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ABSTRACT

The hub-driven virtual rail train is a novel urban transportation system that amalgamates the benefits of modern
trams and buses. However, this system is plagued by issues such as decreased ride comfort and severe deformation
of urban roads due to the increase in sprung mass and long-term rolling at the same position. To address these
concerns and improve the human-vehicle-road friendliness of the virtual rail train, we propose an Improved
Sky-Ground Hook and Acceleration-Driven Damper control (Improved SH-GH-ADD control) strategy for the
semi-active suspension system. This control monitors the vibration acceleration signal of the unsprung mass
in real-time and selects the mixed Sky-Hook and Acceleration-Driven Damper (SH-ADD) control or the mixed
Ground-Hook and Acceleration-Driven Damper (GH-ADD) control based on the positive and negative values of
the vibration acceleration of the unsprung mass. The Improved SH-GH-ADD control combines the advantages of
SH-ADD control and GH-ADD control to achieve control of the sprung mass and unsprung mass in the full fre-
quency band. Finally, through simulation and comparative analysis with traditional SH-ADD, GH-ADD, and
mixed SH-GH control, we demonstrate the exceptional performance of the proposed algorithm.
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1 Introduction

The virtual rail train is a novel urban rail transit system that merges the characteristics of buses, trams,
and light rail units to create a unique fusion of cars and trains, providing a solution to the road traffic pressure
faced by small and medium-sized cities. In a study conducted on the virtual rail train in Zhuzhou, Hunan, and
the intelligent rail in Yibin, Sichuan, it was observed that the running route of the train had caused severe
permanent pavement deformation [1]. This deformation not only affects the quality and lifespan of the
road but also leads to uneven pavement, ultimately impacting passenger comfort. Therefore, further
research on human-vehicle-road friendliness of virtual rail trains is of great significance.

Considering the factors of energy consumption, control bandwidth, and system stability, semi-active
suspension is considered to achieve the best results in terms of cost and performance. In the research of
semi-active suspension control algorithm, the main focus is on controlling the vibration of the sprung
mass or unsprung mass, with the aim of improving ride comfort and road friendliness. Some common
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methods include robust control [2], Hybrid Control Algorithm Sliding Mode-PID [3], synovial control based
on reference model [4], and optimal control [5], Nguyen proposed a fuzzy sliding mode ratio integral control
method based on FSMPIF tuning to reduce the spring mass displacement and acceleration [6], and an
adaptive fuzzy sliding mode proportional-integral-derivative method based on fuzzy tuning to reduce the
body displacement and vibration acceleration [7]. In view of the real-time, engineering practicality, and
simplicity of the algorithm, Sky-Hook (SH) control was first proposed by Karnopp et al. [8]. Ground-
Hook (GH) control was proposed by Valasek et al. [9], and Acceleration-Driven Damper (ADD) control
was widely used by Savaresi et al. [10].

Switched Sky-Hook (SH) and Acceleration-Driven Damper (ADD) have their respective advantages
and disadvantages in suppressing the vibration of the sprung mass. Specifically, SH has a significant
vibration control effect on the sprung mass in the low-frequency band (close to the inherent frequency
domain of the sprung mass), but its vibration control effect on the sprung mass is not evident in the high-
frequency band (beyond the inherent frequency domain of the sprung mass). In contrast, ADD’s vibration
control effect on the sprung mass is noticeable in the high-frequency band, but it is not evident in the
low-frequency band (close to the inherent frequency domain of the sprung mass). Based on this situation,
Savaresi et al. proposed a hybrid SH-ADD algorithm that combines the advantages of SH control and
ADD control to achieve full-band suppression of sprung mass vibration, resulting in a good control effect
[11]. Similarly, the switched Ground-Hook (GH) has a noticeable vibration control effect on the unsprung
mass in the high-frequency band (exceeding the unsprung natural frequency domain), but its vibration
control effect on the unsprung mass in the low-frequency band (close to the unsprung natural frequency
domain) is not evident. Therefore, an ADD control strategy for unsprung mass control is proposed,
combined with the reference ADD control. The characteristic of the ADD control is that the vibration
control effect of the unsprung mass is noticeable in the low-frequency band (close to the unsprung natural
frequency domain), while its vibration control effect is not evident in the high-frequency band (beyond
the unsprung natural frequency domain). Based on this theory, the GH-ADD algorithm is proposed,
which combines GH control and ADD control to achieve full-band suppression of unsprung mass
vibration, resulting in a good control effect [12].

Due to the virtual rail train’s intelligent operation on the established ‘virtual track’ and repeated rolling of
the road, the damage to the road is more severe. Currently, the control strategies for ride comfort and road
friendliness of virtual rail trains are limited. In contrast, in the field of heavy vehicles, mixed SH-GH control
strategies are widely employed [13]. The control strategy combines SH and GH control by adjusting the
weight co-efficient. However, in practical engineering applications, the fixed value of the weight co-
efficient cannot be adjusted in real-time according to the vehicle operating conditions, resulting in
different control effects under varying operating conditions. Considering the advantages and
disadvantages of SH control and GH control, namely, the superior control effect of SH control on the
sprung mass in the low-frequency band and the superior control effect of GH control on the unsprung
mass in the high-frequency band, the simple combination of SH control and GH control cannot achieve
the vibration suppression effect of the entire frequency band of the vehicle.

