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Abstract 

To address the adaptability limitations of passive suspension systems in railway vehicles, this study 
investigates active control technology for dampers using a locomotive's vertical suspension as the 
research object. A six-degree-of-freedom vertical dynamics model was established as the recognition 
framework for the Model Predictive Control (MPC) algorithm. Based on this model, a prediction 
model was developed, and an objective function was designed with vehicle dynamics response as 
the constraint to complete the MPC controller design. A joint simulation model integrating the 
locomotive dynamics model and the MPC controller was constructed in MATLAB, adopting a 
parallel configuration of active and passive vertical dampers in the pendant suspension 
scheme.Comparative analysis through joint simulation demonstrated the superiority of active control 
over passive control in ride comfort. At 60 km/h, the MPC-based active damper control reduced the 
Sperling stability index by 11.21%, while the peak and RMS values of carbody settlement acceleration 
decreased by 24.9% and 28.7%, respectively. At 160 km/h, the corresponding reductions reached 
32.5% (peak) and 31% (RMS) for settlement acceleration, with a 16.10% improvement in the Sperling 
stability index. These results validate the effectiveness of MPC-based active control in suppressing 
vertical vibration and enhancing railway vehicle ride quality. 

Keywords: primary vertical damper; active control; model predictive control; running stability 
 

1. Introduction 

In the early 21st century, China's railway network has witnessed unprecedented expansion. By 
the end of 2023, the national railway operating mileage reached 162,100 km, including 48,000 km of 
high-speed rail (HSR) - the world's largest HSR network [1]. However, this rapid development has 
introduced significant challenges in maintaining operational safety and efficiency. Conventional 
passive suspension systems with fixed parameters struggle to adapt to dynamic operating conditions, 
necessitating temporary measures such as wheel retreading cycles, rail grinding, damper 
replacement, and speed reductions. These measures not only increase operational costs but also 
accelerate component wear, compromising long-term service life [2–4]. 

To address these limitations, researchers have explored semi-active and active suspension 
technologies. The Japanese National Railways (JNR) demonstrated that pneumatic actuators in 
transverse active suspensions could reduce lateral vibrations by approximately 50% at 120 km/h 
without compromising safety [5]. French researchers evaluated a fully active suspension system with 
electromechanical actuators and LQ control on a test bed, showing significant reduction in perceived 
vibration frequency [5]. Bruni et al. [6] applied LQG control to a vehicle model considering carbody 
flexibility and bogie pitch coupling, achieving notable ride comfort improvements across 150-350 
km/h. 
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Domestic research has also made significant progress. Zeng Jing from Southwest Jiaotong 
University [7] developed an H∞ controller for active suspensions, validated through real-vehicle tests 
that confirmed improved operational smoothness while maintaining driving stability. Jin et al. [9] 
proposed a magnetorheological damper-based semi-active system for high-speed trains, 
demonstrating reduced vibration energy and enhanced stability. Hua et al. [10] simulated LQR 
control strategies using a 17-degree-of-freedom vehicle model under various operating conditions, 
while Rao et al. [11] optimized suspension parameters using linear quadratic regulators in semi-car 
models. 

Recent advancements include Desai et al.'s [12] investigation of double-tube magnetorheological 
dampers in semi-active suspensions, Ripamonti and Chiarabaglio's [13] hardware-in-the-loop 
validation of semi-active shock absorbers with three control strategies, and Jin et al.'s [14] 
development of novel semi-active dampers with variable stiffness/damping characteristics. Wang et 
al. [15] analyzed LQR control weighting coefficients in a vertical coupling vibration model, achieving 
up to 50% reduction in carbody vibration RMS values. Shi et al. [16] proposed a sliding mode control 
scheme with disturbance observers, though requiring high-frequency actuators, while Gialleonardo 
et al. [17] integrated active lateral/tilt control using hydraulic actuators. 

Notably, predictive control algorithms have emerged as promising solutions. Combining 
optimal control and process control principles [21], model predictive control (MPC) offers superior 
system regulation and stability compared to conventional methods [22]. However, existing 
suspension control algorithms often lack robustness against nonlinearities, time-varying parameters, 
and modeling errors. 

This paper addresses these challenges by developing an MPC-based active control system for 
locomotive pitch dampers. A novel six-degree-of-freedom vertical dynamics model is established to 
serve as the recognition framework for the MPC algorithm, integrated with equivalent parameter 
models of pitch dampers. Through joint simulation validation, the proposed optimal cooperative 
control strategy demonstrates significant improvements in train operational smoothness, particularly 
in reducing Sperling index values and carbody acceleration metrics. 

