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Strategy and Modelling of Semi-
Active Suspension Hybrid Control for 
High-Speed Railway Vehicles: Using 
CRH2C Electric Multiple Units as an 
Example

□□  WANG Hongyin
Faculty of Architecture, The University of Hong Kong, Hong Kong 999077, China

Abstract: The increasing operating speed of high-speed electric multiple units (EMUs) intensifies the lateral vibration of the vehicle and 
degrades the riding comfort. Taking the CRH2C EMU as the research object, this paper establishes a vehicle dynamics model in VI-Rail 
and conducts a co-simulation with MATLAB/Simulink. A semi-active suspension hybrid control strategy based on the Skyhook and 
Groundhook strategies is proposed, in which the weighting factor α regulates the relative contribution of the two strategies. For a train run‐
ning at 70 m/s (252 km/h) on a track characterised by the standard German linear low irregularity spectrum, the peak value and the root 
mean square (RMS) value of the lateral acceleration of the car body are used as evaluation indices to compare the hybrid control with the 
passive control. The results show that when α falls within the range of 0.9-1.0, the hybrid control suppresses the lateral vibration more ef‐
fectively than the passive control, reducing the RMS values of the lateral acceleration of the car body by up to approximately 5.1%; when α 
approaches 0, that is, when the control degenerates into the pure Groundhook strategy, the performance is inferior to that of the passive con‐
trol. The proposed strategy improves the riding comfort of high-speed EMUs without modifying the vehicle structure, and a weighting fac‐
tor in the range of 0.9-1.0 is recommended for engineering application.
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0　Introduction

Among various transportation systems, the railway 
is widely recognised as an efficient, safe, and sustain‐
able mode of transportation. Along with the increasing 
speed, the vibration of vehicles has been significantly en‐
hanced, which brings new challenges to researchers with 
higher requirements of riding comfort and running 
safety. The passive suspension system has its inherent 

limitations when adapting to varying track irregularities 
and running speeds[1-2]. Though the active suspension sys‐
tem avoids these limitations, its reliability, high power, 
hardware complexity, and maintenance issues restrict its 
further development[3-4]. The semi-active suspension sys‐
tem seeks to amalgamate the benefits of both passive 
and active suspensions by employing variable dampers 
capable of real-time adjustment of damping characteris‐
tics. Karnopp[5] revealed that semi-active suspension 

Article ID  1007-1202(XXXX)XX-0001-07  DOI https://doi.org/10.1051/wujns/XXXXXXXX001

Cite this article: WANG Hongyin. Strategy and Modelling of Semi-Active Suspension Hybrid Control for 

High-Speed Railway Vehicles: Using CRH2C Electric Multiple Units as an Example[J]. Wuhan University 

Journal of Natural Sciences,DOI:https://doi.org/10.1051/wujns/XXXXXXXX001.

Received date: 2025-10-25     © Wuhan University 2026

Biography: WANG Hongyin, male, Master candidate, research direction: urban analysis. E-mail: hongyinw76@gmail.com



Wuhan University Journal of Natural Sciences XXXX, Vol.XX No.XX 

could reduce lateral vibration as well as active suspen‐
sion. Additionally, the semi-active suspension provides a 
shorter response time when compared with passive sus‐
pension[6-7]. Furthermore, the semi-active control systems 
provide better stability via adjustable damping than ac‐
tive suspensions[8].

Guo[9] introduced a semi-active suspension by using 
a hybrid control strategy in 2013. By establishing a ve‐
hicle dynamic model with two degrees of freedom, this 
research proved its effectiveness in suppressing the lat‐
eral vibration. In 2020, Leblebici and Türkay[10] applied 
the hybrid control. With the aid of advanced optimisa‐
tion algorithms based on gradient and LMI techniques to 
synthesise the bi-static damping coefficients, a multi-
objective optimisation problem was solved. In 2021, 
Díaz-Choque et al[11] introduced a novel methodology 
based on optimisation techniques to systematically de‐
sign controllers in semi-active suspension systems for 
the hybrid control strategy. The authors implemented a 
hybrid artificial bee colony and genetic algorithm ap‐
proach to concurrently optimise the Hybrid control poli‐
cies. However, these studies only conduct simulations 
for part of the situations, which causes difficulties in de‐
riving a comprehensive and accurate comparison and as‐
sessment of the comfort aspect of multiple-unit train op‐
erations at different running conditions.