Given the aforementioned reasons, this paper proposes an Improved SH-GH-ADD control method. The
control method achieves full-band control of the sprung mass by monitoring the vibration acceleration signal
of the unsprung mass in real-time and utilizing the SH-ADD control when the unsprung acceleration is
positive. Conversely, the selection of GH-ADD control also controls the unsprung mass in the full
frequency domain. The proposed control strategy combines the advantages of SH-ADD control and GH-
ADD control, which effectively reduces the vibration acceleration and tire dynamic.

The main contribution of this paper is to propose a damping control method based on the vibration
acceleration of unsprung mass, which is used to control the vibration of sprung mass and unsprung mass.
At the same time, the friendliness between human-vehicle-road is evaluated by various evaluation
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indexes. In this study, the developed method achieves the control of the output damping force of the shock
absorber by identifying specific parameters through the established multi-body vehicle dynamics. Then, a
variety of evaluation indicators are used to compare and analyze various control strategies to evaluate the
control effect of the model.

2 Evaluating Indicator

In order to conduct a comprehensive assessment of the impact of diverse control strategies on the overall
performance of vehicles, it is imperative to take into account various factors such as human comfort, ride
comfort, and road friendliness. Therefore, this research paper employs the environmental vibration dose
value (eVDV) as a metric for evaluating human comfort. Moreover, the relationship between the
weighted vibration level Law and weighted acceleration root mean square value and human subjective
feeling is adopted as a measure of ride comfort. Furthermore, this paper introduces a predictive model of
permanent deformation caused by repeated vehicle loads on roads as an evaluation index of road
friendliness to determine the overall level of damage caused by vehicles to roads. Through the
comprehensive analysis of the above evaluation indexes, the influence of various control strategies on the
overall performance of the vehicle can be effectively evaluated.

2.1 Human Comfort Evaluation Index

The most important factor of environmental vibration on human health is the vibration frequency [14—
17]. When the human body is affected by a certain frequency of environmental vibration, the degree of
influence increases with the increase of vibration intensity. The natural frequency of the balance organ of
the human body is in the range of 0.5~1.3 Hz. For the low-frequency vibration of 0~1 Hz, it can trigger
the vestibular organ and central nervous system of the human body. The complex physiological and
psycho-logical processes lead to the occurrence of motion sickness, which is manifested as the imbalance
of the human body, vomiting, dizziness and other symptoms [18]. The frequency domain resonance range
of the human body is 4~12.5 Hz, of which 4~8 Hz and 8~12.5 Hz are the resonance regions of the
human internal organs and spinal system, respectively [19]. Therefore, long-term exposure to the
vibration environment of the car will affect human health.

The objective evaluation of environmental vibration is mainly based on the quartic vibration dose value
(VDV) and the estimated vibration dose value (eVDV) [20]. Because VDV is an evaluation dose with long
detection duration and complicated calculation, it is used to evaluate the effect of high peak coefficient (peak
factor greater than 9) vibration caused by excessive pulse on the human body, while eVDV is for continuous
vibration with amplitude not changing with time and peak factor between 3 and 6. The eVDV value is
slightly smaller than the VDV value, but the difference is very small and can be ignored [21]. The
calculation formula of the quartic vibration dose value (VDV) and the estimated vibration dose value
eVDV [22] is:

VDV = {/OT [aw(t)]“dt}i (1)

eVDV = 1.4a,,T: 2)

ay = [Zl (wia,-)zr 3)

where: a,,(t) is the instantaneous frequency weighted acceleration, m/s*; a, is frequency-weighted
acceleration, m/s*; T is the vibration exposure time in seconds; w; is the weighting factor of the ith
octave band given by ISO-2631:1997. a; is the root mean square (rms) acceleration of the first octave band.
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2.2 Vehicle Ride Comfort Evaluation Index

In order to better evaluate the ride comfort of the virtual track train of the new urban rail transit, this
paper measures the vibration acceleration of the head car floor, and then converts it to the subjective
feeling of passengers sitting on the seat according to the empirical formula, that is the vibration intensity
at the floor is 1.4 times the vibration intensity on the seat [23], and the ride comfort of the virtual track
train is evaluated by the weighted vibration level L,, calculated by the converted seat vibration
acceleration, in which the weighted vibration level L,,, is the weighted acceleration of the seat in a certain
period of time. The formula of L, [19] is:

Law = 20log —

v 4
1.4 x107° @)

where: ay is the weighted acceleration root mean square of the floor, m/s%.

Table 1 shows the relationship between the weighted vibration level L, and the root mean square value
of the weighted acceleration and the subjective feelings of the person.

Table 1: The relationship between L, and seat vibration and human subjective feelings

Weighted acceleration root mean square of the The weighted vibration level ~ People’s subjective

seat (m/s”) Law (dB) feelings
<0.315 110 No discomfort
0.315~0.63 110~116 Some discomfort
0.5~1.0 114~120 Quite uncomfortable
0.8~1.6 118~124 Uncomfortable
1.25~2.5 122~128 Very uncomfortable
>2.0 126 Extremely
uncomfortable

2.3 Road-Friendliness Criteria

In order to predict the overall damage degree of the road under repeated vehicle load, the empirical
relationship between the permanent deformation of the granular layer and the subgrade and the number of
load times and the compressive stress level is established [24]:

5y =18 x 107 N8 (Pr — 1) Q)

where: ¢, is the permanent deformation, mm; o, is vertical compressive stress, kPa; B is the coefficient
related to the material properties; for South African standard materials, CBR >80% of the granular layer,
B=0.01; CBR >45% or 25%, B=0.017; CBR>10% or 7%, B=0.025.