2. Vehicle Vertical Dynamics Model 

To study the active control of train suspension systems, it is essential to establish both a train 
dynamics model and a damper model. REN et al. [23] developed a railway vehicle dynamics model 
using SIMPACK software to investigate the vertical acceleration of the car body. This chapter 
presents three key models: (1) a specific type of locomotive dynamics model, (2) an equivalent model 
of the pendant damper system, and (3) a 6-degree-of-freedom pendant dynamics model. The pendant 
damper equivalent model is integrated into the locomotive dynamics model for coupled simulation 
analysis, while the 6-degree-of-freedom pendant dynamics model functions as the identification 
model for the controller. 

2.1. Vehicle Dynamics Modeling 

This paper establishes a locomotive dynamics model using the SIMPACK software package 
[24,25]. To ensure model accuracy and computational efficiency, a systematic analysis of the model's 
topological structure is essential. Understanding the topological relationships between components 
clarifies their interconnections and relative motion characteristics. The locomotive dynamics model 
topology developed herein is presented in Figure 1. 

The vehicle body is composed of four traction motors, two frames, four hollow axles, four 
wheelsets, four pairs of motor booms, two traction rods, and other suspension components. The two-
stage suspension system between the vehicle body and frame combines: 1) Pendant dampers (2 units 
symmetrically distributed on both bogie sides) and anti-snake dampers (2 units asymmetrically 
mounted on bogie side beams), working with two sets of high-coil springs per side; 2) Transverse 
dampers (2 units symmetrically installed at frame ends). The primary suspension connecting 
wheelsets to the frame consists of axlebox tie rods, four sets of coil springs, and four pendant 
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dampers. The lateral stop between car body and frame limits lateral movement to ensure safe 
operation. Since motor suspension adopts frame-mounted configuration, it requires simultaneous 
installation of motor brackets (2 units) and motor booms (2 units). Based on this configuration, the 
dynamics model contains 37 rigid bodies with 86 degrees of freedom. 

 
Figure 1. Topology of a locomotive dynamics model. 

2.2. Equivalent Parameter Modeling of a Pendant Damper System 

Three comparable combinations of additional stiffness spring, nodal stiffness spring, and 
structural damping can be used to simplify the traditional one-series pendant hydraulic damper [26]. 
When designing an active control system based on a train's one-series pendant damper, here the one-
series pendant damper acts as an actuator, and the controller calculates the optimal damping required 
for train operation through a control algorithm, and sends out control commands to change the 
damping coefficients of the damper in real time, so as to achieve real-time change of the control force 
to suppress the train's pendant impact, thus improving the vehicle's pendant smoothness. 

Assuming that the mass of the piston is m and its displacement is preset to be yk, when the end 
of the piston rod is subjected to a sinusoidal excitation y=Asin(x) with amplitude A and frequency w, 
the mathematical expression of the equivalent parametric model at this point is: 𝐼௕𝜃ሷ௕(ଶ) = 𝑙௧ ⋅ (𝐹௣(ସ) − 𝐹௣(ଷ))                        (1) 

The mathematical expression for the corresponding parametric model simplifies to the following 
form when the inertial force term is neglected due to the piston's relatively small mass: 𝑘(𝑦 − 𝑦௞) + 𝑘௖𝑦௞ + 𝑐𝑦ሶ௞ = 0                        (2) 

2.3. Modeling of 6-Degree-of-Freedom Vertical Dynamics 

Due to multidirectional vibration interference, it is difficult to fully replicate every detail of real-
world operating conditions when a vehicle traverses a rail line. Consequently, the recognition model 
need only adequately describe the vehicle's dynamic behavior, allowing appropriate simplification 
[13]. Moreover, the complexity of the vehicle identification model correlates positively with controller 
design difficulty, while the accuracy of the developed controller improves when using the simplified 
model. 

