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The paper investigates the influence of stiffness and damping on the oscillations of a spring-damper
system under a given load (sprung mass). The stiffness determines the mass of the sprung part of a vehicle
structure. The use of a damper in a typical configuration between the sprung and unsprung masses may, in
some cases, help to attenuate vibrations, while in others, it may amplify them.

The aim of the experimental study is to empirically substantiate the rational parameters of the spring-
damper system under a non-harmonic excitation of the oscillatory system by a force impulse of a given amplitude.

A laboratory test rig and the results of a factorial planned experiment are presented. A second-order
regression equation in natural parameters was obtained. The regression model was analyzed with two factors — the
sprung mass and the damping coefficient — while the stiffness coefficient was kept constant at three levels. For a
stiffness coefficient of 3088 H/m and an excitation force impulse of 500 H applied to mass m;, the oscillation amplitude
of the sprung mass of 100 kg with a damping coefficient of 300 H-s/m is 48 mm, and with a damping coefficient of
200 H-s/m — 47 mm. For a sprung mass of 50 kg and damping coefficient of 300 H-s/m, the oscillation amplitude of
mass my is 88.9 mm, and with a damping coefficient of 200 H-s/m — 76.9 mm. Similarly, for a stiffness coefficient of
2745 H/m and excitation force impulse of 500 H, the oscillation amplitude of the sprung mass of 100 kg with a damping
coefficient of 300 H-s/m is 55 mm, and with 200 H-s/m — 47 mm. For a sprung mass of 50 kg and damping coefficient
of 300 H-s/m, the oscillation amplitude of mass m; is 108 mm, and with 200 H-s/m — 85.9 mm.

With a decrease in the sprung mass, the oscillation amplitude increases. A decrease in the stiffness
coefficient of the spring-damper system also results in an increase in the oscillatory impulse amplitude of the
sprung mass. A reduction in the damping coefficient of the spring-damper system leads to a decrease in the
oscillatory impulse amplitude of the sprung mass. This enables adaptive control of the sprung mass oscillations
while maintaining the condition of a damped oscillatory response of the spring-damper system.

Key words: oscillation amplitude, stiffness coefficient, damper, sprung mass, factorial experiment,
design matrix, factor, regression equation.

Eq. 8. Fig. 3. Table. 3. Ref. 10.

1. Problem formulation

The study of elastic—-damper systems is currently in high demand in the context of vehicle development.
The suspension systems of vehicles, regardless of the type of transport system or suspension design, contain both
elastic and damping elements. Elasticity determines the mass of the sprung part of the vehicle structure. The use
of a damper in the typical configuration between the sprung and unsprung masses helps to attenuate oscillations
in some cases, while in others it may induce them.

The necessity to alter the operating mode of the elastic-damper system under different conditions
requires an adaptive system, which leads to the development of active or semi-active systems-those that control
either elasticity or damping, or a combination of both elasticity and damping.

This, in turn, necessitates experimental studies of the parameters of the elastic-damper system.

2. Analysis of recent research and publications

Cylindrical helical compression springs are widely used in elastic-damper systems and in mechanical
systems as energy storage components. Among their wide range of applications, those that require knowledge
of the transverse stiffness of the spring pose significant challenges. Examples of such applications include
vibratory conveyors, railway bogies, and vibration dampers.
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Analytical models are generally based on simplifications and may therefore be prone to errors. Differences
have been observed between experimental results and those obtained using elementary relations for the static
characteristics of cylindrical helical compression springs [1]. Moreover, the stiffness relationships for springs
available in the literature are sufficiently accurate only for springs with at least five active coils [2]. The cited work
presents the results of experimental studies on the axial compression of springs with two different end types (closed
and ground ends, and closed but unground ends). The influence of the end coils on the natural frequencies of
longitudinal vibrations was analyzed [3]. A modification of the traditional analytical model was proposed, in which
the fixed boundary points at the ends of the active coils were replaced by torsional stiffness elements representing
the end coils. Including the end coils in the calculations produced results closer to experimental data than those
obtained from the traditional model [3]. The problem of transverse vibrations of cylindrical helical compression
springs, which has significant practical importance, has been addressed in many studies.

