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Vibration dynamics of high speed train with Pareto
optimized damping of bogie suspension to enhance safety
and comfort

A. Johnsson, V. Berbyuk, M. Enelund
Chalmers University of technology, Department of Applied Mechanics, Division of Dynamics
Hörsalsvägen 7A, SE-41296, Göteborg, Sweden
e-mail: albin.johnsson@chalmers.se

Abstract

A methodology to find the optimized, with respect to safety and comfort, lateral damping of both the primary
and secondary suspensions of a bogie system for a high speed train (HST) has been developed, implemented
and evaluated. The vibration dynamics of three-car HST withsafety-comfort Pareto optimized lateral damp-
ing of bogie system is analyzed. The sensitivity of vibration dynamics of the HST having Pareto optimized
lateral damping and traveling with 250 km/h is studied for different vehicle speeds, wheels and rails worn-
ness, train service loads and frictions between wheels and rails. Numerical results show that Pareto optimized
lateral damping of bogie system can significantly improve passenger comfort while maintain safety and reli-
ability of HST performance.

Keywords: High speed railway vehicles; Multi-objective optimization; Pareto optimality, Bogie suspension
design; Damping; Ride comfort; Vehicle Safety; Lateral dynamics and stability

1 Background

The properties of the bogie system suspensions do significantly influence the dynamical behavior of a HST.
Both safety and comfort considerations are necessary to take into account. The bogie system has been under
investigation for many years with the aim to increase the performance of the railway vehicle in several key
areas. Optimization of passive design of components is an important area in order to achieve train systems
which are dynamically stable and at the same time fulfill requirements set on the systems, such as for comfort
and safety [1, 2].

The introduction of control systems in railway vehicles hasbeen ongoing for several years [3, 4, 5, 6].
However, it is not until recently that the applications are taken into industrial use [7, 8, 9]. These applications
mostly focus on improving the comfort performance for the passengers by reducing the vibrations in the car
body. Several strategies have been shown to give good results in this matter. Some work has been done
on the simultaneously optimization of several performanceindices (such as safety and comfort), so called
multi-disciplinary optimization. Considerations of the minimal upgrade for the maximal gain in performance
have not yet been widely investigated. In this paper we will investigate optimization of the lateral damping
coefficients of the primary and the secondary suspensions toclarify the possibilities of a minimal upgrade
for a maximal performance of the safety and comfort criteria. The trade-off behavior between safety and
comfort for a HST is then studied. Early in [10] investigation of the Pareto optimal lateral damping of a
bogie system within the frame of a half car train model has been performed.
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With the mapping of optimized parameters to performance of the passive system, investigation of the benefits
of a minimally upgraded adaptive system can be made. The introduction of active strategies can be made
in several manners and each has to be evaluated against the existing passive solution and thereafter the
improvements in importance have to be weighted against increased energy consumption and cost.

The methodology developed in this paper is used to determinethe Pareto front as a representation of trade–off
between safety and comfort of a three–car HST. The Pareto front is a mapping of the set of optimized lateral
damping parameters of primary and secondary suspensions. This set is called the Pareto set. Bi-objective
optimization has been performed within a complete three-car HST model by using the multibody dynamics
general purpose software Gensys [11]. Further, analyzes ofdynamics of HST with the Pareto optimized
damping parameters of the bogie system is presented.