In order to calculate o,, this paper selects the axle load stress g, calculation formula [25], the
expression is:

o, = Ar"P"h ™% x 1000 (6)

where: ¢, is the axial load stress, kPa; Py is the static axle load of single axle-single wheel set, single axle-
double wheel set or double axle-double wheel set, kN;  is the relative stiffness radius of concrete slab, m; / is
the thickness of concrete slab, m; A, m, n are regression coefficients.

In this paper, B=0.01, 4=0.00180, m=0.490, n=0.881, r=0.5m, #=0.52 m.
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Since Py in Eq. (6) is the axle load of the vehicle, in order to obtain the dynamic force of the tire on the
road surface during the movement of the virtual track train, the Eq. (6) is adjusted, that is:

o, = Ar"(Py + P,)"h™% x 1000 (7)

where: P, is the tire dynamic load.

Therefore, the permanent deformation prediction model of the overall damage degree of the vehicle load
repeated on the road is:

5p — 18 % 10—6N0.813 (eBAV’"<PS+Pd)nh72><1000 _ 1) (8)

3 Vehicle System Dynamics Model

3.1 Dynamic Model of Hub-Driven Virtual Rail Train

The dynamic model of hub-driven virtual rail train is equivalent to a dynamic system with complete
constraints. It is usually expressed by the differential-algebraic equations (DAEs) of index-3 [26], and its
expression is:

{M(q, 0§+ )i =F(q, q, 1) ©)
P(q, 1) =0

where: M € R"™" is the mass matrix of the components; g € R” is a generalized coordinate; A € R” is a
Lagrange multiplier; & is the constraint equation of generalized coordinate g; @, is the Jacobi matrix of
the constraint equation; ' € R" is a generalized force vector.

By solving the first and second derivatives of the constraint equation ®(q, ¢) = 0, the differential-
algebraic equations of index-2 and index-1 can be obtained, respectively:

M(q, )G+ ¢;/1 =F(q, q, t) (10)

g+ =0

Mg, 0§+ ®j0=F(d, g, 1) an
D, + (q‘)qq)qq +20,G+ Py =0

As shown in Fig. 1, the 1/4 vehicle model of the virtual rail train adopts a double wishbone suspension,
which is mainly connected by a spherical hinge joint, a cylindrical pair, a revolute pair and a universal joint,
and has a certain dynamic performance through the damping force of the shock absorber, the stiffness of the
spring and the bushing. The revolute joint limits its degree of freedom to 1 and can only rotate in one plane.
For example, Fig. 2 is a planar double-link mechanism with two revolute joints. Assuming that the system is
only affected by gravity, the gravitational acceleration is g = 9.81 m/s?, and the system state variable
q = (x1, y1, 01, x2, y2, 0,), then the dynamic differential algebraic equation of the system [27] is:

M [ F
q = N 12
o 51 [ ™
where: generalized force vector F = (0, —mg, 0, 0, —mpg, 0), generalized mass matrix
1 1

M = diag(m,, m\, Ji, my, my, J»), connecting rod moment of inertia J; = EmlLf, J = Emng.
The cylindrical pair limits its degree of freedom to 2, can rotate in a plane and can move in its axial
direction. For example, Fig. 3 is a mechanism with a cylindrical pair. Assuming that the system is only
affected by gravity, the gravity acceleration is g=9.81m/ s, and the system state variable
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q = (x1, »1, z1, 0), the differential-algebraic equation of system dynamics is:

M g F

q = N
o 9]0 [l ®
where: generalized force vector F = (0, 0, —m;g, 0), generalized mass matrix M = diag

. . . 1
(my, my, my, Jy, ), connecting rod moment of inertia J; = EmlL%.

The spherical hinge joint limits its degree of freedom to 3 and can rotate in three axial directions. For
example, Fig. 4 is a mechanism with a spherical hinge joint, where H is the axis of the rod m;, Hy,, H,.
and H,. are the projections of H to XY plane, XZ plane and YZ plane, respectively. Suppose that the
system is only affected by gravity, the gravity acceleration is g = 9.81 m/s?, the system state variable
q = (x1, »1, z1, 01, 02, 03), the differential-algebraic equation of the system dynamics of the spherical
hinge joint is:

ng %5] [ﬂ N {—(@Zéz)ﬁ] (14)

Tire force Cylindrical Joint

Bushing

Spherical Joint

Universal Joint

Damper and Spring

Figure 1: Virtual rail train 1/4 vehicle model

&

my (x1,¥1)

28\

Figure 2: Planar double-link mechanism
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Figure 4: Mechanism with spherical hinge joint

The universal joint limits its degree of freedom to 2 and can rotate in two axial directions. For example,
Fig. 5 is a mechanism with a universal joint, where H is the axis of the rod m, H,, and H,. are the projections
of H to the XY plane and the XZ plane, respectively. Suppose that the system is only affected by gravity, the
gravity acceleration is g¢ = 9.81 m/s?, the system state variable ¢ = (x{, y1, z1, 01, 0,), the differential-
algebraic equation of the system dynamics of the universal joint is:

[ﬁé %T] m - [—(sﬁfé)qu (15)

