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ABSTRACT The vehicle test big data has important significance for the study of vehicle performance and
characteristics. Aiming at the test of the dynamic stiffness characteristics of a bogie suspension system of
rail vehicles, a simplified rigid-flexible hybrid model of the bogie is established, and the force condition
of the bogie suspension system is analyzed. Based on this simplified model, a mathematical model of the
dynamic stiffness of the primary suspension, secondary suspension, and integrated suspension is established.
In addition, a method for testing the three-way dynamic stiffness of a bogie suspension system in a complete,
assembled state is proposed, and a dynamic stiffness test model of the bogie primary suspension, secondary
suspension, and comprehensive suspension is established. Dynamic stiffness tests of the primary suspension,
secondary suspension, and integrated suspension were carried out, and according to the big data analysis of
the bench test, the dynamic stiffness curve of each suspension in the frequency of 0.5-5 Hz is obtained. The
test results show that the dynamic stiffness of the suspension of the bogies varies nonlinearly with the change
in frequency. The dynamic stiffness values of the suspensions at different frequencies vary greatly. As a result,
the vehicle’s operating characteristics cannot be evaluated based on the suspension static stiffness or the
suspension stiffness at a single frequency, indicating the necessity of the suspension dynamic stiffness test
after the bogie is assembled.

INDEX TERMS Rail vehicle, test big data, bogie, suspension stiffness, dynamic stiffness test, stiffness

characteristics.

I. INTRODUCTION

A bogie is one of the main components in ensuring the safe
operation of rail vehicles. The running stability and ride
comfort of the train are closely related to the suspension
characteristics of the bogie [1]-[6]. The dynamic perfor-
mance of arail vehicle with a secondary suspension is directly
related to primary suspension system [7], [8]. The lateral
stability of the vehicle depends mainly upon the character-
istics of the secondary transverse stiffness and the damping
of the secondary transverse damper when the system is sta-
bilised [9]-[13]. During the design of a bogie, the suspension
stiffness parameters are derived from and optimized using
theoretical calculations and software simulations. However,
in the actual production of a bogie, the suspension stiffness
parameters depend not only on the parameters of the corre-
sponding suspension components but also on the assembly
of the components—, and assembly error can substantially
influence the suspension parameters. The suspension element

stiffness and the static and dynamic characteristics of damp-
ing are also very different [14]. Therefore, the 3D dynamic
stiffness of the bogie suspension system must be measured
after the bogie is assembled to ensure that the suspension
parameters can meet the design requirements [15]-[17].
For the determination of the suspension stiffness of the
bogie, Aizpun etal. [18], Wang et al. [20], and Bideleh
and Berbyuk [21] obtained the rotational stiffness param-
eters of a suspension system via simulation and parameter
estimation. Bideleh and Berbyuk [21] and Xia et al. [22]
analyzed the influence of suspension parameters on bogie
dynamics. Li ef al. [23], Feng et al. [24], Tian et al. [25],
and Tian et al. [26] analyzed a type of bogie consisting
of a primary suspension axle box spring. Qin Zhen et al.
studied the influence of secondary suspension parameters
on the critical speed of trains [27]-[29]. The bogie param-
eter test bench developed by Southwest Jiaotong Univer-
sity can test the overall stiffness of the bogie, but it is not
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possible to measure the primary suspension and the sec-
ondary suspension separately [30]-[32]. HE analyzed the
influence of a bending-resistant torsion bar on train dynam-
ics [33]. Chi Maoru analyzed the influence of secondary
suspension parameters on the lateral stability of the vehicle
body by simulation [9], but the test method for the sec-
ondary suspension parameters of the bogie was not stud-
ied. Qi et al. [34], Chen et al. [35] conducted a dynamic
study on the air springs of rail vehicles, but only performed
a simulation to examine the air springs in the secondary
suspension, which cannot replace testing the actual perfor-
mance of the secondary suspension in its completed state.
Zhang et al. [36] measured the one-line suspension stiffness
of bogies. Shietal. [37] studied the suspension stiffness
characteristics of high-speed EMU bogies, and Shi ef al. [38]
tested the bogie yaw coefficient. Zhou ef al. [39] stud-
ied the dynamic stiffness of the bearing by the spectrum
analysis method. Zong et al. [40], Tianetal. [26], and
Xia et al. [41] used the vibration transfer function analysis
method to study the dynamic stiffness characteristics of the
gearbox. Matsubara et al. [42] tested the dynamic stiffness of
the spindle by applying a sine wave excitation to the machine
tool spindle. LU [43] used impact technology to measure the
dynamic stiffness of the engine mount. Hu et al. [44] studied
the dynamic stiffness characteristics of the engine rubber
suspension by finite element simulation and test methods.
Jilin University has developed a new type of bogie test bench,
which can separately determine the three-way dynamic and
static stiffness suspension parameters of the secondary sus-
pension system in a complete, assembled bogie.