2 A three-car high speed train model

We consider a complete three–car HST model in order to evaluate the dynamics of a railway vehicle with
optimized bogie systems. The complete three–car model is implemented in Gensys. The railway vehicle
comprises three cars, each with two bogie systems. The bogiesystem comprises two wheelsets, one bogie
frame and the primary and secondary suspensions. The primary suspension is modeled with a series of
nonlinear springs and dampers as well as linkages modeled with rigid bodies. The secondary suspension
comprises of a nonlinear air spring, an anti-roll bar as wellas some other nonlinear springs and dampers.
The tracks are modeled as rigid bodies. Ideal wheel and rail geometries representing Swedish standard are
utilized. The train is assumed to be fully loaded. The railway vehicle is considered within the rigid multibody
system formulation and has 456 degrees of freedom in total. The equations of motions in state space form is
written as

ẋ = f(t,x,d,p, s,u, V ), x(0) = x0, t ∈ [t0, tf ], (1)

wherex is the state vector,d is the vector of design parameters,p is the vector of system structural pa-
rameters which includes the stiffness, mass, inertia parameters and the remaining damping parameters and
s is the vector of system dynamics parameters including parameters such as coefficient of friction, contact
model parameters, and geometrical parameters of track and wheel,u(t, V ) is the vector of excitations, and
V is the constant forward speed of the train. The model components have been developed by Bombardier
Transportation.

A simplified sketch of the bogie system is shown in Figure 1. The design parameters to be optimized areC
p
y

andCs
y, the lateral damping parameters of the primary and the secondary suspensions of the bogie system,

respectively.

Track irregularities considered are lateral disturbancesof the rail. These irregularities will be modeled by a
stationary stochastic process and described by a one-sideddensity function as in [12]

Φ(Ω) = A
Ω2

c

(Ω2
r + Ω2)(Ω2

c + Ω2)
, (2)

with parameter values

Ωc = 0.8246 rad/m, andΩr = 0.0206 rad/m, (3)

whereΩ is the distribution factor andA = 0.7930 · 10−6m is the scaling factor that is used to specify the
magnitude of the irregularities. A sample of the stochasticexcitation profile can now be calculated with the
spectral representation method as

u(x) =
√

2
N−1∑
n=0

an cos(Ωnx + ϕn), (4)

3478 PROCEEDINGS OF ISMA2010 INCLUDING USD2010



y

z

Kp

y, Cp

yKp

y, Cp

y

Ks

z, Cs

z Ks

z, Cs

z

Ks

y, Cs

y Ks

y, Cs

y

Kp

z,
Kp

z,

Cp

z
Cp

z

H1

H2

H3

G1G1

(a)

x

z

Kp

x, Cp

xKp

x, Cp

x

Kp

z, Cp

z Kp

z, Cp

z

Ks

x, Cs

x
Ks

z,

Cs

z

L1 L1

H1

H2

H3

(b)

Figure 1: Simplified sketch of the bogie system.

whereϕn are uniformly distributed phase angles in the range[0, 2π], Ωn = n∆Ω, ∆Ω = Ωu/N , for
n = 0, 1, . . . , N − 1, andΩu is the highest frequency while the coefficientsan are

a0 = 0, a1 =

√(
Φ(∆Ω)

2π
+

Φ(0)
3π

)
∆Ω, a2 =

√(
Φ(2∆Ω)

2π
+

Φ(0)
12π

)
∆Ω, and

an =

√
Φ(Ωn)

2π
∆Ω, for n = 3, 4, . . . , N − 1.

This stationary stochastic process has been designed to have the same spectrum as common real track irreg-
ularities. One disturbance sample used as input the bogie model is Eq. (4) calculated withΩu = 13.57 rad/s,
and N = 3540. The disturbance of the rail profile in lateral direction is then y

right
rail = yleft

rail = u(x),
wherex is the distance traveled in meter. Another irregularity used in this paper is the step irregularity
u(x) = 7H(x − 100 m) mm, whereH(x) is the Heaviside step function. For the given model with the
input parametersd,p, s,u, V andT = [t0, tf ] the state vector,i.e the generalized coordinates and its time
derivatives, and any user defined function of the state vector are the solution output. Of particular interest is,
for instance, the wheel–rail contact forces.