Researchers have investigated the use of a damper and a spring for in-wheel motor suspension and the
development of a dynamic vibration absorber system that can simultaneously improve ride comfort and reduce
in-wheel motor vibration compared to a conventional suspension system [4, 5]. Xu et al. studied the damping
properties of viscoelastic dampers made of different viscoelastic materials [6, 7]. Sato et al. [8] proposed a
method for evaluating the practical application of viscoelastic dampers in wind vibration control by using
equivalent sinusoidal waveforms to simulate long-duration random excitations in the along-wind and cross-
wind directions. Lu et al. [9] investigated the constitutive relationship of viscoelastic materials, taking into
account the friction effect of individual molecular chains with the surrounding environment at the microscale.

The dynamic characteristics and energy dissipation behavior of viscoelastic dampers exhibit nonlinear
dependence on both the frequency and the amplitude of displacement loading.

3. The purpose of the article

The purpose of the experimental study is to empirically substantiate the rational parameters of the
elastic—damper system under non-harmonic excitation of the oscillatory system by an impulse of force with a
given amplitude and duration.

4. Results and discussion

The parallel connection of an elastic element and a damping element represents the classical
configuration of a Kelvin—Voigt body. The structural diagram of the test stand is shown in Figure 1, and its
general view is presented in Figure 2.

The elastic elements (1) (Figures 1 and 2) are connected in parallel with a pneumatic damper (2). The
pneumatic damper is connected to a subsystem (3) that measures pressure and includes a bypass throttle with a
variable orifice. The information from subsystem (3) is transmitted to the damping control and monitoring system
(DCMS), then to an analog-to-digital converter (ADC), from which data are read by a personal computer (PC).

Information about the oscillations of the sprung mass m: (6) and the unsprung mass m. (5) is captured
by sensors (4), converted by the ADC, and then read by the computer. Control of the DCMS (see Figure 2,
item 3, assembly) is carried out from the computer via a digital-to-analog converter (DAC). All measurement
and processing operations are performed by the computer.

Digital-to-analog
converter

Analog-to-digital
converter

sprung mass, m?

Tro

Fig. 1. Structural diagram of the test stand for investigating the elastic—damper system
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DAC and ADC

Fig. 2. General view of the test stand for investigating the elastic—damper system

<

The input factors include the sprung mass (m.), the stiffness coefficient (K,,), and the damping
coefficient (Kdamp). The response criteria are the oscillation amplitude of the sprung mass (Ami) and the
amplitude time constant (z..s) of the sprung mass oscillation. The factor variation levels are given in Table 1.
The study was conducted as a factorial designed experiment. The experimental methodology was based on the
approach described in [10], taking into account the significance of each factor and decoding the regression
model terms into coefficients corresponding to the natural values of the factors.

Table 1
Levels of variation of factors and their code values in the planned experiment
S s Levels of factors
k= 2 upper null lower Variation
Factors S & .

'z £ Code values interval

@ =

o a +1 0 -1
Sprung mass, mx X1 kg 100 75 50 25
Elasticity coefficient, Ky X2 H/m 3088 2475 2402 343
Damping coefficient, Kdamp x3 | H-s/m 300 250 200 50

To investigate the influence of these factors, the experiment was carried out in three repetitions
according to the experimental matrix (Table 2) and the previously described methodology [10].

In order for the design matrix to possess the property of orthogonality, a column with corrected level
values x/ was introduced in Table 2, which is calculated using the following formula:

(f =5t - =X
N, 1)

The matrix of calculated coefficients of the regression equation is presented in Table 2, where columns
2-11 constitute the orthogonal design matrix, column 12 — contain the experimental response values.

Based on the data from Table 2, the regression equation coefficients were calculated. The values of
the regression coefficients characterize the contribution of each factor to the response function and were
determined using the following formulas [10]:

DGV NN CA8) S N5 IS N (c:0iis) NI M (G0 VD N (G I M GRS )
Y18 BT T 6 z- 6 o

2 3 11 — 33 T 6 12
Z(Xl'x3'Y) Z(Xz'xs’)’) _Z(Xl'xz'x3'Y)
b13 = bzs = b123 =
12 12 8

y
bO :%*0-67'1311 70'67'b22 70'67'b33. (2)