This paper describes the basic structure and working prin-
ciple of the test equipment of the new bogie suspension sys-
tem; the main contributions of this paper can be summarized
as follows:

1) Based on the structure of the bogie of the rail vehicle,
the rigid-flexible model of the bogie is established, and the
force condition of the bogie suspension system is analyzed.

2) According to the structure of the bogie suspension sys-
tem, the mathematical model and test model of the dynamic
stiffness of the suspension system are established.

3) A test method for dynamic stiffness testing of a bogie
suspension system is provided;

4) The stiffness characteristics test of the bogie suspension
system of the rail vehicle was carried out. The dynamic
stiffness characteristics of the bogie suspension system were
obtained by analyzing the dynamic test results.

Il. TEST SYSTEM AND BOGIE PHYSICAL

MODEL ANALYSIS

A. TEST SYSTEM

As shown in Fig 1, the physical structure of the test system
serves as special equipment for track vehicle parameter detec-
tion. The bogie parameter test bench can realize the static and
dynamic measurement of the suspension parameters under
the condition of bogie assembly and the completion condition
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FIGURE 1. Test system physical structure.

of the whole vehicle, which can simulate the actual running
condition of the vehicle, too. The test bench consists of three
independent 6-DOF motion platforms and support frames.
The upper 6-DOF is mounted on the support frame, and
the two lower 6-DOF motion platforms are mounted on the
foundation. Each of them is driven by seven servo actuators
to allow the 6-DOF spatial motion. The 6-DOF excitation
loading of the bogie can be performed separately, and the two
lower 6-DOF motion platforms can simultaneously perform
excitation loading on the bogie. The test bench has a maxi-
mum excitation force of 200 tons and a maximum excitation
frequency of 15 Hz.

Upper incentive platform

N\

2# Lower incentive
platform

Bogie

1# Lower incentive
platform

FIGURE 2. Experimental schematic of the stiffness test.

Fig 2 illustrates an experimental schematic of the stiffness
test. The second wheel of the bogie is fixed to the 3D force
sensor connected on the No. 1 lower excitation platform and
the No. 2 lower excitation platform, and the bolster is fastened
to the 3D force sensor at the lower end of the upper excitation
platform. Thus, the force of the bogie wheel pair and the
bolster in the three directions of X, Y and Z can be measured
during the test process.
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FIGURE 3. CRH3 bogie structure diagram.
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FIGURE 4. Rigid and flexible hybrid model of the bogie.

B. ANALYSIS OF THE BOGIE PHYSICAL MODEL

In this paper, the suspension stiffness characteristics of
the CRH3-type bogie are studied, as shown in Fig.3. This
bogie is composed of a wheelset, primary suspension, frame,
secondary suspension and bolster. The primary suspension
mainly consists of an axle box spring, a flexible rubber pad,
a box shock absorber and an axle box positioning device. The
secondary suspension of the bogie is mainly composed of air
springs, lateral shock absorbers, anti-snake shock absorbers,
Z-type traction rods, etc. The air spring can not only achieve
elastic support in the suspension system but also provide
damping. The structure of the CRH3 bogie establishes the
following simplified rigid-flexible hybrid model of the bogie,
as shown in Figure 4:

(1) Kexpis Keypis Kegpi (i=1, 2, 3, 4) are the longitudinal,
lateral and vertical equivalent stiffnesses, respectively, of the
four primary suspensions of the bogie.

(2) Cexpi, Ceypi, Cempi (i=1, 2, 3, 4) are the longi-
tudinal, lateral and vertical equivalent damping coeffi-
cients, respectively, of the four primary suspensions of the
bogie.
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(3) Kesis Keysis Kezsi (i=1, 2) are the longitudinal, lateral
and vertical equivalent stiffnesses, respectively, of the two
secondary suspensions of the bogie.

(4) Cexsis Ceysir Cezsi (i=1, 2) are the longitudinal, lateral
and vertical equivalent damping coefficients, respectively,
of the two secondary suspensions of the bogie.