Example 2.1 As an example of implementation of computational model of the three-car HST we consider
the following case. A railway vehicle runs on a 500 m long tangent track at 250 km/h. The track is smooth
except for the step irregularity introduced above. The initial state isx0 = 0. Figures 2-4 show some
characteristics of the responding dynamics. From Figures 2(a) and 2(b) it can be seen that the transient
responses in the bogie frame and the wheelsets have been damped out at about 200 to 250 meter and stabilized
around the new equilibrium position. It is noted that the last bogie system has larger displacements than the
first bogie system. However, the car bodies have a much lower damping and we also see coupled effects for
the car bodies. For the shift forces in Figures 3(a) and 3(b) no evident coupled effects are shown, but it is
seen that the forces on the last bogie are larger than the oneson the first. The peak values occur at the step
irregularity and are of the magnitudes 20-70 kN on the different wheelsets. The accelerations in the first and
last car bodies are very transient, see Figures 4(a) and 4(b). The peak accelerations are varying between 0.2
and 0.9 m/s2 over the car bodies. The accelerations are higher in the outer points mainly due to the yaw
motion of the car bodies.
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Figure 2: (a) The lateral displacements of the first bogie andthe first carbody above the center of the bogie;
(b) The lateral displacements of the last bogie and last carbody above the center of the bogie
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Figure 3: (a) The shift forces of the wheelsets of the first carbody; (b) The shift forces of the wheelsets of
the third carbody

3 Bi-objective optimization

Here the safety-comfort bi-objective optimization problem is considered by varying the lateral damping
parameters of primary and secondary suspensions of bogie system. The chosen optimization strategy is to use
a multi-objective evolutionary algorithm (MOEA). The reasons to use such an optimization algorithm are that
it is robust, gives good results and additional valuable information not provided by a classical algorithm. The
classical algorithm gives one optimized solution, determined by the pre-weighting of the objective functions.
In a MOEA no pre-weighting is required but instead a set of Pareto optimized solutions are obtained, denoted
the Pareto front.
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Figure 4: (a) The lateral acceleration of the first carbody measured above the center of each bogie and at
the center of the carbody on floor level; (b) The lateral acceleration of the third carbody measured above the
center of each bogie and at the center of the carbody on floor level

3.1 Objectives for performance evaluation

The main performance qualities that the bogie system can affect are safety, comfort and the ability to avoid
wear as well as crack initiating and propagation in rails andwheels. We define objectives for evaluation of
safety and comfort. The safety objective is determined by the contact forces on the wheels due to the wheel-
rail interaction, which has potential to damage both rails and wheels and to cause derailment. Low lateral
forces are associated with stable motions. The safety objective used here is the ratio between the lateral and
vertical contact forces of a wheelset and is defined as

Fsafety = max
i

[
max

t∈[t0,tf ]

{
max

(∣∣∣∣∣Rfw
y,i(t)

Rfw
z,i(t)

∣∣∣∣∣ ,
∣∣∣∣∣Rrw

y,i(t)
Rrw

z,i(t)

∣∣∣∣∣
)}]

, i = 1, 2, . . . , 6. (5)

HereRfw
y,i andRrw

y,i are the shift forces of the front and rear wheelset of bogie systemi, Rfw
z,i andRrw

z,i are the
normal forces in the contact points of the front and rear wheelset of bogie systemi, t0 is the starting time
andtf is the final time. As the train model contains six bogie systemthe evaluation results in six objectives
where the worst case is considered only. A low value ofFsafetycorresponds to a high level of safety. In fact,
this objective is used to indicate risk of derailment. The maximal allowed objective value before the risk of
derailment is considered to high isF limit

safety = 1.15. The value is given by the Weinstock Limit [13].

The comfort measureFcomfort is introduced as the largest RMS of the lateral accelerationof the car body
measured at three points of each car body, namely above the center of each bogie and at the middle of the
car body

Fcomfort = max
i

[√
1

tf − t0

∫ tf

t0

(ÿcb
i (t))2dt.

