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1. Introduction 

The increase in the efficiency of passenger trans-

portation on existing railway infrastructure remains a criti-

cal challenge for modern railways, particularly under condi-

tions of limited financial resources and the high cost of con-

structing dedicated high-speed lines. In this context, the use 

of rolling stock equipped with carbody tilting systems rep-

resents an effective alternative, allowing higher operating 

speeds on conventional tracks without substantial infra-

structure upgrades. Such systems improve passenger com-

fort by compensating for lateral acceleration in curves while 

maintaining acceptable levels of dynamic interaction be-

tween the vehicle and the track. At the same time, the im-

plementation of tilting technologies introduces additional 

complexity into the mechanical system of the vehicle, which 

requires careful analysis of its influence on safety-related 

parameters. 

Recent studies have addressed various aspects of 

tilting train technology, including control strategies, dy-

namic behavior, and infrastructure interaction. The authors 

of [1] investigated the nonlinear stability of railway tracks 

under the influence of unbalanced cant and train speed, 

demonstrating that changes in dynamic loading conditions 

can significantly affect track stability and, consequently, the 

safety of train operation. 

The development of tilting control systems has also 

been widely studied. The authors of [2] proposed multi-ob-

jective optimization approaches for tilt control design, em-

phasizing the need to balance passenger comfort and dy-

namic performance. Reference [3] explored the application 

of fractional-order control methods, demonstrating their po-

tential to improve the robustness and efficiency of railway 

systems. However, these studies primarily focus on control 

algorithms rather than on the mechanical configuration it-

self. 

In the field of simulation modelling, the authors of 

[4] developed a model of a hybrid electropneumatic tilting 

system, highlighting the advantages of combining different 

actuation principles. Earlier, the authors of [5] proposed a 

simulation approach for combined tilting systems of high-

speed rolling stock, demonstrating the feasibility of analyz-

ing such systems using modern computational tools. Despite 

these contributions, the influence of the geometric 

parameters of the tilting mechanism – particularly the coor-

dinates of lever attachment points – on safety indicators has 

not been sufficiently investigated. 

At the same time, the interaction between rolling 

stock and track infrastructure continues to be an important 

research area. The authors of [6] reviewed methods for mon-

itoring railway track resilience, emphasizing the importance 

of accounting for dynamic loading conditions. In [7], the au-

thors discussed the adaptation of railway systems to future 

requirements, noting that innovations in rolling stock design 

must be accompanied by a thorough assessment of their im-

pact on infrastructure and safety. 

Despite the significant body of research on tilting 

train systems, there remains a lack of comprehensive studies 

addressing the relationship between the structural design of 

the tilting mechanism and derailment stability. In particular, 

the redistribution of vertical loads between the wheels of a 

wheelset due to changes in the geometry of the mechanism 

can directly influence the derailment coefficient and overall 

running safety. Modern simulation environments, such as 

MATLAB/Simulink with the Simscape library, provide ad-

vanced capabilities for modelling complex mechanical sys-

tems as interconnected physical components, enabling effi-

cient parametric analysis without the need for repeated re-

formulation of differential equations. 

Unlike previous studies, including our earlier work 

devoted to the development of simulation models and the 

determination of actuator force characteristics, the present 

study focuses on the influence of the geometric configura-

tion of the carbody tilting mechanism on running safety. The 

scientific novelty of this research lies in establishing quan-

titative relationships between the coordinates of lever at-

tachment points, the derailment stability coefficient, and the 

carbody rotation moment by combining a 

MATLAB/Simscape multibody model with a fractional fac-

torial experimental design and third-order regression mod-

elling. The proposed approach not only extends the existing 

methodology to account for the redistribution of vertical 

wheel loads caused by variations in mechanism geometry 

but also provides an efficient engineering tool for identify-

ing feasible design regions while substantially reducing the 

number of required simulation runs. 

The aim of this study is to investigate the influence 

of the geometric parameters of a carbody tilting mechanism, 
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specifically the coordinates of lever attachment points, on 

the stability conditions and safety indicators of high-speed 

electric trains operating on curved track sections. 

2. Analysis of Recent Research and Problem Statement 

Previous studies have demonstrated the effective-

ness of carbody tilting systems in improving the perfor-

mance of high-speed railway transport [2, 4]. Other re-

searchers have proposed advanced actuation principles, in-

cluding electromagnetic and hybrid tilting systems [5]. 

However, insufficient attention has been paid to the redistri-

bution of vertical wheel loads caused by carbody tilting, de-

spite its significant influence on wheel–rail interaction, in-

frastructure loading, and traffic safety [1, 6-8]. 