Figure 5: Mechanisms with universal joints
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where:  generalized  force  vector F = (0, 0, —mg, 0, 0), generalized mass  matrix
1
M = diag(m;, my, my, Jy, Jy), connecting rod moment of inertia J; = EmlL%.
The Spring-Damping force system [28] is shown in Fig. 6, object / and object J are connected by Spring-
Damper (SD), and the connection points are p’ and p/. The generalized coordinates of the two objects relative
to the global coordinate system at the current time are:

T
o= (R]0]) o
T T r
g9 = (Rj 0; ) a7
7 c
. v’/
pl
) k )
PATAAW
X
0iy;
R; Y d
R, z
0 b'¢
Y

Figure 6: Spring-damping force system
The generalized speed is:
4= (Rl 07)" (18)
) e
i = <Rj 0].) (19)

where: R; € R**! and R; € R**! represent the projection of the origin of the local coordinate system fixed on
object / and object J relative to the vector of the global coordinate system in the global coordinate system. 0;
and 0; represent the attitude angles of the local coordinate system relative to the global coordinate system,
respectively.

The force of SD is always along the line of p and p/, and its size is:
Fy=ks+cs (20)

where: k is the spring stiffness; c¢ is the damping coefficient of the shock absorber; s is the deformation of the
spring.

The array of the force acting on object / and object J in the global coordinate system is:
Fy=—F3 @
F =Fg (22)

where: F! € R**1, F/ € R**!; § € R**! is the unit vector.
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The virtual work done by SD is:

SW = (F)"6R,, + (FI)"6R,, (23)
5Rpi = (E — A,-u;G,-) 5(], (24)
5Rp/. = (E — AjM}Gj) 56]J (25)

where: E is expressed as a unit matrix of order 3; 4; € R*** and 4; € R**? are the direction cosine matrices
corresponding to 0; and 0;.

Then the relationship between generalized force vectors Q.; € RV*! and Q,; € RV*! of SD and virtual
work is:

SW = QLoq; + OLdq; (26)

Bring Egs. (21)~(22) and (24)~(25) into Eq. (23) and compare them with Eq. (26). The generalized
force vectors acting on objects / and J are:

O = (E = A G)) ' Fl = = (E — 4uiG))  (F, x 3) @7
0y = (E - 4G F= (£ - 446)) "(F, % 5) (28)

Based on the principle of DAEs, the mechanism of various kinematic pairs and elastic elements in the
1/4 vehicle dynamics model is analyzed. Because the semi-active control algorithm tends to 1/4 suspension
model, it is easier to study and analyze the characteristics of the algorithm by using 1/4 suspension model, but
it cannot fully reflect the complex environment and the nonlinear characteristics of the vehicle itself.
Therefore, in order to improve the transmission efficiency between components, this paper establishes a
hub-driven virtual rail train dynamics model based on a multi-body dynamics software, as shown in
Fig. 7. As shown in Table 2, except that the ‘minimum/maximum damping coefficient’ comes from
experience, the remaining parameters are measured by the virtual rail train.

Lead-vehicle =33 . Front aisle floor
Rear aisle floor

Figure 7: Dynamic model of hub-driven virtual rail train

3.2 Dynamic Model of Hub-Driven Virtual Rail Train

In order to verify the validity and correctness of the multi-body dynamics model, simulation and
experiment are used to verify each other. Due to the limited conditions in the development and design
stage, the test condition is that the vehicle is driven on the asphalt pavement (Grade B pavement) at a
speed of 15 km/h under full load (as shown in Fig. 8). The vibration acceleration signals at the
corresponding points of the front aisle floor and the rear aisle floor of the lead-vehicle are measured by
the acceleration sensor, as shown in Figs. 7 and 9, and the respective acceleration frequency domain
signals are obtained.
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Table 2: Vehicle model parameters

SV, 2023, vol.57

Parameter

Parameter value

Lead-vehicle sprung mass (kg)

Middle car sprung mass (kg)

Unsprung mass (kg)

Wheel track (m)

Wheel base (m)

Body center of gravity height (m)

Tire radius (m)

Tire stiffness (N - m~/)

Passive suspension stiffness (N - m~/)

Passive suspension damping coefficient (N - s - m~")
The minimum damping coefficient ¢;,(N - s - m~')
The maximum damping coefficient ¢ (N -5 - m™!)

18245
18000
7044
2.65
5.2
231
0.534
1155000
130000
10000
3330
30000

Figure 9: Acceleration sensor on floor of front aisle and rear aisle

As shown in Figs. 10 and 11, the vibration acceleration frequency domain signals at the corresponding
points of the front aisle and the rear aisle of the lead-car are simulated and tested. Table 3 shows the

comparison between the simulation results and the test results.



SV, 2023, vol.57 55

0.32 T T T T

T T
—— Front aisle_Test

028 - — - Front aisle_Simulation |

|
]
I|
I
0.24 - | .
|
I
|
0.16 - I
|

0.12 |-

Acceleration (m/s?)

u
008k [Nl i, .

0.04 - |, B ‘||\

0.00 ! ! ! ! 2

Frequency (Hz)

Figure 10: Frequency domain response at the front aisle floor of the lead-vehicle
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Figure 11: Frequency domain response at the rear aisle floor of the lead-vehicle

Table 3: Simulation results and test results

Parameter Front aisle floor Front aisle floor

Test Simulation Precision Test Simulation Precision
Maximum peak frequency point (Hz) 1.76 1.67 94.9% 216 2.27 95.2%
Maximum crest (m/s?) 0.25 0.29 86.2% 0.20 0.22 90.9%

As shown in Table 3, the simulation results are basically consistent with the experimental results, but
there are some differences. These differences are mainly due to the following reasons:

1. The B-level road surface used in the simulation is generated by simulating random road roughness,
which is not obtained by real measurement, so there is a certain difference between the road surface
and the actual test.