IIl. MATHEMATICAL MODEL AND MEASUREMENT
METHOD OF THE STIFFNESS OF THE BOGIE

SUSPENSION SYSTEM

A. BOGIE TEST FORCE ANALYSIS

As shown in Figure 5, simplified force analysis of the test
bogie is based on the bogie structure and test plan in the test.
During the test, the bogie is under the gravity of m,,1g and
myng of the two wheelset; the frame gravity mpg; the loading
force of upper excitation platform exerted to the secondary
suspension Fys (i = 1,2), Fys; (i = 1,2), Fzi (i = 1,2);
the loading force of the wheelset of lower excitation platform
exerted to the primary suspension Fxp; (j = 1,2, 3,4), Fyp;
G =1,2,3,4), Fz; G = 1,2,3,4); the supporting force
of the frame supporting device to the frame Fypy (k =
1,2,3,4), Fypr (k = 1,2,3,4), Fzpr (k = 1, 2,3,4), thus
the balance equation of each force of the bogie is obtained
according to the force balance:

z

.

FX 4
FXpl ¥ FYp4
F m,g P
Fys FYp3
Fpr
FIGURE 5. Force diagram of bogie simplified model.
Longitudinal:
2 4 4
> Fri+ Y Frj+ Y Frae =0 ey
i=1 j=1 k=1
Lateral:
2 4 4
ZFXxi + ZFij + ZFXBk =0 (2
i=1 j=1 k=1
Vertical:

2 4 4
ZFZSi + ZFij + ZFZBk + my18 + my2g +mpg =0
i=1 j=1 k=1

3
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B. MATHEMATICAL MODEL OF THE DYNAMIC

STIFFNESS OF THE SUSPENSION

1) MATHEMATICAL MODEL FOR TESTING THE DYNAMIC
STIFFNESS OF THE PRIMARY SUSPENSION

AND SECONDARY SUSPENSION

The structure and composition of the primary suspension and
the secondary suspension reveal that both suspensions are
spring-damped systems. The mathematical model of the lat-
eral, longitudinal and vertical dynamic stiffness of the bogie
primary suspension and the lateral, longitudinal and vertical
dynamic stiffness of the bogie secondary suspension can be
expressed as a single-degree-of-freedom spring-mass system,

as shown in Fig 6.
lf ®

T Ix(t)

FIGURE 6. Mathematical model of the dynamic stiffness test for the first
and second suspensions of the bogie.

In the dynamic stiffness test, a simple harmonic excitation
is applied to the bogie system. According to Newton’s second
law, the differential equation of motion of the single-degree-
of-freedom spring damping system is:

mi (t) + cx (t) + kx (t) =f (1) @

If the excitation is given by f (1) = Fe/" and the response
by x (t) = X&', then the system’s displacement frequency
response function will be:

X 1
H(w) = =

R 5
F  k—mo?+jcw ©)

The dynamic stiffness is the ratio of force to displacement:

F 5 .
Kd(a))=)—(=k—ma) + jew 6)
This formula shows that the dynamic stiffness K (w) is a
function of frequency w and not a fixed value. The stiffness
at a particular frequency depends on the static stiffness k,
damping ¢ and mass m of the system.
The dynamic stiffness of primary suspensions is:

Kpai (0) = kyi — mpic® + jepio, (i =1,2,3,4) (7)

The dynamic stiffness of secondary suspensions is:
(i=12) (®)

Ksai (@) = ksi — mgiw® + jesio,
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2) MATHEMATICAL MODEL OF THE COMPREHENSIVE
DYNAMIC STIFFNESS OF THE BOGIE

According to the physical model analysis of the bogie, the
lateral, longitudinal and vertical integrated suspension sys-
tems of the bogie are all two-degrees-of-freedom spring-mass
systems with viscous damping. The lateral, longitudinal and
vertical integrated suspension systems of the bogie can be
expressed as the two-degrees-of-freedom spring mass system

shown in Fig 7.
le (t)

FIGURE 7. Mathematical model of the comprehensive dynamic stiffness
test for the bogie suspension.