To address these limitations, this paper proposes a 
hybrid control strategy, combining the Skyhook and 
Groundhook control strategies [12-13], to achieve a more 
balanced solution for lateral vibration of high-speed ve‐
hicles at a speed of 70 m/s under multiple track condi‐
tions. A high-speed rail model is built under the VI-Rail 
environment and simulated under the MATLAB/Simu‐
link environment to verify the effectiveness of the pro‐
posed strategy.

1　The Hybrid Control Strategy and 
Combined Simulation

1.1　The Theory of the Hybrid Control Strategy

Semi-active suspension systems are the execution 
units (EU) of mitigating vehicle lateral vibrations. Con‐
trol strategies can be broadly categorised into two 
classes according to the controlled object: one sup‐
presses the lateral vibration of the sprung mass, and the 
other that of the unsprung mass[3,9,14-15]. The first category 
can directly restrict the vibration of the car body of high-

speed railway, improving the ride comfort of the ve‐

hicle[5,16]. Skyhook control is one of the most exemplary 

control strategies within this particular category. The sec‐

ond category improves running safety by suppressing 

the lateral vibration of bogies and wheelsets, like 

Groundhook control. Both control strategies ignore indi‐

cators that are critical for high-speed railways. Skyhook 

control ignores the running safety issues whereas 

Groundhook control considers only running safety. By 

introducing the weighting factor α, the characteristics of 

Skyhook and Groundhook control strategies are inte‐

grated into the hybrid control strategy. The expression of 

the hybrid control strategy in on-off mode is Equa‐

tion (1).
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where Zw represents the difference in the lateral position 

(displacement) of the unsprung mass. Zb represents the 

difference in the lateral position (displacement) of the 

sprung mass. Their differential coefficients represent the 

lateral velocity of the sprung or unsprung mass. C is the 

core of the algorithm, which represents the damping co‐

efficient of lateral suspensions. The ideal damping coef‐

ficient is denoted as Cs. The maximum and minimum of 

the damping coefficient that can be adjusted would be 

Cmax and Cmin, respectively. Chyd represents the virtual 

damping coefficient of the vehicle system. Fsky and Fgnd 

respectively represent the damping force of Skyhook 

control and the Groundhook control.

As α transitions from 0 to 1, priority shifts gradu‐

ally from full Groundhook authority to complete Sky‐

hook authority over the semi-active damping force com‐

mand. This produces a spectrum of hybrid controllers 

spanning the two extremes. The unified algorithm pro‐

vides a spectrum of controllers between Skyhook (α=1) 

and Groundhook (α=0) configurations. Intermediate α 

selections enable customisable balancing of ride comfort 
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and handling metrics[11,14,17]. This approach seamlessly in‐

tegrates the two damping modalities, simultaneously en‐

abling superior dynamic performance for both the 

sprung and unsprung mass.

1.2　Modelling Under the VI-Rail Environment

In China, the highest design speed of electric mul‐
tiple units (EMUs) is 300 km/h. The operating speed of 
the EMUs is around 275 km/h. Therefore, the tested 
train was a conventional CRH2C EMU, moving at a 
commercial operating speed of 70 m/s, or roughly 252 
km/h. Yan et al[17] and Zhai et al[18] revealed the major pa‐
rameters of CRH2C. A VI-Rail model was used to exam‐
ine and analyse the lateral vibration of the train under 
track irregularities. It provides an extensive modelling 
platform for analysing the railway vehicle system􀆳s over‐
all performance.

In this study, the car body, bogie frames, and wheel‐
sets exhibit much greater rigidity in comparison to the 
bogie suspensions (much larger stiffness). As a result, in 
the VI-Rail model, they are considered rigid bodies. Dur‐
ing the following co-simulation, these parts of the car‐
riage will not deform.

The track situation includes the track parameters 
and the track irregularities. The track parameters include 
the geometric properties of the track centreline. To repro‐
duce realistic running conditions in the subsequent co-
simulation, the track centreline includes both straight 
and curved sections. The track curves in the simulation 
include both the straight track centreline and the curva‐
ture track centreline.