Based on prior analytical assumptions, the model accounts exclusively for the front/rear bogies 
and the car body's vertical (floating) and pitching (nodding) motions induced by track irregularities. 
Equations (3)-(8) present the differential equations derived from the 6-degree-of-freedom pendulum 
dynamics model: 

（1）Equations (3) and (4) specifically describe the differential equations governing the car 
body's coupled floating and nodding motions, representing two degrees of freedom in the system. 
                 𝑚௖𝑧ሷ௖ = 𝐹௦(ଵ) + 𝐹௦(ଶ) −𝑚௖𝑔                     (3) 
               𝑙௖𝜃௖ = 𝑙𝑐 ⋅ (𝐹௦(ଶ) − 𝐹௦(ଵ))                      (4) 
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（2）Equations (5) through (8) present the differential equations governing the vertical motion 
of the front and rear bogies, encompassing both floating and nodding motions and accounting for a 
total of four degrees of freedom in the system. 𝑚௕𝑧ሷ௕(ଵ) = 𝐹௣(ଵ) + 𝐹௣(ଶ) − 𝐹௦(ଵ) −𝑚௕ ⋅ 𝑔                     (5) 𝑚௕𝑧ሷ௕(ଶ) = 𝐹௣(ଷ) + 𝐹௣(ସ) − 𝐹௦(ଷ) −𝑚௕ ⋅ 𝑔                         (6) 𝐼௕𝜃ሷ௕(ଵ) = 𝑙௧ ⋅ (𝐹௣(ଶ) − 𝐹௣(ଵ))                              (7) 𝐼௕𝜃ሷ௕(ଶ) = 𝑙௧ ⋅ (𝐹௣(ସ) − 𝐹௣(ଷ))                              (8) 

（3）Equation (9) presents a system of force differential equations: 

⎩⎪⎪
⎪⎨
⎪⎪⎪
⎧𝐹௣(ଵ) = 𝑘௣(𝑧௕(ଵ) − 𝑙௧ ⋅ 𝜃௕(ଵ) − 𝑧௪(ଵ))+𝑐௣(𝑧ሶ௕(ଵ) − 𝑙௧ ⋅ 𝜃ሶ௕(ଵ) − 𝑧ሶ௪(ଵ))𝐹௣(ଶ) = 𝑘௣(𝑧௕(ଵ) − 𝑙௧ ⋅ 𝜃௕(ଵ) − 𝑧௪(ଶ))+𝑐௣(𝑧ሶ௕(ଵ) − 𝑙௧ ⋅ 𝜃ሶ௕(ଵ) − 𝑧ሶ௪(ଶ))𝐹௣(ଷ) = 𝑘௣(𝑧௕(ଶ) − 𝑙௧ ⋅ 𝜃௕(ଵ) − 𝑧௪(ଷ))+𝑐௣(𝑧ሶ௕(ଶ) − 𝑙௧ ⋅ 𝜃ሶ௕(ଶ) − 𝑧ሶ௪(ଷ))𝐹௣(ସ) = 𝑘௣(𝑧௕(ଶ) − 𝑙௧ ⋅ 𝜃௕(ଶ) − 𝑧௪(ସ))+𝑐௣(𝑧ሶ௕(ଶ) − 𝑙௧ ⋅ 𝜃ሶ௕(ଶ) − 𝑧ሶ௪(ସ))

                            (9) 

（4）Equation (10) presents the coupled system of force differential equations for the two-body 
interaction: 

⎩⎪⎨
⎪⎧𝐹௦(ଵ) = 𝑘௦(𝑧௖ − 𝑙௖ ⋅ 𝜃௖ − 𝑧௕(ଵ)+𝑐௦(𝑧ሶ௖ − 𝑙௖ ⋅ 𝜃ሶ௖ − 𝑧ሶ௕(ଵ)))𝐹௦(ଶ) = 𝑘௦(𝑧௖ − 𝑙௖ ⋅ 𝜃௖ − 𝑧௕(ଶ)+𝑐௦(𝑧ሶ௖ − 𝑙௖ ⋅ 𝜃ሶ௖ − 𝑧ሶ௕(ଶ)))                            (10) 

The floating and sinking displacements of the body, front bogie, and rear bogie are denoted by 𝑧௖ ,𝑧௕(ଵ), and 𝑧௕(ଶ) in the expressions above. The nodding angles of the body, front bogie, and rear 
bogie are represented by 𝜃௖, 𝜃௕(ଵ), and 𝜃௕(ଶ). 