The results of the coefficient calculations for the regression equation are presented in Table 3.
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Table 2
Orthogonal Three-Factor Second-Order Design Matrix
Ne X1 X2 X3 | X1°X2 | X1°X3 | X2°X3 (xl/ )2 (xé )2 (xé )2 X1 x2'x3 | Y1 (Aml), m
1 2 3 4 5 6 7 8 9 10 11 12
1 | +1 | +1 | +1 | +1| +1| +1 0.3333 0.3333 0.3333 +1 0.0481
2 0 | +1 | +1 0 0| +1 -0.6667 0.3333 0.3333 0 0.06268
3 o I 1) 1] +1 0.3333 0.3333 0.3333 -1 0.08895
4 | +1 | +1 | 1 +1| -1| -1 0.3333 0.3333 0.3333 -1 0.0424
5 0 | +1 | -1 0 0] -1 -0.6667 0.3333 0.3333 0 0.0547
6 o N A 1) +1] -1 0.3333 0.3333 0.3333 +1 0.07688
7 | 41| +1| O +1 0 0 0.3333 0.3333 -0.6667 0 0.0429
8 0 |+1 | O 0 0 0 -0.6667 0.3333 -0.6667 0 0.05555
9 -1 +1 ] 0 -1 0 0 0.3333 0.3333 -0.6667 0 0.07876
10 | +1 | -1 | +1 1) +1] -1 0.3333 0.3333 0.3333 -1 0.07338
11 | 0 1] +1 0 0] -1 -0.6667 0.3333 0.3333 0 0.0962
12 | -1 | -1 | 41| +#1] -1| -1 0.3333 0.3333 0.3333 +1 0.13978
13 | +1 | -1 | -1 1) -1 +1 0.3333 0.3333 0.3333 +1 0.054
14 | 0 1| -1 0 0| +1 -0.6667 0.3333 0.3333 0 0.06981
5] -1 ] -1 | -1 +1| +1| +1 0.3333 0.3333 0.3333 -1 0.09865
16 | 41 | -1 0 -1 0 0 0.3333 0.3333 -0.6667 0 0.0588
17 | 0 -1 0 0 0 0 -0.6667 0.3333 -0.6667 0 0.07636
18 | -1 | -1 0 +1 0 0 0.3333 0.3333 -0.6667 0 0.1091
19 | +1 | 0 | +1 0| +1 0 0.3333 -0.6667 0.3333 0 0.0558
20| O 0 | +1 0 0 0 -0.6667 -0.6667 0.3333 0 0.07567
21 | -1 0 | +1 0] -1 0 0.3333 -0.6667 0.3333 0 0.1088
22 | +1 | O -1 0] -1 0 0.3333 -0.6667 0.3333 0 0.0473
231 0 0 -1 0 0 0 -0.6667 -0.6667 0.3333 0 0.0611
24 | -1 0 -1 0| +1 0 0.3333 -0.6667 0.3333 0 0.08594
25 | +1 | O 0 0 0 0 0.3333 -0.6667 -0.6667 0 0.049
26 | O 0 0 0 0 0 -0.6667 -0.6667 -0.6667 0 0.064
27 | -1 0 0 0 0 0 0.3333 -0.6667 -0.6667 0 0.091
> | 18 | 18 | 18 | 12 | 12 | 12 - - - 8 -

To express the regression equation in natural factor values, the linear terms were transformed from
coded values into natural values according to the formula [10]:

b,

bix ==X, —— Xy

&

3)

where X; — natural value of the factor, X,,— natural value of the factor at the zero level, & — variation

interval.

The transformation of interaction linear terms was carried out according to the formula [10]:

b;
bijxixj=?j(xixj—xixoj—xjxm+x0ix0j)_ @
The transformation of quadratic terms was performed using the formula [10]:
byx” =" (Xi2 —2X X + XOiXOiz)
& (5)

Analysis shows that the regression model with three factors would be inadequate. Therefore, the

regression model is considered with two factors — the sprung mass and the damping coefficient — while the
stiffness coefficient factor remains constant. Thus, for three values of the stiffness coefficient, we obtain three
regression models.