]
, i = 1, 2, . . . , 9. (6)

A low value ofFcomfort corresponds to a high level of comfort.

Continuing Example 2.1, the above introduced objectives calculated witht0 = 100/V = 1.44 s andtf =
500/V = 7.20 s have the following values,Fsafety = 0.1740 andFcomfort = 0.1122 m/s2. Figures 5(a) and
5(b) show the variation of the objectives for the different bogies of HST model. We observe that the fifth
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bogie system has the highest values for the safety objectivewhile the sixth bogie system has the highest
value for the comfort objective. Also, the variations in theobjective values between the bogie systems are
significant. The difference between the largest and the lowest value for the safety objective is about 20%
of the maximum value. We also have the same circumstances forthe comfort objective having a difference
about 31 % of the maximal value.
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Figure 5: (a) Variation of the safety objective for the six bogie systems; (b) Variation of the comfort objective
for the six bogie systems

3.2 Problem formulation

Let F : Rn 7→ Rm be a vector objective function. The design vectord ∈ Rn is constrained byd ∈ X ⊂ Rn,
whereX is defined by algebraic and/or differential constraints. A multi-objective optimization method will
then solve problem of the type

Problem 3.1 {
min F (d)
d ∈ X (7)

SinceF (d) is a vector function withm components the solution will in general not be a single pointd∗, but
instead the notion of Pareto optimality is introduced.

Definition 3.1 A point d∗ ∈ Rn is calledPareto optimal for the Problem 3.1 ifd∗ ∈ X and there does not
exist a pointd ∈ X , d 6= d∗, with Fi(d) ≤ Fi(d∗) for all i = 1, 2 . . . ,m with a strict inequality for at least
onei, 1 ≤ i ≤ m.

For a given problem, there will exist a subsetX ∗ ⊂ X of solutions which are Pareto optimal, called the
Pareto set. For details of MOEA, see [14].

Here Problem 3.1 is applied to the optimization of bogie systems of the three-car HST by using the objective
functions defined in Section 3.1 and the computational modelof the railway vehicle implemented in Gensys.
We assume that the lateral dampers of primary and secondary suspensions of the bogie systems are linear.
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Problem 3.2 It is required to determine the vectors of damping coefficients, dopt = [Cp
y , Cs

y]T, which are
the solutions of the variational equations

F i(t,x,p,dopt,u) = min
d ∈ X F i(t,x,p,d,u), i = {safety, comfort} (8)

subject to the differential constraints, Eq. (1), and the boundaries

d ≤ Bu = [500, 200]TkNs/m

d ≥ Bl = [0, 0]TkNs/m,

for givenp = p0, u = u0(t) and initial statex(t = 0) = x0.

Algorithm of solution of the Problem 3.2 is implemented in Matlab using the in-built multi-objective opti-
mization routine,gamultiobj, with the options given in Table 1. Gensys is called for everyevaluation
point, and parallelized for execution speedup.

List of optimization options
Population size 80
Population Initialization Range [B l,Bu]
Tolerance on fitness value (TolFun) 5 · 10−4

Stall generation Limit (StallGenLimit) 15
The fraction on non-dominated front (ParetoFraction)0.5
All other options set to ’default’ −−

Table 1: Input for the optimization simulations

3.3 Solution of problem 3.2 for V = 250 km/h

In this section we will present the solution of the problem 3.2 with the forward speedV = 250 km/h,
the track irregularitiesu(V t) as described in Eq. (4) and the initial statex0 = 0. The lateral damping
parameters are subjected to optimization and the objectives are calculated fromt0 = 100 m/V = 1.44 s
to tf = 500 m/V = 7.20 s in order to avoid transient behavior. The optimization results of Problem 3.2
together with all evaluated design points from the optimization procedure are presented in Figures 6(a) and
6(b). These figures give good illustrations of the mappingd 7→ F(d). Figure 6(b) shows some tested design
candidates and Figure 6(a) shows their respective objective evaluations. The Pareto optimized design points
are seen to lie in a subset of the design space. The fact that itis a subset rather than a single point shows
the existence of a conflict between the two objectives used. By choosing a design point on the red curve,
a Pareto optimal trade–off solution is obtained. In Figures7(a) and 7(b) the optimization results together
with the corresponding damping parameters of a HST in service are shown. The Pareto set is a subset of
the considered design space, whereCp