During the investigation of the vibration perfor‐
mance of high-speed trains, it is imperative to compre‐
hensively consider the influences of both short-wave and 
long-wave track irregularities. Advances in rail manufac‐

turing and laying technologies have significantly miti‐
gated the impact of short-wave irregularities[12]. Never‐
theless, as high-speed train velocities continue to in‐
crease, the persistence of long-wave disturbances 
emerges as a critical factor influencing vibration perfor‐
mance. These disturbances possess the capacity to elicit 
significant vibrations, thereby compromising both the 
comfort and safety of the train. The Power Spectral Den‐
sity (PSD) is typically characterised by a Stationary Sto‐
chastic Process, which describes these irregularities. In 
this study, consideration is limited to the Y direction ir‐
regularities due to a specific focus on lateral vibration. 
The lateral irregularities of the left and right rails are de‐
picted in Fig. 1 and Fig. 2, respectively. The unit of the 
track irregularity is mm.

1.3　Combined Simulation Under MATLAB/
Simulink Environment

This study used VI-Rail and MATLAB/Simulink to 
complete the co-simulation process. By receiving the dy‐
namic variables of the VI-Rail model, Simulink evalu‐
ates the control law from the dynamic variables returned 
by the VI-Rail model and feeds the resulting damping 
force back into the model in real time. Figs. 3 and 4 
show the co-simulation process.

Based on the previous VI-Rail model of CRH2C 
electric multiple units (EMU) and its speed of 70 m/s with 
specific track irregularities, the fundamental algorithm re‐
lies on the utilisation of an on-off hybrid control method. 
The maximum damping coefficient is 8 000 N ×s/m. The 
damping coefficient at its least value is 400 N × s/m. The 
logic diagram of hybrid semi-active control strategy and 
the logic diagram of subsystem are shown in Fig. 3 and 
Fig. 4.

In Fig. 3 and Fig. 4, a equals the weighting factor 
α. The velocity of the car body is denoted as v1. The ve‐

Fig. 1　The lateral left track irregularities

Fig. 2　The lateral right track irregularities
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locity of the bogie system is denoted as v2. The variable 
vv represents the velocity of the car body in relation to 

the bogie system. The modulation coefficient of the Sky‐

hook control is denoted as y1. The coefficient of damp‐

ing for the Groundhook control is denoted as y2. The 

damping coefficient of the hybrid control is denoted as y.

2　Results

The acceleration of the car body was categorized 

into two distinct components: front acceleration and rear 
acceleration. During the following co-simulation, these 

parts of the carriage will not deform. As a result, in the 

following research, this study will concentrate on the lat‐

eral acceleration of the rear bogie system, as shown in 

Figs. 5-7. The co-simulation of this research utilised 

various parameters α to simulate the situation of accel‐

erations of the front bogie and rear bogie under the hy‐

brid control strategy and gathered the data, which are 

shown in Fig. 5 to Fig. 7. When α varies from 0 to 1 un‐

der the Hybrid control suspension, the maximum, mini‐

mum and root mean square (RMS) of the collected lat‐

eral acceleration are shown in Table 1.

The relative change in RMS listed in Table 1 is em‐

ployed to compare the hybrid control and the passive 

control configurations; it is defined as the percentage dif‐

ference of the RMS lateral acceleration with respect to 

the passive suspension, and a negative value indicates 

that the hybrid control suppresses lateral vibration more 

effectively than the passive suspension. This study se‐

lected the front and rear car body acceleration with a 

greater peak value and a smaller relative change in RMS 

to obtain more precise findings. With an increase in α, 

the lateral acceleration of the car body decreases. When 

α falls within the range of 0.9-1.0, the hybrid control 

Fig. 3　Logic diagram of hybrid semi-active control strategy

Fig. 4　Logic diagram of subsystem
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technique exhibits greater efficacy in mitigating lateral 
vibration in comparison with the passive suspension.