Harmonic excitation is applied to the bogie system during
the dynamic stiffness test. According to Newton’s second
law, the differential equation of motion of the two-degrees-
of-freedom spring-mass system is:

miX + (c1 + c2)X1 — 2% + (ki + k2)xy — koxp = F1 (2)
myXp — caX1 + caXp — kaxi + koxp = F2 (1)
©))
where ¢ = Cepl t Cep2 + Cep3 + Cepa and ¢ = Ces1 + Ces2-
The two simultaneous second-order ordinary differential

equations above can be expressed in matrix form [45] as
follows:

[m]{x (O} + [c]{x O} + [k {x (O} = {F (D} (10)

In the above formula,

[l = "51 ”?2]
=t _Cﬂ,
[k = :"1_*,;2"2 ‘k’ﬂ,
) = {2 o }
(F (1)) = {g g;}
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Equation (9) is rewritten as follows:

m1X1 + mpXa+cr1x1 + ciox2 + kiixy + kioxo = Fi(1)
m2X1 + maXo+ciox1 + cox2 + kiox1 + kioxy = Fo(t)
(1)
The harmonic excitation is rewritten as follows:
Fi(t)=F", Fy(1) = Fe™ (12)
Then, the corresponding response is:
x () =X, x () =Xz (13)

Combining equations (12) and (13) with equation (11):

(—w?mi1 + jwciy + kit) Xi
+ (—w?miz + jociz + ki2) X = F)

(14)
(—w?mia +Jw012 + ki2) Xi
+ (- w?myy + jwca + k2) X2 = Fy
Assuming, Zi (0) = —w’my + joci + ki (i, k = 1, 2).
Equation (14) can be converted into matrix form:
[Z ()] {X} = {F} (15)
From this, the following can be obtained:
X} =1Z ()] {F} (16)
Among these:
1Z ()]
_ 1 [ Zn (@) ~Zn (w)]
det[Z ()] | Z12(w)  Z11 (@)
_ 1 [ Zn (@) —Zn (w)]
Zi (@) Zn (@) —Z4 () L =212 (@)  Z11 (@)
Therefore,
V4 F1—Z F
X, = 22 (w) Fi 12 (@) F> (17

Z11 () Z2 (0) — Z% (w)
X, — —Zp () F1+Zyy (;0) F (18)
Z11 () Z2 (0) — Z% (w)

In the comprehensive dynamic stiffness test of the bogie,
as shown in Fig 7, F (t) = 0. Thus, the integrated dynamic
stiffness of the bogie may be obtained from equation (18):

Keq ()
_ P Zu(@Zn () -Z} ()
Xy Z11 (w)

(—w?mi1 + jocii + ki) (—w?mx + jocn + k)
- —w’myy + jociy + ki
(—@?min + jocir + k12)2
C —wPmyy +jocn + ki

19)
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C. SUSPENSION DYNAMIC STIFFNESS EXPERIMENTAL
TEST AND METHOD

When the dynamic stiffness of the bogie suspension system
is tested, a steady-state sinusoidal excitation is applied to
the suspension system, after which the measured force and
displacement at a given excitation frequency are calculated
to obtain the dynamic stiffness at that frequency. The stiff-
ness characteristics of the suspension systems at different
frequencies are determined by applying different excitation
frequencies to the suspension system [46], [47].

1) VERTICAL COMPREHENSIVE DYNAMIC STIFFNESS

TEST MODEL AND TEST METHOD

The test of the vertical comprehensive dynamic stiffness of
the bogie suspension is carried out with the bogie frame
unconstrained, and a vertical sinusoidal excitation is applied
to the bolster or to the secondary suspension through the test
rig. Fig 8 shows the dynamic test model for comprehensive
vertical stiffness. In the figure, F 751 and F 752 are the vertical
dynamic excitations acting on the bogie suspension system,
where F 7si = Fz5il(t), and I(¢) is the periodic excitation func-
tion. Based on the analysis of the bogie test force model and
considering the influence of nonlinear factors, the following
is obtained:

Fze = Kz:S7c + C2:87: + OF 7 (20)

IN?Zsl ﬁ'Zs2
* z 1 *

%éﬂﬂhﬁﬂﬁ%
%EV - %m

vvvv | Wy

//4//// 77 7777IK77
FZpi FZpi

FIGURE 8. Comprehensive Vertical dynamic stiffness test model for the
bogie suspension.

In the above formula:
Fz =FZpl +FZp2+FZp3 +FZp4

(1) ®F is the nonlinear force of the overall suspension in
the vertical direction.

(2) Cz is the overall suspension damping coefficient.

3)F zpi 18 the load on the four wheels measured during the
test.