The results of calculating the natural coefficients of the regression equation are given in Table 3.
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Table 3
Results of the calculation of the regression equation coefficients at given levels of factor x;
Coefficient of X2 =+1 X2 =0 X2 =-1
the regression Coded Real Coded Real Coded Real
equation coefficient | coefficient | coefficient | coefficient | coefficient | coefficient

b0 0.0555 0.1941 0.064 0.2033 0.076 0.257
bl -0.0185 -0.001716 -0.0223 -0.001636 -0.0269 -0.001964
b2 0.0043 -0.000458 0.0077 -0.00051 0.0145 -0.000826
b12 -0.0016 -1.28-10°° -0.0036 2.88-10° -0.0054 -4.32-10°°
b1l 0.0054 8.64-10° 0.0061 9.76-10° 0.0082 13.12:10°
b22 0.0032 1.28-10° 0.0044 1.76-10° 0.0072 2.88-10°

The regression equations in natural parameters for the vibration of the sprung mass are as follows:
Ami(xz=+1) = 0.1941 — 0.001716 - my — 0.000458 * Kgqmyp +

+8.64-1076 - mf + 1.28-107¢ * KZypmp, — 1.28- 1076 - my * Kggmp (6)
Ami(xz=0y = 0.2033 = 0.001636 - m; — 0.00051 * Kggpmyp +
+9.76-107¢ - m% + 1.76 - 1076 KZynp + 1.76 - 107 - my * Kggmp (7)

Il >0
B 008 Il < 00975
I <0,0725 [ < 0.0875
[ < 0,0625 m []<0,0775
Ay, m I < 0.0525 b =1 < 0,0675
. Il <0, 0‘11 I < 0,0575
09 Bl < 0,0475
010
008
00
0,07 o0 &
0,08 001
0s 00 o
004 0¥ 300

1067200
a b
A, m o012
mt Bl <012
014
B <0,08
2 <006
o}

300

K gamp. H-s/m
100 200

c
Fig. 3. 3D graphical models of the vibration amplitude of the spring-damper system as a function of the
sprung mass mx and the damping coefficient Kqamp at a given stiffness coefficient Kyr (H/m):
a) 3088; b) 2475; c) 2402
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Ami(x2=—1) = 0,257 = 0.001964 - m; — 0.000826 - Kg4mp +
+13.12-107% - mf +2.88- 107 - Koy, — 4.32-107% - my - Kgamp (8)
For a stiffness coefficient Ky = 3088 H/m and an excitation impulse force F(t) = 500 H applied to
mass m; (Fig. 1), the amplitude of a single oscillation of the sprung mass m; = 100 kg is 48 mm at a damping
coefficient Kgamp =300 H-s/m and 47 mm at Kgamp = 200 H-s/m. With a decrease of the sprung mass, the
oscillation amplitude increases (Eg. (6), Fig. 3a). For a sprung mass of 50 kg and Kgamp = 300 H-s/m, the
amplitude of a single oscillation of mass m; is 88.9 mm, while for Kgamp = 200 H-s/m it is 76.9 mm. A decrease
in the damping coefficient results in a reduction of the oscillation amplitude (Fig. 3a).
For a stiffness coefficient Ky = 2745 H/m and the excitation impulse F(t) = 500 H applied to mass m;
(Fig. 1), the amplitude of a single oscillation of the sprung mass m; = 100 kg is 55 mm at Kgamp = 300 H-s/m
and 47 mm at Kgamp = 200 H-s/m (Eq. (7), Fig. 3b). For a sprung mass of 50 kg and Kgamp =300 H-s/m, the
amplitude of a single oscillation of mass m; is 108 mm, while for Kgamp = 200 H-s/m it is 85.9 mm. A decrease
in the damping coefficient leads to a reduction of the oscillation amplitude (Fig. 3b).
A similar trend of change in the amplitude of the oscillatory impulse is observed for the sprung mass

my = 75 Kg. For Ky = 2402 H/m, the trend of amplitude variation over the considered range of sprung masses
is analogous (Eg. (8), Fig. 3c).

5. Conclusion

The analysis of the experimental data shows that with a decrease in the sprung mass (load mass), the
amplitude of the oscillatory impulse of the sprung mass increases. A decrease in the stiffness coefficient of the
spring-damper system also results in an increase in the oscillatory impulse amplitude of the sprung mass.

