inerter
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Fig.4 Mechanical properties response of inerter
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Note: k. is the equivalent stiffness of screw, N/m; c.is the equivalent damping
of screw, Ns/m; b is the inertance of inerter, kg; x; is the lower terminal
displacement of inerter, m; x, is the displacement between the two stages of
nonlinear model, m; x3 is the upper terminal displacement of inerter, m.
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Fig.5 Output force model of inter without friction
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Table 2 Parameter identification results
b=130 kg b=330 kg
ZH il ZH il
Parameter Value Parameter Value
ko/(KN-m™) 1265 kJ(KN-m™) 1274
c/(Ns'm™) 4172 cJ/(Ns'm™) 4066
blkg 126.7 blkg 3247

TEe ke HEATEBNNE, KN/m; e, ALATSERLE, Ns/im; b A3
MAERK, kg.

Note: k. is the equivalent stiffness of screw, kN/m; ¢, is the equivalent
damping of screw, Ns/m; b is the inertance of inerter, kg.
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Second stagel

a. AR
a. Suspension model

l /
R X
z 14 Y
f ‘ I _e;_ m, 1,
5
| s 1 B
f | Suspension

b. XU R SR
b. Vehicle vibration model with two axles
T mg AR, kg z, WESGTUORENE, m: Fn F 20000
SRR 1, No L WS RHDE S, kgm’s ¢ J ST
i, rads I LAPRARTRRR S BULEER, m; zg zo 200 A ZE ST
JRREEALR, my my my 53 TR AR BT, kg zyn Zu 23901
TGRSR ENE, m: ke ke 0 ETSSRIRRIE, N/m:
qr g5 BT SR AL R T TR AR ZD M, m.
Note: my is the body mass, kg; z, is the vertical displacement of body
centroid, m; Fy. F,is the vertical force of front suspension and rear
suspension respectively; I, is the body pitch rotational inertia, kg~mz; @ is
the body pitch angle, rad; /is the distance between body centroid and front
axle, m; /,is the distance between body centroid and rear axle, m; zy zq-is
the vertical displacement of front body and rear body respectively, m; n,/
m,,-is the front unsprung mass and rear unsprung mass respectively, kg; z,r
z,- 1 the vertical displacement of front unsprung mass and rear unsprung
mass respectively, m; ki~ K is the tire stiffness of front wheel and rear wheel
respectively, N/m; g g, is the vertical vibration input of front wheel and rear
wheel respectively, m.
Ho6 MEF-HE-FLRERFRMEE
Fig.6 Nonlinear modeling of inerter-spring-damper
suspension
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Table 3 Simulation parameters

S4 —>

- Zsr) + Cl (Z'wr - Z.sr)

28 Hifl
Parameter Value
$&#, 7 Sprung mass/kg 650
ARFAT 4 8
o . o 2 1200
Pitching rotational inertia/(kg'm")
(LSS e A 45
Unsprung mass of front wheel/kg
EEEY P
Unsprung mass of rear wheel/kg
B LS 1265
Distance between front axle and body centroid/m '
S Bl T 1.55
Distance between rear axle and body centroid /m ’
NI Tire stiffness/(kKN-m™) 162
151 2% 240 Inertance/kg 278
a2
St FHIE 152

Spring stiffness of S1/(kN'm™)
S1 FHJe R4
Damping coefficient of S1/(N-s'm™)
S 55— BRI s
Spring stiffness of S2 for first stage/(kN-m™) ’
S2 e R
Damping coefficient of S2 for first stage/(N-s-m'l)
S 55— BRI 152
Spring stiffness of S2 for second stage/(kN'm™") ’
S2 BB e R AL

Damping coefficient of S2 for second stage/(N-s-m'l)
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Fig.7 Simulation results
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Table 4 Ride comfort simulation data
SPMPE PR A

B Suspension form

Evaluation of ride comfort S, Ss S, S4
EEibiy;-

Vertical acceleration/(m-s?) 0.8105 0.8837 0.5429  0.5636
AREAT i B

Pitch acceleration/(rad-s?) 0.7350 0.8036  0.4551 0.4764
0 4
’%"\‘EMTE 0.0034  0.0032  0.0031  0.0032

Suspension travel/m

S
BB 729.54  742.74  472.04  493.82

Wheel dynamic load/N
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Analysis of vibration isolation performance for nolinear
inerter-spring-damper suspension

Sun Xiaogiang, Chen Long™, Wang Shaohua, Yuan Chaochun, Zhang Xiaoliang

(School of Automobile and Traffic Engineering, Jiangsu University, Zhenjiang 212013, China)

Abstract: Many studies have shown that the impacts of nonlinear factors on the actual mechanical properties of
an inerter can’t be ignored. In order to investigate the inerter nonlinearities and their influence on ISD
(inerter-spring-damper) suspension performance, the ball-screw inerter was chosen as the study object. A
nonlinear mechanics model with friction in a ball-screw pair and an elastic effect of screw was built based on the
mechanism of nonlinear factors on the force flow process of the inerter. The mechanical property testing of the
inerter was carried out using a CNC hydraulic servo exciting test-platform, and the test results truly reflected the
impact of friction on the mechanical properties of the inerter. At the same time, it could be determined by the test
results that the amplitude of friction didn’t vary with the change of inertance, and that the amplitude of friction
could be determined to be 60N. On this basis, the friction was removed from the output force of the inerter and the
output force model of an inerter without friction was built. The transfer function between the output force of the
inerter and the relative acceleration between the two ends of the inerter was established. After discretization of the
transfer function and derivation of the least squares format of the system, the parameters of the model were
identified through the recursive least squares algorithm. The inertance obtained by the identification was very
close to the actual value, which fully vindicated the identification results. According to the identification results,
the equivalent stiffness and damping of the screw were respectively determined to be 1270 and 4100 Ns/m. The
mathematical model of ISD suspension with a nonlinear inerter was built and the performance of four different
structures of ISD suspension was analyzed and compared by Matlab/Simulink and vehicle vibration models with
two axles. It was shown from the simulated results that the RMS of body vertical acceleration and body pitch
acceleration of a three-element parallel ISD suspension were respectively increased by 9.03% and 9.33%, the
RMS of body vertical acceleration and body pitch acceleration of a two-stage series ISD suspension were
respectively increased by 3.81% and 4.68%. In addition, compared with a three-element parallel ISD suspension,
a two-stage series ISD suspension had better performance, the RMS of body vertical acceleration, body pitch
acceleration and tire dynamic load were respectively reduced by 36.2%, 40.7% and 33.5%. In summary, the
vibration isolation performance of an ISD suspension was degraded to some extent by considering inerter
nonlinearities, but the maximum degradation was no more than 10%, and the impact of inerter nonlinearities on
the performance of a two-stage series ISD suspension was less than that of a three-element parallel ISD
suspension. The conclusion provides an important reference for the influence evaluation of inerter nonlinearity on
an ISD suspension performance and the structure selection of an ISD suspension.

Key words: vehicles, models, force control, suspension, inerter, nonlinearity, parameter identification, ride
comfort
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