After the vertical dynamic load for each suspension is
stabilised, the internal force of the suspension is equal to
the measured value under the steady-state excitation load,

VOLUME 6, 2018



Z. Niu et al.: Dynamic Stiffness Characteristics Analysis of Bogie Suspension for Rail Vehicle

IEEE Access

assuming that §z, = [SZC(oq) — S7.(0)], and the vertical
integrated dynamic stiffness Kz. of the suspension can be
expressed as:

Fze _ Fzel(00) = Fzel (0)
dzc Szc(00) — SZC(O)

Kz = (2D
In this formula:

(1) Fz:1(00) is the comprehensive steady-state load maxi-
mum value of the wheel measured in the vertical direction.

(2) Fz:1(0) is the comprehensive steady-state load mini-
mum value of the wheel measured in the vertical direction.

(3) Sz.(00) is the vertical integrated deflection correspond-
ing to the maximum value of the steady state load.

(4) Sz:(0) is the vertical integrated deflection correspond-
ing to the minimum value of the steady state load.

In the same way, the lateral dynamic excitation load and the
longitudinal dynamic excitation load are applied to the bogie
using the method for comprehensive vertical dynamic stiff-
ness measurement, and the comprehensive lateral dynamic
stiffness of the bogie suspension Ky, and the comprehensive
longitudinal dynamic stiffness of the suspension Ky, can be
obtained.

Fye _ Fyc(00) — FyI(0)

7 8y Sye(00) — Syc(0)

(22)

In this formula:
(1) FycI(o0) is the comprehensive steady-state load maxi-
mum value of the wheel measured in the lateral direction.
(2) Fy:1(0) is the comprehensive steady-state load mini-
mum value of the wheel measured in the lateral direction.
(3) Syc(00) is the lateral integrated deflection correspond-
ing to the maximum value of the steady state load.
(4) Syc(0) is the lateral integrated deflection corresponding
to the minimum value of the steady state load.

2o _ Pxe _ Fxel(00) = Fxl (0)
xe Sxc(00) — S(O)xe

e (23)
In this formula:

(1) FxcI(o0) is the comprehensive steady-state load max-
imum value of the wheel measured in the longitudinal
direction.

(2) Fx.1(0) is the comprehensive steady-state load min-
imum value of the wheel measured in the longitudinal
direction.

(3) Sxc(o0) is the longitudinal integrated deflection corre-
sponding to the maximum value of the steady state load.

(4) Sxc(0) is the longitudinal integrated deflection corre-
sponding to the minimum value of the steady state load.

2) TEST MODEL AND METHOD FOR VERTICAL DYNAMIC

STIFFNESS TEST OF THE PRIMARY SUSPENSION

For the I~(Zp,~ test, the tool is used to fix the two sides of the

frame to the foundation, and a vertical sinusoidal excitation

is applied to the primary suspension through the test bench.
Fig 9 shows the dynamic test model of the vertical stiffness

of the primary suspensions. In the figure, F, zpi 1s the vertical
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FIGURE 9. Vertical dynamic stiffness test model for the bogie primary
suspension.

dynamic excitation load acting on the primary suspension of a
series, and F' zpi = Fzpil (t) and I(¢) are the periodic excitation
functions. According to the analysis of the internal force
model of the bogie and considering the effects of nonlinear
factors, the following is obtained:

Fzpi = Kzpi - Szpi + Czpi - Szpi + OF 7, (i =1,2,3,4)
(24

In the formula, ®F7,; are the four forces that are suspended
in the vertical direction of the nonlinear force.

As the vertical dynamic load for each primary suspension
reaches the steady state, the internal force of each suspension
becomes equal to the dynamic load acting on it. If §z,; =
[Szpi(00)—S7i(0)], the vertical dynamic stiffness K zpi of each
primary suspension can be expressed as:

Kz = FZI"' _ Fzpil (00) — Fz,il(0)
" S7pi(00) — 87,i(0)

8zpi )
In the above formula (19):

(1) Fzpil(00) is the measured maximum steady-state load
of the primary suspension in the vertical direction.

(2) Fzi1(0) is the measured minimum steady-state load of
the primary suspension in the vertical direction.

(3) Szpi(00) is the corresponding vertical deflection of the
primary suspension when the steady state load reaches its
maximum value.

(4) Szi(0) is the corresponding vertical deflection of the
primary suspension when the steady state load reaches its
minimum value.

In the same way, The lateral dynamic excitation load and
the longitudinal dynamic excitation load are applied to the
suspension of primary suspensions by a method used for
vertical dynamic stiffness measurement. The lateral dynamic
stiffness I~(yp5 and longitudinal dynamic stiffness IE'X,,i of the
primary suspension of the bogie are thus obtained.