The two-dimensional vehicle suspension dynamics model, also known as the half-vehicle model, 
is employed to design suspension systems. This involves calculating the damper and spring 
parameters for each wheelset pair, as well as incorporating series dampers that account for the 
damping forces generated during motion: 

⎩⎪⎨
⎪⎧𝐹௭ଵ = 𝑐௣ଵ(𝑧ሶ௕(ଵ) − 𝑙௧ ⋅ 𝜃ሶ௕(ଵ) − 𝑧ሶ௪(ଵ))𝐹௭ଶ = 𝑐௣ଶ(𝑧ሶ௕(ଵ) − 𝑙௧ ⋅ 𝜃ሶ௕(ଵ) − 𝑧ሶ௪(ଶ))𝐹௭ଷ = 𝑐௣ଷ(𝑧ሶ௕(ଶ) − 𝑙௧ ⋅ 𝜃ሶ௕(ଶ) − 𝑧ሶ௪(ଷ))𝐹௭ସ = 𝑐௣ସ(𝑧ሶ௕(ଶ) − 𝑙௧ ⋅ 𝜃ሶ௕(ଶ) − 𝑧ሶ௪(ସ))                        (11) 

3. Design of Model Predictive Controller 

The theoretical framework of the MPC (Model Predictive Control) strategy is presented. The 
design procedure for the MPC controller comprises the following sequential steps: 

（1）Objective Function Formulation: The cost function is constructed using the suspension 
vibration velocities of the vehicle body and frame as control objectives, while incorporating vehicle 
dynamics responses as constraints. 

（2）Problem Transformation: The optimization problem is recast as a quadratic programming 
(QP) formulation to enable real-time solution computation. 

（3） Predictive Model Integration: A discretized state-space model, derived from the linearized 
6-DOF (Degree-of-Freedom) suspension dynamics model, serves as the predictive model. 

（4） Rolling Optimization: Through iterative online rolling optimization using QP techniques, 
the controller dynamically adjusts control inputs to minimize the cost function while respecting 
system constraints. 

This systematic approach ensures that the MPC controller effectively mitigates unwanted 
vibrations while maintaining vehicle stability and comfort. The use of quadratic programming 
enables efficient real-time computation, critical for implementation in active suspension systems. 
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3.1. Predictive Modeling 

The theoretical foundation of MPC (Model Predictive Control) algorithms enables the 
ʺpredictionʺ function [13], as the current system state ξ(k) and the control increment ΔU(k) over the 
control horizon can be utilized to compute predicted outputs within the prediction horizon. To 
formalize this predictive capability, the system is defined with a prediction horizon Np and a control 
horizon Nc. Future system outputs are recursively derived through the dynamics model and 
structured into a compact matrix form. This organized matrix representation is explicitly given by 
Equation (12), which encapsulates the predictive relationship between control inputs and system 
responses over the specified horizons.  𝑌 = 𝜓𝜉(𝑘) + 𝛩𝛥𝑈(𝑘)                         (12) 

Format: 

𝜓 = ⎣⎢⎢
⎢⎢⎡ 𝐶௞𝐴௞𝐶௞𝐴௞ଶ⋯𝐶௞𝐴௞ே௖⋯𝐶௞𝐴௞ே௣⎦⎥⎥

⎥⎥⎤ 𝑌 = ⎣⎢⎢
⎢⎡ 𝑦(𝑘 + 1)𝑦(𝑘 + 2)⋯𝑦(𝑘 + 𝑁௖)𝑦(𝑘 + 𝑁௣)⎦⎥⎥

⎥⎤ 𝛥𝑈 = ൦ 𝛥𝑢(𝑘)𝛥𝑢(𝑘 + 1)⋯𝛥𝑢(𝑘 + 𝑁௖)൪ 
𝜃 =

⎣⎢⎢
⎢⎢⎡

𝐶௞𝐵௞ 0 0 0𝐶௞𝐴௞𝐵௞ 𝐶௞𝐵௞ 0 0⋯ ⋱ ⋯ ⋯𝐶௞𝐴௞ே೐ିଵ𝐵௞ 𝐶௞𝐴௞ே೐ିଶ𝐵௞ ⋯ 𝐶௞𝐵௞⋯ ⋯ ⋯ ⋯𝐶௞𝐴௞ே೛ିଵ𝐵௞ 𝐶௞𝐴௞ே೛ିଶ𝐵௞ ⋯ 𝐶௞𝐴௞ே೛ିே೐ିଵ𝐵௞⎦⎥⎥
⎥⎥⎤ 

3.2. Objective Function Design and Constraints 

At its core, the MPC control algorithm operates as an optimization-based method for solving 
control problems. To achieve this, the vehicle dynamics response is systematically treated as a 
constraint to determine the optimal control sequence at each sampling instant. Concurrently, an 
appropriate objective function can be designed to align with the system's control objectives, ensuring 
that the solution balances performance requirements while adhering to physical and operational 
constraints. 