When a train negotiates a curve, centrifugal force 

redistributes vertical loads between the wheels of each 

wheelset. This effect is further influenced by the displace-

ment of the carbody center of mass during tilting, which 

changes the position of the resultant gravitational force rel-

ative to the track plane and consequently affects wheel–rail 

contact forces. In passive tilting systems, the centre of mass 

shifts toward the outer rail, which may increase the load on 

the outer wheels. In contrast, active tilting systems provide 

controlled displacement of the carbody toward the inner rail, 

improving centrifugal force compensation, reducing wheel 

load imbalance, and enhancing both passenger comfort and 

wheel–rail interaction. 

Traffic safety depends on several dynamic criteria, 

including derailment stability, track stability, vehicle over-

turning resistance, and the strength of rails and running gear 

components [9, 10]. Among these, wheel derailment stabil-

ity is one of the most critical indicators, as the interaction 

between wheel flanges and rail heads governs reliable wheel 

guidance, particularly on curved track sections [11]. 

3. Materials and Methods of Research 

The leading wheels of bogies, when running on 

straight or curved track sections, contact the side faces of 

the rail heads with their flanges. For the flange to slide 

downward along the rail head, that is, for the wheel not to 

climb onto the rail head, the following condition must be 

satisfied: 
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where: Kc is the safety factor of the wheel against derail-

ment;  is the inclination angle of the wheel flange to the 

horizontal, deg.;  is the coefficient of friction between the 

wheel and the rail head; Р1, Yb are the vertical and horizontal 

forces acting on the wheel, respectively, N. 

By rearranging Eq. (1), the expression for the de-

railment stability coefficient is obtained as 
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In [5], the authors analyzed the limit configurations 

of the carbody tilting mechanism for a typical electric train 

bogie and determined the trajectory of the vehicle's center 

of mass during carbody tilting up to an angle of 8°. These 

results were used to calculate the force required from the 

linear actuator; however, the resulting redistribution of ver-

tical wheel loads was not considered. 

In the present study, the proposed methodology is 

extended to evaluate the center-of-mass displacement for 

the limit configurations of the mechanism and its effect on 

the redistribution of vertical wheel loads. 

During carbody tilting, the distance between the 

vehicle's center of mass and the rotation center varies owing 

to both passengers loading and the geometry of the tilting 

mechanism. The lateral displacement d' of the center of 

mass is expressed as 

 d h tg =  , (3) 

where: h is the vertical distance from the rail head to the 

vehicle's center of mass, and θ is the carbody tilting angle. 

The total change in loads on the outer A and inner 

B rails, caused by the centrifugal forces and the displace-

ment of the center of mass of the “carbody–passengers” sys-

tem, is equal to 
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where: M is the vehicle mass, including passengers, as-

signed to one wheelset; V is the train speed; R is the curve 

radius; 2S is the track gauge; and g is the acceleration due to 

gravity. 

The simulations were performed for a representa-

tive high-speed electric train operating on a conventional 

railway line. The analysis was carried out for a constant car-

body tilt angle of 8°, corresponding to the maximum oper-

ating tilt considered in the mechanical design of the pro-

posed system. The vehicle mass, including passenger load 

assigned to one wheelset, curve radius, train speed, track 

gauge, rail cant, and the center-of-mass height were speci-

fied according to the model parameters described in [4, 5, 

12]. During the parametric study, only the coordinates of the 

lever attachment points were varied, whereas all remaining 

vehicle, track, and operating parameters were kept constant 

to isolate the influence of mechanism geometry on derail-

ment stability and carbody rotation moment. The simulation 

model developed in [4, 5, 12] was adopted as the basis for 

this study. However, its functionality was unnecessarily ex-

tensive for the present analysis, resulting in excessive com-

putational time. Therefore, the model was simplified and re-

designed, while the model parameters were transferred to an 

external data file, enabling rapid parametric modification. 

The modified model was implemented in 

MATLAB/Simulink [13]. The mechanical subsystem was 

built using the Simscape library, whereas model execution 

and parameter transfer were controlled through a MATLAB 

script [14, 15]. 

The simulation model generates load characteristic 

graphs for different configurations of the studied mecha-

nism [14]. 

A numerical experiment was conducted to evaluate 

the influence of the coordinates of the carbody tilting mech-

anism lever attachment points on the derailment stability 
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coefficient and the moment about the instantaneous centre 

of rotation [2, 16]. 

To investigate the effects of the selected design pa-

rameters, a fractional factorial design 54−1 was employed to 

identify a cubic regression model. This approach provides 

an efficient compromise between the number of simulations 

and the accuracy of the resulting mathematical model [17, 

18]. 

The regularity of the design means that the set of 

combinations of factor levels can be obtained using a defin-

ing relation and a generating relation [17, 19, 20]. 