Fypi _ Fypil (00) = Fypil (0)
Sypi Sypi(00) — Sypi(0)

Kypi = (26)
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In this formula:

(1) Fypil(00) is the measured maximum steady-state load
of the primary suspension in the lateral direction.

(2) Fypil (0) is the measured minimum steady-state load of
the primary suspension in the lateral direction.

(3) Sypi(oo) is the corresponding lateral deflection of the
primary suspension when the steady state load reaches its
maximum value.

(4) Sypi(0) is the corresponding lateral deflection of the
primary suspension when the steady state load reaches its
minimum value.

Fpi _ Fxpil (00) — Fxpil (0)

— = (27)
Sypi Sxpi(00) — Sxpi(0)

Kxpi =

In this formula:

(1) Fypil (00) is the measured maximum steady-state load
of the primary suspension in the longitudinal direction.

(2) Fypil (0) is the measured minimum steady-state load of
the primary suspension in the longitudinal direction.

(3) Sypi(o0) is the corresponding longitudinal deflection of
the primary suspension when the steady state load reaches its
maximum value.

(4) Sypi(0) is the corresponding longitudinal deflection of
the primary suspension when the steady state load reaches its
minimum value.

3) SECONDARY SUSPENSION VERTICAL DYNAMIC
STIFFNESS TEST MODEL AND TEST METHOD

Fig 10 shows the test model for the vertical dynamic stiff-
ness of the secondary suspension of the bogie. The bogie
is fixed to the foundation of the test bench, and the vertical
dynamic excitation load of the test platform is applied to the
secondary suspension of the bogie. The vertical deflection
of the secondary suspension of the bogie and the vertical
reaction of the secondary suspension are tested in real time.
In Fig 10, F; is the vertical dynamic excitation load acting
on the secondary suspension, where F 7 = Fzgl(t) and I1(t)
is the periodic excitation function. According to the analysis
of the internal force model of the bogie, and considering the

%st ;N(Zsl % f’NﬂZs2¢, gmz
[/ =y /]
S0 13 [P ]

7 VWVV |

AV

FIGURE 10. Vertical dynamic stiffness test model for bogie secondary
suspension.
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effects of nonlinear factors:

Fzi = Kz - Szsi + Czsi - Sz5i + OF z; (i =1,2) (28)

In this formula:

(1) Cgzs is the secondary suspension damping coefficient

(2) ®Fzj; are the nonlinear reaction forces of the secondary
suspension in the vertical direction.

After the vertical dynamic load on the secondary sus-
pension reaches the steady state, the internal force of each
suspension becomes equal to the dynamic load acting on it.
If 6z = [Szsi(00) — Sz:i(0)], the vertical dynamic stiffness
of the secondary suspension can be expressed as follows:

o _ Fzi _ Fzil(00) — Fz,il (0)
87si Sz5i(00) — Szsi(0)

(29)

In this formula:

(1) Fz:I(0) is the measured minimum steady-state load of
the secondary suspension in the vertical direction.

(2) Fz;l(00) is the measured maximum steady-state load
of the secondary suspension in the vertical direction.

(3) Sz:(0) is the corresponding vertical deflection of the
secondary suspension when the steady state load reaches its
minimum value.

(4) Szsi(00) is the corresponding vertical deflection of the
secondary suspension when the steady state load reaches its
maximum value.

In the same way, the lateral dynamic excitation load
and the longitudinal dynamic excitation load are applied to
the secondary suspension separately by the method of sec-
ondary suspension vertical dynamic stiffness measurement.
From this, the lateral dynamic stiffness K vsi and longitudinal
dynamic stiffness Kyy; of the bogie secondary suspension can
be obtained.

S Fysi  Fysil (00) — Fysil (0)

Ryy = 20— (30)
BT Sy Syyi(00) — Syy(0)

In this formula:

(1) FysI(0) is the measured minimum steady-state load of
the secondary suspension in the lateral direction.

(2) Fysil (c0) is the measured maximum steady-state load
of the secondary suspension in the lateral direction

(3) Sysi(0) is the corresponding lateral deflection of the
secondary suspension when the steady state load reaches its
minimum value.

(4) Sysi(o0) is the corresponding lateral deflection of the
secondary suspension when the steady state load reaches its
maximum value.

o _ Fxi _ Fxail(00) — Fxsil (0)
8xsi Sxsi(00) — Sxi(0)

(3D

In this formula:

(1) FxsiI(0) is the measured minimum steady-state load of
the secondary suspension in the longitudinal direction.