(1) Design of the Objective Function 
The control objective (performance index) of the objective function is established to ensure that 

the vertical vibrations of the frame and vehicle body converge as swiftly as possible. The input 
variable (control variable) is the damping coefficient of the vertical vibration damper, while the 
output variables are the floating acceleration and nodding acceleration of both the frame and the 
vehicle body. In this paper, the Model Predictive Control (MPC) algorithm is employed to enhance 
the vertical vibration performance of the train's suspension system, thereby ensuring a smooth 
vehicle operation. The objective function is formulated as follows, with its expression presented in 
Eq. (13): 𝐽෍ฮ𝑦(𝑘 + 𝑖) − 𝑦௥௘௙(𝑘 + 𝑖)ฮொଶே೛

௜ୀଵ ௠௜௡ +𝜌𝜀ଶ + ∑ ‖𝛥𝑢(𝑘 + 𝑖)‖ோଶே೎௜ୀଵ                            (13) 
To streamline the computational process, it is essential to ensure that the objective function for 

the solution is a convex function. Here, Q denotes the weight matrix associated with the output 
variables, while R represents the weight matrix corresponding to the control increments. 

(2) Design of Constraints 
When applied to the train's active suspension system, the optimal control sequence that 

minimizes the objective function may not always be feasible in practice. Therefore, certain constraints 
must be imposed on the state and control variables to ensure the practical viability of the results. In 
this study, the damping threshold of a series of pendant dampers is used as the control variable (input 
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variable), with the maximum damping value of these dampers set at 1.7×10⁴kN·s·m⁻¹. The output 
variables selected for the objective function in this paper include the nodding angular velocity and 
the floating and sinking speeds of the vehicle body and frame. Consequently, the constraints on the 
output variables should account for a maximum nodding angular velocity of 0.2 rad/s and a 
maximum floating and sinking speed of 0.5 m/s for both the vehicle body and frame. The expressions 
for the constraints on the control variable and the control increment are presented in Eq. (14), while 
the expressions for the output variable constraints are shown in Eq. (15): 

               min max

min max

( ) , 0,1, 2 1
( ) , 0,1,2 1

c

c

u u k i u i N
u u k i u i N

≤ + ≤



= …… −
Δ ≤ Δ + ≤ Δ = … −

 …

                 (14) 

  min max( ) , 0,1,2 1py y k i y i N≤ + ≤ = …… −                  (15) 

3.3. Receding Horizon Optimization (Rolling Optimization) 

The Model Predictive Control (MPC) framework is typically designed to transform the 
optimization of the objective function into a quadratic programming problem (QP), that is, to 
reformulate the objective function as a QP problem and then solve for the control increments and 
predicted outputs. This is because, in addition to optimizing the objective function, the design of an 
MPC controller must also account for a variety of approximate conditions. 

The standard form, derived by transforming Equation (1), differs from 𝐸 = 𝜓𝜉(𝑘) -𝑌௥௘௙ in the 
derivation process and equals 𝐽 = 1/2 𝑋்𝐻𝑋 + 𝑔்𝑋 upon optimal solution. 

Furthermore, 𝐻 = 𝛩்𝑄𝛩 + 𝑅，𝑔 = 𝛩்𝑄(𝐸 − 𝑌௥௘௙) = 𝛩்𝑄𝛹𝜀(𝑘) , by incorporating the 
constraints, the quadratic programming problem under the MPC control technique can be expressed 
as follows: 

min ( ) max

min max

min ( ) max

1 / 2
.    

( )

T T

k t

t

minJ U H U g U
s t U A U U U
U U U
Y U k Yε ξ ε

= +
≤ Δ + ≤

Δ ≤ Δ ≤ Δ
− ≤ Δ Θ

Δ Δ

+ Ψ

Δ

≤ −
                   (16) 

4. Analysis of the Active Control System and Vehicle Dynamics Response of the 
Single-System Pendant Damper in Trains 

4.1. Active Suspension System Based on Model Predictive Control 

Figure 2 presents the schematic block diagram for the research on active control of the train's 
droop damper using model predictive control (MPC). The 6-degree-of-freedom droop dynamics 
model serves as the identification model for the MPC controller. By employing a streamlined 6-
degree-of-freedom model, the computational load of the controller during matrix operations can be 
reduced, thereby enhancing the accuracy of the controller's solutions. A locomotive dynamics model, 
developed based on SIMPACK, is utilized for simulation calculations. To mitigate train vibrations, 
multiple pendant dampers act as actuators in the fully active suspension system, adjusting the 
damping force in real time in response to control signals. 