3　Conclusion

This passage incorporates vehicle data from the 
Hexie (Harmony) CRH2C EMU with the goal of im‐
proving the riding comfort of high-speed train opera‐
tions at a commercial speed of 70 m/s. Utilizing prin‐
ciples of vehicle dynamics theory, a corresponding ve‐
hicle dynamics model is established, capturing the intri‐

Table 1　Comparison of lateral acceleration indices of different control strategies

Control strategies

Passive

α =0.0 (Groundhook)

α =0.1

α =0.2

α =0.3

α =0.4

α =0.5

α =0.6

α =0.7

α =0.8

α =0.9

α =1.0 (Skyhook)

Maximum acceleration/

(m × s-2)

0.962 377

0.901 42

0.874 262

0.828 58

0.863 675

0.863 675

0.878 186

0.885 971

0.884 489

0.880 991

0.874 925

0.845 479

Minimum acceleration/(m × s-2)

−0.897 68

−0.914 25

−0.895 47

−0.859 36

−0.834 59

−0.834 59

−0.878 29

−0.879 74

−0.879 17

−0.880 08

−0.866 07

−0.913 08

RMS/(m × s-2)

0.235 89

0.262 547

0.254 035

0.248 921

0.244 823

0.244 823

0.253 608

0.242 064

0.238 481

0.234 367

0.228 796

0.223 972

Relative change in 

RMS/%

―

11.3

7.7

5.5

3.8

3.8

7.5

2.6

1.1

−0.6

−3.0

−5.1

Fig. 5　Car body lateral acceleration using passive control 

and hybrid control with α ranging from 0.0 to 0.2

Fig. 6　Car body lateral acceleration using passive control 

and hybrid control with α ranging from 0.3 to 0.6

Fig. 7　Car body lateral acceleration using passive control 

and hybrid control with α ranging from 0.7 to 1.0
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cate interactions between various components of the ve‐
hicle system. Furthermore, the integration of established 
Skyhook and Groundhook control theories is accom‐
plished by meticulously adjusting the weighting param‐
eter α, hence enabling accurate regulation of the suspen‐
sion system. The implementation of the vehicle dynam‐
ics model within the VI-Rail software environment has 
proven to be successful, offering a reliable platform for 
the purposes of research and simulation. Through joint 
simulation using MATLAB/Simulink, the dynamic be‐
haviour of the model under different operating condi‐
tions is thoroughly investigated, enabling a comprehen‐
sive evaluation of ride comfort and stability. The main 
conclusions are summarised as follows:

The hybrid control approach is capable of mitigat‐
ing the lateral vibration of the high-speed vehicle by the 
adjustment of the weighting parameter α. When the 
weighting parameter α falls within the range of 0.9-1.0, 
the restriction to lateral vibration is superior to passive 
control, resulting in enhanced riding comfort.

At a speed of 70 m/s (252 km/h), to restrict the lat‐
eral vibration and improve riding comfort, the weighting 
parameter α for hybrid control should be in the range of 
0.9 to 1.0. When the weighting parameter α is over this 
critical value, the riding comfort of hybrid control can 
be ensured compared with the passive control suspen‐
sion.

The vehicle dynamics model is established under 
the VI-Rail environment and co-simulated with 
MATLAB/Simulink. In addition, the stability of the 
model was verified.
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高速铁路车辆半主动悬挂混合控制策略与建模高速铁路车辆半主动悬挂混合控制策略与建模：：以以CRH2C动车组为例动车组为例

王弘胤

香港大学 建筑学院，香港 999077

摘要摘要：：针对高速动车组提速后车辆横向振动加剧、乘坐舒适性下降的问题，本文以 CRH2C 动车组为研究对

象，在 VI-Rail 环境中建立车辆动力学模型，并与 MATLAB/Simulink 进行联合仿真，提出一种基于 Skyhook 

与 Groundhook 的半主动悬挂混合控制策略，以权重因子 α 调节两种控制策略的作用权重。针对德国标准线性

低不平顺谱轨道、列车以 70 m/s（252 km/h）运行的工况，以车体横向加速度峰值与均方根值为评价指标，对

比混合控制与被动控制的效果。结果表明：当 α 取 0.9~1.0 时，混合控制抑制横向振动的效果优于被动控制，

车体横向加速度均方根值最大降低约 5.1%；当 α 趋近于 0 （趋于纯 Groundhook 控制）时反而不及被动控制。

该策略可在不改变车辆结构的前提下改善高速动车组乘坐舒适性，工程应用中权重因子宜取 0.9~1.0。

关键词关键词：：高速铁路；半主动悬挂；混合控制策略；VI-Rail；MATLAB/Simulink
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