(2) Fxsil (00) is the measured maximum steady-state load
of the secondary suspension in the longitudinal direction
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FIGURE 11. Physical structure of bogie suspension dynamic stiffness test.
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FIGURE 12. Excitation motion waveform when measuring the dynamic
stiffness of the suspension.

(3) Sxsi(0) is the corresponding longitudinal deflection of
the secondary suspension when the steady state load reaches
its minimum value.

(4) Sx;si(00) is the corresponding longitudinal deflection of
the secondary suspension when the steady state load reaches
its maximum value.

IV. DETERMINATION OF THE DYNAMIC STIFFNESS

OF THE BOGIE SUSPENSION

As shown in Figure 11, the four wheels are placed on the
four force sensors separately during the bogie test, and the
force sensor is connected to the lower excitation platform.
The upper end of the secondary suspension connected to the
upper excitation platform with two force sensors.

The laser displacement sensor is connected to the test
bench base through the sensor support frame, which ensures
that the laser displacement sensor is not affected by the move-
ment of the test platform during the test. The detection accu-
racy of the force sensor is 24m, and the detection accuracy
of the force sensor is =1kg.In the dynamic stiffness measure-
ment test of the bogie suspension, the motion platform drives
the bogie suspension system with a sine wave possessing a
2 mm amplitude, and the sweep frequency excitation test is
performed with a vibration frequency interval of 0.5 Hz for a
range of frequencies from 0.5 Hz to 5 Hz. The force sensor
and the displacement sensor are used to measure the force
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FIGURE 13. Suspension lateral comprehensive dynamic stiffness test
duration curve. (a) Lateral dynamic stiffness test duration curve.
(b) Longitudinal dynamic stiffness test duration curve. (c) Vertical
dynamic stiffness test duration curve.

of the suspension system and the corresponding deflection,
respectively, during the movement, and the dynamic stiffness
is calculated from the test measurement data. The excitation
motion waveform during dynamic stiffness measurement is
shown in Figl2.
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Fig. 13, Fig. 14 and Fig. 15 can present the measured
values of the force and deformation at different frequencies of
the whole suspension, primary suspension and the secondary
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suspension in the transverse, longitudinal and vertical direc-
tions respectively. When the motion platform travels in a
sine wave, the measured values of the three-dimensional
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force measuring device and the laser displacement sensor are
synchronously changed, thus the stiffness values at different
frequencies in the transverse, longitudinal and vertical direc-
tions of the whole suspension, the primary suspension and the
secondary suspension of the bogie are obtained, and finally
the dynamic stiffness characteristics of the bogie suspension
system are acquired.
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FIGURE 16. Suspension comprehensive dynamic stiffness test curves.
(a) Lateral dynamic stiffness test curve. (b) Longitudinal dynamic stiffness
test curve. (c) Vertical dynamic stiffness test curve.

As seen in Fig 16(a), the lateral dynamic stiffness of the
suspension is in the frequency range of 0.5~5 Hz, which
first decreases with increasing frequency, where the inflection
point appears at approximately 1.5 Hz, and then gradually
increases with increasing frequency, where the rate of change
in stiffness gradually increases with increasing frequency.
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As seen in Fig 16(b), the longitudinal integrated dynamic
stiffness value of the suspension is in the frequency range
of 0.5~5 Hz, and gradually increases with increasing fre-
quency. At approximately 4 Hz, the stiffness tends to stabilize
as the frequency continues to change.

As seen in Fig 16(c), the vertical dynamic stiffness of the
suspension is in the frequency range of 0.5~5 Hz. It first
decreases with increasing frequency, then gradually increases
with increasing frequency; the inflection point appears at
approximately 2 Hz. The rate of change in stiffness gradually
increases with increasing frequency.
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FIGURE 17. Secondary suspension lateral dynamic stiffness test duration
curve. (a) Lateral dynamic stiffness test curve. (b) Longitudinal dynamic
stiffness test curve. (c) Vertical dynamic stiffness test curve.

As seen in Fig 17(a), the lateral dynamic stiffness of
the four primary suspensions decreases with increasing fre-
quency in the range of 0.5~5 Hz. The dynamic stiffness
curves of the four primary suspensions are essentially iden-
tical; the transverse dynamic stiffness values of #1 and
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FIGURE 18. Secondary suspension vertical dynamic stiffness test curve.
(a) Lateral dynamic stiffness test curve. (b) Longitudinal dynamic stiffness
test curve. (c) Vertical dynamic stiffness test curve.