y ∈ [16, 70] kN/m andCs
y ∈ [18, 38] kN/m. We identify three design

points of special interest in the Pareto set, namely the point corresponding to the largest value of the safety
objective, the point corresponding to the largest value of the comfort objective and a point with significant
trade-off between the two objectives. The points and their respective objective values are marked with red in
Figures 7(a) and 7(b). It can be seen that the damping parameter values of the in service HST are very near
the optimized Pareto front with favorable performance of that configuration. In fact the differences are of
minor importance. This somewhat validates the optimization procedure. Figure 7(a) shows the optimal safety
objective for a prescribed value of the comfort objective and vice versa while the corresponding parameter
values may be found in Figure 7(b). Comparing the two endpoints on the Pareto front as well as the chosen
trade–off point, Table 2 shows the relative gains and lossesin the objectives. From that we can conclude that
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Figure 6: Results from optimization are shown. Blue markersrepresent points evaluated in the optimization
routine. Red markers represent in (a) Pareto front and in (b)Pareto set.
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Figure 7: Blue circle markers(◦) represent in (a) Pareto front and in (b) Pareto set for Problem 3.2. Red
square markers(�) represent, the chosen trade off solution, read triangle markers(⊲) represent the solution
whereFsafety is minimized, and red diamond markers(⋄) represent the solution whereFcomfort is minimized
while Black markers(△) represent the respective values for the HST in service.

by varying the lateral damping parameters only, a maximum improvement of23% in the safety objective,
and10% in the comfort objective can be achieved, although at the cost in the other objective.

Figures 8(a) and 8(b) show the variation of objectives of Eq.(5) ans (6) evaluated for each bogie system for
the three selected points of the Pareto set. From analysis itfollows that the bogie #1 has the highest safety
(solid line, Figure 8(a)) and bogie #5 has the lowest safety (dotted line, Figure 8(a)). Bogie #4 has the best
comfort (dotted line, Figure 8(b)) and the worst comfort is seen for bogie #6 (solid line in Figure8(b)). Thus
individual settings of parameters for each bogie system would in theory be more efficient. However, the train
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Point (%) ∆Fsafety ∆Fcomfort ∆C
p
y ∆Cs

y F limit
safety = 1.15

Min safety objective,(⊲) 23 0 37 100 5
Trade–off(�) 11 9 60 55 6
Min comfort objective,(⋄) 0 10 100 55 6

Table 2: Relative improvement (compared to the worst case) of optimization results, relative change in
damping parameters (compared to highest value) and percentage ofF limit

safety.

in general travels both backward and forward, this would notbe possible without adaptive structures.
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Figure 8: (a) Variation of the safety objective for the six bogie systems and (b) Variation of the comfort ob-
jective for the six bogie systems for the three selected design points on the Pareto front. Solid line represents
min safety objective, dashed line represents trade–off, and dotted line represents min comfort objective.

4 Sensitivity of the safety and comfort of a HST with Pareto opti-
mized lateral damping

The optimization of the lateral damping in the primary and secondary suspensions showed that there exists
a trade–off behavior between safety and comfort, and that itis depending on the lateral damping parameters
that were subjected to the optimization. Let us consider theHST running in 250 km/h. Assume that the
train has Pareto optimized lateral damping parameters of the bogie systems which is the solution of problem
3.2. Now we will study the sensitivity of safety and comfort objectives of the train dynamics with respect to
different forward speeds, wheel/rails profiles, service loads of the vehicle and variation in the coefficient of
friction presented in Table 3