56 SV, 2023, vol.57

2. In the simulation process, the frame is only regarded as a rigid body without considering the flexible
treatment. However, in practice, the large bus wheelbase is larger, resulting in lower frame stiffness.

3. There are also some differences between the tires used in the simulation and the actual tires.

In general, the accuracy of experimental data and simulation data is maintained above 86% from the
perspective of peak value and peak frequency, which proves that the established dynamic model has high
validity and correctness. However, it should be noted that the above differences may have an impact on
the results.

4 Improved SH-GH-ADD Control Strategy

4.1 Passive Suspension 1/4 Model

The classical damping control is aimed at the single-freedom vibration system, which is more suitable
for the vertical vibration control of the 1/4 vehicle model with two degrees of freedom. At present, the
mainstream idea of vehicle damping control is to promote and apply the 1/4 damping suspension model
from the physical point of view. Therefore, it is necessary to introduce and analyze the 1/4 suspension
model. The 1/4 model of vehicle suspension system is shown in Fig. 12.

Z2
-,

m,

m,

m

Figure 12: Suspension system 1/4 model

According to the Lagrange equation, the differential equation of motion of the 1/4 suspension system of
the virtual track train is established:

I’)’lzéz = —k(Zz —Zl) — C(fz —Zl) (29)
mlél = —k(Z] —Zz) — C(é] —22) — kt(Z] — (]) (30)
mg = —ki(q — 1) €2))

where: m; and m; are unsprung and sprung mass, respectively; m is the hypothetical pavement mass; ¢, z;
and z; are road roughness, unsprung and sprung displacement, respectively; k is the suspension stiffness; c is
suspension damping; k; is the tire stiffness.
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4.2 Classical Damping Control

Classical damping control includes SH control, GH control and ADD control [29]. SH is assumed that
there is a damper connected to the reference position (sky) and the vehicle body to suppress the body
vibration caused by the road roughness excitation [30,31]. For the switch-type SH control, the control
principle is:

Cmax, 22(22 - Zl) >0

Cmin, 22(22 - 21) <0 (32)

Cin(SH) = {
where: C;,(SH) is the SH damping coefficient: ¢,,,, is the maximum damping coefficient provided by the
shock absorber; ¢, is the minimum damping coefficient provided by the shock absorber.

GH is assumed that there is a damper connected to the reference position (ground) and unsprung mass to
suppress the unsprung mass vibration caused by road roughness excitation. For the switch-type GH control,
the control principle is:

Cmin 21 (ZZ - Zl) >0

Cmax; 21(22 _21)<0 (33)

cutot) = {

where: C;,(GH) is the damping coefficient of the GH.

In the traditional vehicle suspension control, ADD aims to suppress the body acceleration. For the
switching ADD control, the control principle is:

Cmax 22(22 _21) >0

Cmin 22(22 - 21) <0 (34)

Cin(ADD) = {

where: C;,(ADD) is the damping coefficient of the ADD.

SH is widely used in automobile suspension. The goal is to suppress the body acceleration Z, near the
natural frequency of the sprung mass, therefore, the control effect of the sprung mass is good, but the control
of the unsprung mass is poor. GH is widely used in the suspension of heavy vehicles. The goal is to suppress
the unsprung mass acceleration z; above the natural frequency of the unsprung mass, therefore, the control
effect of the unsprung mass is good, but the control of the sprung mass is poor. The acceleration damping
strategy is generally used in conjunction with the ceiling control. The ADD control aims to suppress the
body acceleration Z, above the natural frequency of the sprung mass, therefore, the control effect of the
sprung mass is good, but the control of the unsprung mass is poor.

4.3 Mixed SH-GH Control

SH control and GH control are complementary in the control effect of vertical vibration of vehicles. SH
control is mainly the control of sprung mass vibration, while GH control is mainly the control of unsprung
mass vibration. Mixed SH-GH control [32] connects SH control with GH control by adjusting the value of
parameter u, and realizes the proportion of sprung and unsprung mass control by adjusting the value of u. The
control principle of Mixed SH-GH control is shown in equation, where the value range of u is [0, 1]. When
u =1, it is pure ceiling control. When u =0, it is pure floor control. When u is between 0 and 1, it combines
the characteristics of SH and GH. The damping force generated by Mixed SH-GH control is:

f:?HfGH = uCSky22 + (1 - M)Cg21 (35)

where: fs;_ g is the damping force of the mixed SH-GH; u is the weight coefficient value, #=0.3 in this
paper; cg,, is the SH damping coefficient; ¢, is the damping coefficient of the GH.
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The control of the mixed SH-GH combines the advantages of the SH control and the GH control.
However, because SH control has a better vibration suppression effect on the sprung mass near the
natural frequency of the sprung mass, the GH control has a better vibration suppression effect on the
unsprung mass above the natural frequency of the unsprung mass; Once the engineering application is
carried out, the weight coefficient value will not change in real time with the vehicle operating
conditions, so the control effect is different under different operating conditions; As shown in Eq. (35), in
theory, the shock absorber cannot provide two damping coefficients at the same time, that is, cg, and cg
cannot exist at the same time; the mixed sky and ground control is a continuously adjustable control,
while the sky and ground control are both switch-type control.