The specific approach involves integrating sensors into the SIMPACK vehicle model to collect 
information regarding the vehicle's state. This data is then transmitted to the MPC controller, which 
uses it as a starting point for predicting the system's future dynamics. The controller subsequently 
formulates an optimization problem to determine the optimal damping coefficients over the 
anticipated time horizon and issues control commands to the actuator, prompting it to respond in 
accordance with the calculated control law. In this study, a series of pendant dampers is employed 
as the actuator to regulate the output force and suppress pendant impacts. To achieve vertical 
smoothness control of the vehicle through receding horizon optimization, the process is iteratively 
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repeated, utilizing the vehicle state information received at the next sampling point as the initial value 
for projecting the system's future dynamics. 

Based on the aforementioned analysis, a simulation model is constructed by integrating a 
locomotive dynamics model and an MPC controller within MATLAB software. To form a closed-loop 
simulation process and enable active control of the train's pendant damper, the dynamics model in 
SIMPACK transmits the corresponding vehicle state information to the Simulink control system, 
which, in turn, sends the corresponding damping force back to the dynamics model in SIMPACK. 
Figure 3 illustrates the active control system for the train's single-system pendant damper. 

 

Figure 2. Schematic diagram of train vertical active control system. 

 
Figure 3. Block diagram of active control system based on model predictive control algorithm. 

4.2. Active Controller Parameter Selection 

The track irregularity is set according to the six - spectrum standards of the United States of 
America. The line conditions are configured as follows: the entire length of the track is 2000 m, the 
curve radius is 1200 m, the superelevation of the curve is 0.12 m, and the vehicle operating speed is 
160 km/h. The maximum damping value of a series of pendant dampers is 1.7×10⁴ kN·s·m⁻¹. In this 
study, the control variable (input variable) is the damping threshold of a series of pendant dampers. 

The constraints on the output variables in the objective function must consider the maximum 
head - nodding angular velocity of the car body and frame, which is 0.2 rad/s, as well as the floating 
and sinking velocity, which is 0.5 m/s. The parameters of the controller are presented in Table 2. 

Table 2. MPC Controller Parameters. 

Parameters value 
T(sample step) 0.01/s 

Np(predictive time domain) 20 
Nc(control time domain) 10 
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4.3. Analysis of Vehicle Dynamics Response Under Active Control of Pendant Damper System 

When evaluating the smoothness of train operation and the level of riding comfort, a study 
centered on the vertical acceleration of the car body holds significant importance. Consequently, this 
research constructs a similar evaluation system and selects the vertical acceleration of the car body 
that decays most rapidly as the control objective. This section conducts a comprehensive analysis of 
the response curve of the car body's vertical acceleration from multiple perspectives, including the 
time domain, frequency domain, and evaluation indices, to thoroughly assess the impact of the 
designed Model Predictive Control (MPC) strategy. It also compares and evaluates the control effect 
of the MPC control with that of passive control. 

(1) Time-Domain Analysis of Vehicle Dynamics Response 
The train damper active control system and the train passive control system, jointly developed 

using SIMPACK-Simulink, are operated at speeds of 60 km/h, 100 km/h, 120 km/h, and 160 km/h, 
respectively, for comparison and analysis. Table 3 presents the vertical acceleration and Root Mean 
Square (RMS) values of the car body at different speeds under both active and passive control. 
Compared to passive control, the MPC control strategy demonstrates significant advantages during 
train operation. Specifically, the growth rate of the car body's vertical acceleration amplitude is 
considerably slower than that of passive control as the train's running speed increases. This indicates 
that the MPC control strategy exhibits superior control performance when the car body experiences 
increased vertical vibration. 

At a speed of 60 km/h, the MPC control significantly reduces the peak value of the car body's 
vertical acceleration from 0.4253 m/s² to 0.3193 m/s², representing a reduction of 24.9%. 
Simultaneously, the acceleration's RMS value drops from 0.1478 to 0.1054, a decrease of 28.7%. This 
trend becomes even more pronounced when the vehicle speed is increased to 160 km/h. Under the 
MPC control strategy, the peak value of the vehicle body's vertical acceleration decreases from 0.9023 
m/s² to 0.6093 m/s², resulting in a 32.5% improvement in vibration control effect; the acceleration's 
RMS value decreases from 0.2891 to 0.1994, a reduction of 31%. 