#4primary suspensions at the same disturbance frequency are
higher than those of the 2# and 3# suspensions.

As seen in Fig 17(b), the longitudinal dynamic stiffness
of the four primary suspensions is in the frequency range
of 0.5~5 Hz, which initially increases gradually with increas-
ing frequency, , and the inflection point appears at approx-
imately 4.5 Hz, then gradually decreases with increasing
frequency. The longitudinal dynamic stiffness values of the
#1 and #2 primary suspensions are greater than the longi-
tudinal dynamic stiffness values of the #3 and #4 primary
suspensions at the same disturbance frequency. Moreover,
there is an unbalanced vertical dynamic stiffness parameter
matching of the #1, #2 #3, and #4 suspensions. It is presumed
that the test result is due to the assembly gap and the uneven
distribution of the wheel mass.

As seen in Fig 17(c), the vertical dynamic stiffness of
the four singe stage suspensions initially decreases with the
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increase in frequency in the frequency range of 0.5~5 Hz,
then gradually increases with the increase of frequency the
inflection point appears at approximately 3 Hz. The dynamic
stiffness curves of the four suspensions are consistent with
one another.

As seen in Fig 18(a), the lateral dynamic stiffness of
the #1 and #2 secondary suspensions increases with fre-
quency in the range of 0.5~5 Hz, and the dynamic stiffness
curves of the two secondary suspensions are essentially
identical.

As seen in Fig 18(b), the longitudinal dynamic stiffness
of the #1 and #2 secondary suspensions increases gradually
with frequency in the frequency range of 0.5~5 Hz, and the
dynamic stiffness curves of the two secondary suspensions
change uniformly. The rate of change of the stiffness fre-
quency tends to remain steady after 2.5 Hz.

As seen in Fig 18(c), the vertical dynamic stiffness of
the #1 and #2 secondary suspensions is essentially stable in
the frequency range of 0.5~2 Hz, and the dynamic stiffness
values of the two secondary suspensions increase with an
increase in frequency in the range of 2~5 Hz. The rate of
growth gradually increases..

V. CONCLUSIONS

The rigid-flexible hybrid model of the bogie is established,
and the bogie suspension system is equivalently simplified.
According to the rigid-flexible hybrid model of the bogie,
the mathematical model and experimental model of the bogie
suspension system are established. The mathematical expres-
sion of the dynamic stiffness of the suspension is calculated
from the mathematical model of the comprehensive dynamic
stiffness test of the bogie suspension. Based on the test model
of the bogie suspension system, the dynamic stiffness test
of the bogie suspension system was carried out, and the
vehicle suspension system test big data was obtained, thus the
dynamic stiffness characteristic curve of the bogie suspension
system was obtained with the bench test big data analysis.

(1) From the test results, the comprehensive dynamic
stiffness of the bogie is found to vary nonlinearly with the
frequency change in the range of 0.5~5 Hz. The lateral
dynamic stiffness of the suspension and the vertical dynamic
stiffness of the suspension show a trend of decreasing first
and then increasing with frequency, the trend of the decrease
is due to the trend of the dynamic stiffness of the suspen-
sion. The longitudinal comprehensive dynamic stiffness of
the suspension increases with an increase in frequency, and
the stiffness tends to stabilize with increasing frequency at
approximately 4 Hz.

(2) In the frequency range of 0.5~5 Hz, the lateral dynamic
stiffness of the primary suspension decreases with an increase
in frequency. The longitudinal dynamic stiffness of the pri-
mary suspension initially increases with an increase in fre-
quency, reaches a maximum value at approximately 4.5 Hz,
then decreases. The vertical dynamic stiffness of the primary
suspension initially decreases, then increases as the frequency
increases, reaching a minimum value at approximately 3 Hz.
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Based on the analysis, the occurrence of stiffness reduction is
affected by the friction of a series of coil springs.

(3) In the frequency range of 0.5~5 Hz, the trans-
verse dynamic stiffness of the secondary suspension initially
decreases and then increases as the frequency increases,
reaching a minimum value at approximately 1 Hz. The
longitudinal dynamic stiffness of the secondary suspension
increases as the frequency increases. The vertical dynamic
stiffness of the secondary suspension initially decreases, then
increases as the frequency increases, reaching a minimum
value at approximately 1.5 Hz.
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