4.4 Improved SH-GH-ADD Control Strategy

At present, there are still some defects in the classical damping control and mixed SH-GH control in
terms of human-vehicle-road friendliness, that is, it is impossible to reasonably select control strategies
for the vibration frequency of human body and vehicle to improve human-vehicle-road friendliness.
Therefore, two new control strategies, SH-ADD control and GH-ADD control are proposed. The control
principles are as follows:

Cin(ADD), 2 — Bp55 > 0

Cin(SH)> Z% - ﬁZZg <0 (36)

Cin(SH — ADD) = {

where: C;,(SH — ADD) is the SH-ADD damping coefficient. f3, is the frequency (circular frequency)
switching coefficient.

In order to reasonably determine f3,, the amplitude-frequency characteristics of the sprung mass are
analyzed. The transfer function between the sprung mass and the road input is:

(cky)s + kik

H, = 37
2 (mamy)s* + (emy + emy)s® + (mak + myk + mok,)s? + kik (37
: V (mok; + 2mok + 2myk — o)
W =————/mmy(m m mik — o
1 SIy — 1mo (mak; 2 1
1 k
2n \V my
w3 = —————/myny (mok; + 2mork + 2mik + o
3 Zn\/fmlmz\/ 1my (mak; 2 1 )
where:
0= \J4n2K2 — dmykmak, + SmakPmy + m3k? 4 dmikk, + 4m3k2 (39)

As shown in Fig. 13, in the low frequency band, if the damping is increased, it is helpful to reduce the
amplitude of the sprung mass, while in the middle and high frequency bands, the result is opposite. If the
damping is increased, the amplitude of the sprung mass will increase. Among them, w, separates the low
frequency band from the middle and high frequency bands, and the frequency range of segmentation is
the widest, so 5, = 2nw;.

GH-ADD control is to realize the control of unsprung mass in the whole frequency band. Referring to
ADD control, ADD control suitable for unsprung mass control is proposed, which combines the advantages
of GH control. It is characterized by ADD control in low frequency (near the natural frequency domain of
unsprung mass) and GH control in high frequency (above the natural frequency of unsprung mass). GH-
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ADD control can suppress the vibration of unsprung mass in the whole frequency band. The principle of GH-
ADD control is as follows:

Cu(GH), 2 =iz >0

Cin(ADD), # — B2 <0 (40)

Cin(GH — ADD) = {
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Figure 13: Amplitude-frequency characteristics of sprung mass

Aiming at the control of unsprung mass, an ADD control similar to Eq. (34) is proposed. The ADD
control rules in GH-ADD control are as follows:

Cmin, 21(22 —21)>0

. . 41
Cmax, 21(22—21)<0 (41)

Cin(ADD) = {

where: C;,(GH — ADD) is the GH-ADD damping coefficient. f§; is the frequency (circular frequency)
switching coefficient.

In order to reasonably determine f3,, the amplitude-frequency characteristics of unsprung mass are
analyzed. The transfer function between the unsprung mass and road input is:

(maky)s® + (ck)s + kik
(mamy)s* + (emy + cma)s® + (mak + mik + mak,)s? + kik

H, = (42)

1 ky

Wy =—\|———
2n N my + my

(43)

As shown in Fig. 14, in the low frequency band, if the damping is increased, it is not conducive to
reducing the amplitude of the unsprung mass, while in the middle and high frequency bands, the result is
opposite. If the damping is increased, the amplitude of the unsprung mass will be reduced. Among them,
wy separates the low frequency band from the middle and high frequency bands, and the frequency range
of segmentation is the widest, so f;; = 2nwy.

Although SH-ADD control and GH-ADD control can achieve full-band vibration suppression, they can
only control the sprung mass or unsprung mass, and cannot achieve full-band vibration suppression of sprung
and unsprung mass.

To reduce the force of the vehicle on the road, it is necessary to reduce the vibration acceleration of the
sprung and unsprung. Since the inertia force of the unsprung mass will directly act on the ground, the inertia
force of the unsprung mass can be derived from the 1/4 model of the 4.1 suspension system:

Fi =mz; —myzy (44)
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Figure 14: Amplitude-frequency characteristics of unsprung mass

It can be seen that when the vibration acceleration Z; of the unsprung mass and the vibration acceleration
Z, of the sprung mass decrease, the inertia force |F;| of the unsprung mass can be reduced. According to
Newton second law, when the acceleration of the unsprung mass is negative, the force of the tire on the
ground increases, and at this time, the focus should be on protecting the road surface; when the
acceleration of the unsprung mass is positive, the force of the tire on the ground is weakened, and the
protection of the road surface is less important, which in turn should protect the passengers. Therefore,
based on this principle, this paper proposes an improved SH-GH-ADD control strategy, as shown in
Fig. 15. The control principle is that when the unsprung mass acceleration Z; is negative, the GH-ADD
control is adopted to realize the control of the unsprung mass in the whole frequency band; when the
unsprung mass acceleration Z; is positive, the SH-ADD control is used to realize the control of the sprung
mass in the full frequency band. The control principle of improved SH-GH-ADD control is as follows:

Cin(SH — ADD), 31 >0

Cin(GH — ADD), 3, <0 (45)

Cin(Improved SH — GH — ADD) = {

where: C;,(Improved SH — GH — ADD) is the improved SH-GH-ADD control damping coefficient.