The comparison of the car body's sagging comfort indices for active and passive control at 
various speeds is illustrated in Figure 4. It is observed that the RMS index of the vehicle body remains 
below 0.407 for both passive control and MPC control strategies, reaching the comfort threshold of 
ʺgood.ʺ However, the RMS value of the vehicle body's acceleration under the MPC control strategy 
consistently remains below 0.273, demonstrating that MPC control can effectively reduce vehicle 
vibration and elevate train comfort to the ʺexcellentʺ level. Furthermore, the MPC control approach 
performs better as speed increases, with its RMS index value rising noticeably less than that of the 
passive control strategy, indicating a clearly superior vibration control effect. 

Table 3. Evaluation of train comfort. 

Evaluation indicators Control strategy 
Running speed（km/h） 

60 160 

Peak vertical acceleration aw(m/s2) 
Passive control 0.4253 0.9023 

Model predictive 
control 

0.3193 0.6093 

Root mean square value of acceleration RMS 
Passive control 0.1478 0.2891 

Model predictive 
control 

0.1045 0.1994 

The relationship between the sagging smoothness index and vehicle speed under both active 
and passive control is depicted in Figure 5. At a vehicle speed of 60 km/h, the Sperling droop 
smoothness index decreases from 1.8979 to 1.6851 when employing MPC control. In this case, the 
active suspension system outperforms the passive suspension system by 11.21%. At a vehicle speed 
of 160 km/h, with MPC control, the Sperling droop smoothness index drops from 2.4072 to 2.0194. 
Compared to the passive suspension, the active suspension system enhances performance by 16.10%. 
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Figure 4. Comparison of root-mean-square (RMS) values of vertical acceleration for active vs. passive control 
across speeds. 

 
Figure 5. Sagging comfort indices for car bodies at varying speeds under active and passive control. 

(1) Frequency-Domain Analysis of Vehicle Dynamic Response 
The frequency response analysis of the locomotive at speeds of 60 km/h and 160 km/h, utilizing 

both active and passive control systems, is presented in Figure 6. The peak of the car body's vertical 
vibration acceleration waveform occurs approximately within the frequency range of 1∼1.5 Hz, with 
a significant concentration in the 0.5∼2 Hz frequency band. The vibration amplitude of droop 
acceleration within this same frequency band increases markedly as the vehicle speed rises. 

This fully demonstrates that the control strategy is effectively suppressing the vehicle's vertical 
vibration. Specifically, when compared to passive control, the MPC control strategy employed in this 
study significantly reduces the amplitude of the vehicle body's vertical vibration acceleration within 
the crest frequency band. At a speed of 160 km/h, the control effect is particularly pronounced, further 
confirming that the MPC control strategy exhibits a significantly enhanced control effect when vehicle 
vibration intensifies. 
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(a) Vertical acceleration of the car at 60 km/h    (b) Vertical acceleration of the car body at 160 km/h 

Figure 6. Comparative analysis of vertical acceleration spectra for car bodies at various speeds.1 Vehicle Model 
Vertical Dynamics Model. 

5. Conclusions 

(1) A specific type of locomotive dynamics model and an equivalent parameter model for a series 
of vertical vibration dampers are established, taking the locomotive's vertical vibration dampers as 
the research object. The MPC (Model Predictive Control) controller is designed to construct an active 
control system for a series of vertical vibration dampers. This design is based on the 6-degree-of-
freedom vertical dynamics model, aiming to achieve active vibration suppression of vertical 
vibrations during locomotive operation. 

(2) By implementing active control on a number of vertical dampers, the vehicle's vertical 
smoothness can be significantly enhanced, and the vertical acceleration and smoothness indices of 
the vehicle body can be substantially reduced. At a speed of 60 km/h, the body sag acceleration and 
its RMS (Root Mean Square) value decreased by 24.9% and 28.7%, respectively. Additionally, the 
Sperling sag smoothness index value decreased by 11.21%. At a speed of 160 km/h, these two factors 
(body sag acceleration and its RMS value) decreased by 32.5% and 31%, respectively, while the 
Sperling sag smoothness index value decreased by 16.10%. 
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