Algorithm for constructing the design and the re-

gression model. The block diagram of the regression model 

calculation algorithm is shown in Fig. 1. 

A full factorial design would require a total of 625 

experiments, making it impractical for engineering applica-

tions because of the considerable computational time and 

resources involved. 

A fractional factorial design (FFD) was therefore 

adopted, allowing the system to be analysed using only a 

subset of all possible factor-level combinations while pre-

serving sufficient information to estimate the main effects 

and selected interaction effects [17]. 

Cubic regression model. In engineering modeling 

problems, third-order polynomial models are often used to 

adequately approximate nonlinear relationships [17, 19]. 

To further solve the optimization problem, the 

ranges of possible positions of the suspension arms in the 

proposed coordinate system were determined. The upper 

right arm is defined in absolute coordinates as X1 = X1 rang-

ing from 0.2 to 0.65 m, and X2 = Y ranging from 0.2 to 

0.5 m. In contrast, X3 and X4 are defined in a local coordinate 

system relative to the upper hinge position. Their absolute 

positions are therefore obtained from the corresponding 

transformation equations. Specifically, the lower right arm 

is described by X3 = X2–X1, ranging from 0.1 to 0.5 m, and 

X4 = X2−Y2, ranging from 0.2 to 0.65 m. Consequently, pos-

itive values of X3 and X4, they are lower than X1 and X2 cor-

respond to the lower attachment point being located below 

the upper attachment point in the actual mechanism. The 

variation ranges are indicated in Fig. 2 by cross-hatching. 

The coordinates X1, X2, Y1, and Y2 describe the 

positions of the upper and lower arms, as shown in Fig. 2. 

Such a geometric range of parameter variation is justified by 

the integration of the body tilt mechanism into the overall 

structure of the train running gear with a tilting body. 

The rational design of the body tilt mechanism as-

sumes that the reaction force generated by the car body tilt 

system, relative to the moment of rotation of the car body 

about its instantaneous center of rotation, corresponds to the 

tractive force of the tilt drive motor, while simultaneously 

satisfying the requirements of the stability coefficient (2), 

which determines system operability. 

 

Fig. 1 Block diagram of the regression model calculation al-

gorithm: A, B, C – independent factors; s – level of 

coordinate space; 53 – factorial design; D – factor de-

termined by the experimental conditions; x – centered 

levels; z – initial levels; X – experimental matrix;  

Xreg – matrix of cubic regressors; b – regression coef-

ficients; F2 – model adequacy check 

 

Fig. 2 Variation of the car body tilting mechanism configuration 
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The coordinates were transformed into coded form 

 ( )1000i i i ix X / Z / K= + , (5) 

where Zi and Ki are the scale coefficient and the shift coef-

ficient of the parameter that determines the position of the 

body tilting levers (Fig. 2), measured in millimeters. The 

variation ranges are indicated in Fig. 2 by cross-hatching. 

 

a 

 

b 

Fig. 3 Regression model of the stability coefficient: Kc1 derailment stability coefficient; X1 & X2 – coordinates of the lower 

attachment points of the carbody suspension levers; X3 & X4 coordinates of the upper attachment points. 

a – minimum, average, and maximum values of the coordinates of the lower attachment points of the carbody sus-

pension levers; b – minimum, average, and maximum values of the coordinates of the upper attachment points of the 

carbody suspension levers 

 

a 

 

b 

Fig. 4 Operability zones of the carbody tilting mechanism with respect to stability coefficient limits: a – minimum, average, 

and maximum values of the coordinates of the lower attachment points of the carbody suspension levers; b – mini-

mum, average, and maximum values of the coordinates of the upper attachment points of the carbody suspension 

levers 
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a 

 

b 

Fig. 5 Regression model of the carbody rotation moment relative to the instantaneous center of rotation: Mcr – carbody 

rotation moment relative to the instantaneous center of rotation: a – minimum, average, and maximum values of the 

coordinates of the lower attachment points of the carbody suspension levers; b – minimum, average, and maximum 

values of the coordinates of the upper attachment points of the carbody suspension levers 

Model adequacy check according to the coefficient 

of determination. R² is a measure of the quality of the re-

gression model, indicating the proportion of the response 

variation y explained by the model. 

The coefficients of determination for the stability 

coefficient are at the level of R
2
Kc1 = 0.905, and for the car-

body rotation moment relative to the instantaneous center of 

rotation, they are at the level of R
2
Mcr = 0.987, which con-

firms the adequacy of the regression mathematical model. 

4. Results 

Analysis of the results of the numerical experiment 

for determining the stability coefficient and the carbody ro-

tation moment relative to the instantaneous center of rota-

tion. Fig. 3 shows the graph of the regression model of the 

stability coefficient for the minimum, average, and maxi-

mum values of the coordinates of the upper Fig. 3, b and 

lower Fig. 3, a; attachment points of the carbody suspension 

levers. 