5 Analysis of Vehicle Simulation Results

In order to verify the superiority of the improved SH-GH-ADD control over the SH-ADD control, the
GH-ADD control and mixed SH-GH control, this study used the constructed virtual track train to carry out
simulation analysis and verification of human comfort, ride comfort and road friendliness. The design speed
of'the virtual rail train is 70 km/h, the actual running speed is 60 km/h, and the urban road surface grade is B.
Under this condition, we studied the influence of the improved SH-GH-ADD control strategy on the human-
vehicle-road friendliness through simulation analysis. Considering that the three carriages of the virtual rail
train have certain similarity and a large amount of data, this paper only shows the data of the lead-vehicle for
analysis.

5.1 Human Comfort Analysis

In order to determine whether the quartic vibration dose value (VDV) or the estimated vibration dose
value (eVDV) is used for the objective evaluation of environmental vibration in the comfort evaluation
index 2.1, it is necessary to determine the peak factor of the floor vibration during the running of the
train. As shown in Fig. 16, the vibration acceleration time domain signal of the floor under the passive
shock absorber is calculated. The maximum peak value is 2.201 m/s%, and the rms value is 0.639 m/s’.
Therefore, the peak factor of the floor vibration during the running of the train is 3.44, so the estimated
vibration dose value (eVDYV) is more suitable for the evaluation of human comfort.
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Figure 16: Acceleration response of floor under passive shock absorber

In order to fully analyze the frequency range of human comfort adaptation (0.5~12.5 Hz), 0.5 Hz in
[SO2631-1:1997 is used as the center frequency of 1/3 frequency doubling, and its lower limit frequency
is 0.45; 12.5 Hz is the center frequency of 1/3 frequency doubling, and its upper limit frequency is 14 Hz.
In order to characterize the daily occupational vibration exposure, the frequency-weighted acceleration a,,
in the frequency range of 0.45-14 Hz is calculated according to the formula of Eq. (3) with 8 h as the
time period T, and the estimated vibration dose values under different control strategies are calculated by
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Eq. (2). Through simulation, the floor acceleration under various control strategies in the frequency range of
0~14 Hz is shown in Fig. 17, and the estimated vibration dose value under different control strategies is
shown in Table 4.

As shown in Table 4, the eVDV under various control strategies in the range of 0.45~14 Hz have been
improved compared with the passive suspension. Among them, the Improved SH-GH-ADD control has the
most obvious effect on the comfort of the human body, which can effectively reduce the fatigue effect of the
human body.
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Figure 17: Acceleration frequency domain response of the floor

Table 4: Comparison of estimated vibration dose values under different control strategies

Control strategy a,, (m/s?) eVDV (m/s'"?)
Passive suspension 0.197 3.59
SH-ADD 0.167 3.05
GH-ADD 0.185 3.40
Mixed SH-GH 0.173 3.15
Improved SH-GH-ADD control 0.165 3.01

5.2 Vehicle Ride Comfort Analysis

According to the simulation analysis, the vibration displacement and acceleration of the lead-car floor of
various control strategies is shown in Figs. 18 and 19. The floor vibration displacement of the lead-car with
various control strategies is shown in Table 5. The evaluation indexes of different control strategies are
calculated by the vehicle ride comfort evaluation index, as shown in Table 6.

It can be seen from Tables 6 and 7 that the weighted rms displacement, acceleration and equivalent mean
value L,, of the seat under various control strategies are improved compared with the passive suspension.
Among them, the Improved SH-GH-ADD control has the most improvement rate on the ride comfort of
the vehicle, from the subjective feelings of people from some discomfort to no discomfort.

5.3 Road Friendliness Analysis
Through simulation analysis, the tire dynamic load under various control strategies is shown in
Figs. 20-23 and the root mean square value of tire dynamic load is shown in Table 6.
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Figure 19: Time domain signal of floor vibration acceleration

Table 5: Comparison of floor vibration displacement with various control strategies

0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8
Time (s)
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Control strategy

Weighted rms displacement of the seat (mm)

Increase percentage

Passive suspension

SH-ADD

GH-ADD

Mixed SH-GH

Improved SH-GH-ADD control

9.43
8.81
9.12
9.10
8.69

6.61%
3.28%
3.51%
7.88%

Table 6: Comparison of ride comfort evaluation indexes under different control strategies

Control strategy Weighted rms acceleration of the seat (m/s”) Law

Passive suspension 0.480 113.632
SH-ADD 0.385 111.709
GH-ADD 0.446 112.990
Mixed SH-GH 0.399 112.019
Improved SH-GH-ADD control 0.315 109.965
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Table 7: Comparison of root mean square values of tire dynamic load

Control strategy

Dynamic load of

Dynamic load of

Dynamic load of

Dynamic load of

right front tire/N left front tire/N right rear tire/N left rear tire/N
Passive suspension 6130.37 5986.38 4212.19 4286.77
SH-ADD 5189.49(15.35%) 5124.45(14.40%)  3993.22(5.20%) 4010.30(6.45%)
GH-ADD 5334.68(12.98%) 5252.87(12.25%)  4269.64(—1.37%)  4307.22(—0.48%)
Mixed SH-GH 5007.03(18.32%)  4927.51(17.69%)  3953.55(6.14%) 3973.28(7.31%)
Improved SH-GH- 4669.01(23.84%)  4597.94(23.19%) 3512.42(16.61%)  3537.48(17.48%)

ADD control

Note: The values in brackets are the promotion rate of different tire dynamic loads under various control strategies.