A reduction in the damping coefficient of the spring-damper system leads to a decrease in the
oscillatory impulse amplitude of the sprung mass. This enables adaptive control of the sprung mass oscillations
while maintaining the condition of a damped oscillatory response of the spring-damper system.
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EKCHHEPUMEHTAJIBHI JOCJIII)KEHHA AMILIITY U KOJINBAHHSA ITPYKHO-
JIEMII®EPHOI CUCTEMM (TLJ10 KEJIbBIHA-®OMI'TA)

B pobomi poszenamymo eniuse npysichocmi i 0eMn)y8anHs HA KOAUBAHHA HPYHCHO-0eMNPepHOT
cucmemu 3a 3a0aHO20 HABAHMAdNCEHHA (nionpyxcunenoi macu). Ilpyscnicms  peenramenmye macy
RIONPYIHCUHEHOT yacmunu KOHCMPYKYIi mpancnopmuoeo 3acoby. Buxopucmanns odemngepa 6 munosiii
KOHGhicypayii midic niopecopenumu ma HeniopecopeHuMu MAacamu 8 OOHUX CUMYAYisx O0ONOMAaz2ac 2acumu
KOJIUBAHHSA, A 6 THUMUX — GUKIUKAE IX.

Memoro excnepumeHmanbHo20 O0CTIONHCEHHS € eMRnipuyHe OOTPYHMYSAHHS PAYIOHANLHUX NApaMempis
NPYJHCHO-0eMNGEPHOI cucmemu 3a He2apMOHIIHO20 BNIUBY HA KOTUGHY CUCIEMY IMIYIIbCY CUU 3A0AHOT AMIIIMYOU.

Ilpusedeno nabopamopny ycmanoeky ma pe3yibmamu aKkmopHo20 NIAHOBAHO20 eKCNePUMEHM).
Ompumano pieHanHs pezpecii Opye02o NOpsAOKy 8 HAMypPaIbHUX NOKasHuKax. Pezpeciiiny mooenv posensaoanu 3a
ogoma paxmopamu, niopysxcureroi macu i koegpiyienmy demnghyeanns, a gaxmop Koeghiyienma npysxcHocmi
NPULMANU HEe3MIHHUM HA mpbox pisusx. [na koegiyicnmi npyscnocmi 3088 HIM i cuni imnynvcy 36ypenns
500 H, sixa npuxiadaemuvcst 0o macu My, amnaimyoa koaueants nionpysxcunemoi macu 100 Kg 3a koeghiyicumy
oemnepysanns 300 H-s/m cmanosums 48 mm, a sa koegiyienmy demngpysanns 200 H-s/m cmanosums 47 mm.
3a nionpysrcunenoi macu 50Kg i xoegiyienmi oemngpysanns 300 H-s/m amnaimyoa xoaueanns macu
M, cmanosums 88,9 mm, a 3a xoegiyienmy oemnghysanns 200 H-sIm, amnnimyoa oonozo xorusanus macu
My cmanosums 76,9 mm. Ananoeiuno, 3a koegiyicuma npyscnocmi 2745 Him i cuni imnyancy 36ypenns 500 H,
amnaimyoa xonusanns nionpyscunenoi macu 100 Kg 3a xoegiyiecumy oemngbysanns 300 H-s/m cmarnosumo
55mm, a za xoepiyienmy oemngysanns 200 H-s/Im cmanosumo 47 mm. 3a nionpysicenenoi macu 50 Kg i
koeiyienmi oemngpysanns 300 H-s/m amnnimyoa oonoco xonusanms macu My cmanosums 108 mm, a 3a
koeiyienmy demnghysanns 200 H-s/m, amniimyoa oonozo korusanns macu My cmanosums 85,9 mm.

I3 3menwenHam niOnpyICUHEHOI Macu amnaimyoa KoIueanHs 3pocmac. 13 smenuienHAM Koeiyienmy
NPYHCHOCTI NPYIHCHO-OeMNepHOi cucmeMu amnaimyod KOIUBHO20 IMNYIbCY NIONPYHCUHEHOT MACU MAKO®C
3pocmae. 3menwiennn Koegiyicnma OemMngy8amnHs npylcHo-0emMn@epHoi cucmemu 6ede 00 3MEHUIeHHS
aMnIimy0a KoausHo20 iMnynscy nionpyxcunenoi macu. Lle ymoswcauenioe adanmuene Kepy6anis KOIUBAHHAM
RIONPYIHCUHEHOT Macu npu 3abe3neventi yMosu 3amyxaioio20 KOIUGAHHS NPYHCHO-0eMN@epHoi cucmemu.

Knrouoei cnoea: amniimyoa xonueanus, Koegiyienm npysxcHocmi, oemngep, maca nionpysiCuHeHd,
NAAHOBAHUL eKCNePUMEHM, MamPUYys NIAHY8AHH, YaKmop, pieHANHHA pespecii.
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