An important criterion for the operability of the 

carbody tilting mechanism is that the stability coefficient 

satisfies the condition expressed in Eq. 2. Geometrically, the 

operability zone can be represented in Fig. 4, showing the 

zones of operability shaded according to the variations in 

the coordinates of the lever attachment points for the mini-

mum, average, and maximum values of the upper Fig. 4, b 

and lower Fig. 4, a carbody lever coordinates. 

Fig. 5 shows the graph of the regression model of 

the carbody rotation moment relative to the instantaneous 

center of rotation for the minimum, average, and maximum 

values of the upper Fig. 5, b and lower Fig. 5, a carbody 

lever attachment point coordinates. 

An analysis of the stability of high-speed trains 

with tilting carbodies on curved track sections was per-

formed. The results show that reduced contact forces signif-

icantly decrease derailment safety margins and require 

stricter constraints on suspension and tilting system param-

eters. 

Unlike the approaches in [14], the proposed model 

enables variation of the spatial coordinates of lever attach-

ment points on both the car body and the bogie, allowing a 

comprehensive parametric study of the tilt mechanism ge-

ometry. This capability makes it possible to identify the key 

geometric factors influencing system stability and force dis-

tribution in the suspension. 

5. Conclusions 

To investigate the relationships between the stabil-

ity coefficient, carbody rotation moment, and lever attach-

ment point coordinates, a fractional factorial design (5⁴⁻¹) 

was   applied. This approach reduced the number of simula-

tions while preserving the ability to assess main and inter-

action effects. Based on the simulation data, a regression 

analysis was performed, resulting in a third-order polyno-

mial model with 31 coefficients. 

The regression model demonstrated high adequacy 

and revealed nonlinear dependencies and interaction effects 

among geometric parameters of the tilting mechanism. The 

vertical and longitudinal positions of the lever attachment 

points were found to have the greatest influence on the sta-

bility coefficient, while transverse positioning plays a sec-

ondary role through interactions with other factors. The 

analysis identified optimal parameter regions where maxi-

mum stability is achieved without exceeding acceptable 
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rotation moments, whereas deviations from these regions 

lead to reduced stability or increased actuation effort and 

potential system overload. 

It was found that for initial lever angles below 52°, 

an operability zone exists for upper attachment points lo-

cated more than 530 mm from the axis, ensuring reliable op-

eration without loss of kinematic consistency. At higher tilt 

angles, this zone decreases due to increased geometric con-

straints and sensitivity to parameter variations. The opera-

bility region for lower attachment points expands when the 

upper coordinates (X1, X2) approach their extreme values, 

indicating reduced sensitivity and improved design robust-

ness in these boundary regions. 

It was determined that the carbody rotation mo-

ment relative to the instantaneous center of rotation gener-

ally increases monotonically with increasing upper attach-

ment point coordinates both horizontally (X1) and vertically 

(X2). Physically, this is associated with an increase in the 

effective lever arm and, consequently, a higher torque re-

quired to achieve the same tilt angle. The variation is nearly 

constant for most positions of the lower attachment point, 

indicating a weaker influence of these parameters compared 

to the upper attachment configuration. The minimum rota-

tion moment is 706 Nm, and the maximum is 70,829 Nm, 

demonstrating a wide range of possible loading conditions. 

Increasing the lower attachment point coordinates reduces 

the moment from 137,080 Nm to 6,815 Nm, highlighting 

their role as an effective means of reducing actuation effort. 

This study investigated the influence of geometric 

parameters of a carbody tilting mechanism on running 

safety indicators of high-speed trains operating on conven-

tional railway lines. The developed simulation model in 

MATLAB Simscape, combined with a fractional factorial 

design and regression analysis, proved effective for evaluat-

ing the stability coefficient and carbody rotation moment at 

a tilt angle of 8°. 

The constructed third-order regression models 

demonstrated high adequacy (0.905 for stability and 0.987 

for rotation moment), confirming their suitability for engi-

neering applications. The results revealed pronounced non-

linear dependencies between the studied parameters and the 

coordinates of the lever attachment points. A geometric in-

terpretation of the operability region showed that initial 

lever angles below 52° ensure a significantly wider range of 

feasible configurations, while larger angles reduce system 

operability. 

It was established that the upper attachment point 

coordinates have the greatest influence on both stability and 

actuation effort, whereas appropriate positioning of lower 

points can effectively reduce the required rotation moment. 

Further research should address dynamic vehicle–

track interaction, include suspension and control system pa-

rameters, and provide experimental validation, with a focus 

on multi-objective optimization. 
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