20000 T T T T T T T T T
— - Passive Suspension_FR 1
16000 |- , - SH-ADD_FR m ]
‘_‘.,\ — .- GH-ADD_FR oy
= 12000 | .M - .. Mixed SH-GH_FR [Z
é g —— Improved SH-GH-ADD Control_FR i 'l"'\l
T 8000 M
S ] :
) 4000 2
% 5
o 0
> d
O .4000
-8000
_12000 1 1 1 1 1 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
Time (s)
Figure 20: Dynamic load of right front tire
20000 T T T T T T T T T
— - Passive Suspension_FL
16000 |- \ -+ SH-ADD_FL A
o, —-GH-ADD_FL )
~ 12000 il - Mixed SH-GH_FL l,-;-‘;\ 4
E [:' —— Improved SH-GH-ADD Control_FL ; \'\\J
T 8000 1\ Ml
S
© 4000
§
o 0
> A
O _4000
8000
-12000
0.0

Time (s)

Figure 21: Dynamic load of

left front tire

From Table 7, it can be seen that the root mean square value of tire dynamic load under various control
strategies is improved compared with that of passive suspension. Among them, Improved SH-GH-ADD
control draws on the advantages of SH-ADD control and GH-ADD control, which greatly improves the
tire dynamic load of the front and rear axles. Among the four control strategies, the proposed control
strategy has obvious optimization effect on tire dynamic load.
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Figure 22: Dynamic load of right rear tire
T T T T T T T T T
12800 - — - Passive Suspension_RL
1) - - SH-ADD_RL
9600 - — - - GH-ADD_RL VA
. :_ |17 - Mixed SH-GH_RL Y
=3 6400 | M i\ —_— Improveij SH-GH-ADD ControI_RI: .
E] g |\ A ‘o n
3 3200 f -,11 W N |
Q | il ] ' " }
1 A ) ' \ .
% 0 Hi \, j | y -
S k7l N F ! :
& -3200 f] ¥ i , '
) | Wi Wyt v AT e l?
-6400 | v i ;
-9600 E 1 1 1 1 1 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
Time (s)

Figure 23: Dynamic load of left rear tire

The virtual track train is driven by automatic tracking, and its load repeatedly acts on the road surface.
Through the investigation, the daily running time of the virtual track train is 6:00~22:00, and the statistical
results of the number of times that the virtual track train tire passes through a section are collected [1], as

shown in Table 8.

Table 8: Statistics of the number of passes through a section

1 day

1 year 5 years 10 years

288

105120 525600 1051200

Since the road friendliness evaluation index considers the vehicle axle load, the value of the P, tire
dynamic load in this paper is the average of the front axle and the rear axle. The road friendliness indexes
of different control strategies at different speeds are calculated by the road friendliness evaluation index,

as shown in Table 9.
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Table 9: Pavement permanent deformation under different control strategies

Year/(times) Control strategy Permanent deformation  Increase percentage
1 year/105120 Passive suspension 3.98 -
SH-ADD 3.87 2.86%
GH-ADD 391 1.81%
Mixed SH-GH 3.85 4.62%
Improved SH-GH-ADD control ~ 3.77 5.28%
5 years/525600 Passive suspension 14.74 -
SH-ADD 14.32 2.86%
GH-ADD 14.47 1.81%
Mixed SH-GH 14.24 4.62%
Improved SH-GH-ADD control  13.96 5.28%
10 years/1051200  Passive suspension 25.90 -
SH-ADD 25.16 2.86%
GH-ADD 25.43 1.81%
Mixed SH-GH 25.01 4.62%
Improved SH-GH-ADD control ~ 24.53 5.28%

Through the permanent damage prediction equation of the road surface, the permanent damage of the
vehicle to the road in different years is predicted. As shown in Table 9, the permanent deformation of the
road surface under various control strategies is improved compared with the passive suspension. Among
them, the improved SH-GH-ADD control has the least damage to the road surface, indicating that the
control has better road friendliness than other controls.

6 Conclusion

This paper proposes an improved SH-GH-ADD control strategy for enhancing human comfort, vehicle
ride comfort, and road friendliness. Firstly, the virtual rail train’s human comfort, vehicle ride comfort, and
road friendliness are evaluated from multiple perspectives using the human-vehicle-road friendliness
approach. Secondly, the multibody dynamics model of the virtual rail train is experimentally verified,
demonstrating its high validity and correctness. This verification also confirms the reliability and practical
application value of simulation analysis based on the model to some extent. Next, the advantages and
disadvantages of SH-ADD, GH-ADD, and Mixed SH-GH control strategies are compared and analyzed.
To reduce the vehicle’s force on the road surface and suppress body vibration simultaneously, an
improved SH-GH-ADD control strategy based on unsprung mass acceleration is proposed. This strategy
combines the benefits of SH-ADD and GH-ADD control strategies. Finally, using the hub-driven virtual
rail train dynamics model, the correctness and effectiveness of the improved SH-GH-ADD control
strategy are verified by taking human comfort, vehicle ride comfort, and road friendliness as evaluation
indices. The results indicate that SH-ADD, GH-ADD, Mixed SH-GH, and improved SH-GH-ADD
control strategies all improve the human-vehicle-road friendliness of the virtual rail train, with the
improved SH-GH-ADD control strategy having the most significant impact.
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