In Figures 9(a), 9(b), 9(c) and 9(d) the results of the sensitivity analysis are presented. Figure 9(a) shows
that both objectives are approximately linearly dependenton the speed. Figure 9(b) shows that the worn
profiles have a negative impact on the objectives. It is observed that the wheel profiles mainly effect the
safety objective (red line), while the rail profile affect both safety and comfort (green line). The effects of the
wornness is cumulative which yields a significant negative effect when using worn profiles for both wheels
and rails (black line). It is noted that the effect of wear in this case has approximately the same impact on
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Parameter Values
Forward speed,V [150, 250, 275, 300] km/h
Worn profiles [ideal/ideal, worn/ideal, ideal/worn, worn/worn]
Load [tara, service, performance, full ]
Friction coefficientµ [0.4, 0.5, 0.6]

Table 3: List of parameters for sensitivity analysis. The parameters used in Problem 3.2 are underlined.

the objective values as an increase in speed from 250 km/h to 300 km/h (black lines in Figure 9(a) and 9(b)).
Further, in Figure 9(c) it is observed that the objectives are increasing with reduced loading of the train cars.
Figure 9(d) shows that the objectives increase with respectto the coefficient of friction.

Now we are in the position to discuss how the result of the Pareto optimized lateral damping of the primary
and secondary suspensions indicate the possibility to introduce adaptive strategy in a minimal upgrade and
maximal improvement fashion. One strategy to consider is tocontrol of the lateral damping parameters
according to the Pareto set. This can be done in at least the two following ways:
Case 1:

d∗ ∈ X ∗ such that

Fsafety(d∗) = min
d∈X ∗Fsafety(d) and

Fcomfort(d∗) ≤ F limit
comfort,

(9)

Case 2:

d∗ ∈ X ∗ such that

Fcomfort(d∗) = min
d∈X ∗Fcomfort(d) and

Fsafety(d∗) ≤ γF limit
safety, 0 < γ < 1.

(10)

The theme is to substitute one of the objective for a constraint with a predetermined limit where this objective
will be controlled to be less than or equal to. The other objective we can choose as the minimal configuration
of the Pareto front as long as the constraint holds. If the constraint fails, we will move along the Pareto set
until the constraint is met. This guarantees the best comfort level for all cases when the safety is not allowed
to reach over its limit. The concept requires knowledge of the Pareto set for the particular bogie system,
slowly adaptable lateral dampers and sensors which can measure either the acceleration of the car body (case
1), or the acceleration of the wheelsets and have the abilityto estimate the wheel/rail contact forces (case 2).
Control strategies utilizing the concept of Pareto sets in order to control both safety and comfort in the same
manner would be an interesting concept that has the potential to further optimally increase the performance
for a small upgrade of the system.

5 Conclusions

We have studied the dynamics of a three-car HST. The dynamicsof the complete railway vehicle as a mechan-
ical system having 456 degrees of freedom is simulated by a computational model implemented in multibody
system software Gensys. Bi-objective optimization problem is stated for the considered vehicle with the aim
to enhance safety and comfort simultaneously by optimal variation of lateral damping parameters of primary
and secondary suspensions of bogie systems. The numerical algoritm has been developed and implemented
in Matlab/Gensys simulation environment to Pareto optimize lateral damping characteristics with respect to
safety and comfort. The Pareto front and respective Pareto set of lateral damping parameters have been estab-
lished for a HST traveling with 250 km/h on a tangent track with realistic track irregularities. The numerical
results show that the trade–off for safety and comfort of railway vehicle with respect of lateral damping of
bogie system does exist. The numerical results have also demonstrated that by optimizing lateral damping
of bogie system the comfort of HST traveling with 250 km/h canbe improved by 10%. At the the same time
the safety factor of the train performance is only about 5-6%of the critical value.
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Figure 9: Sensitivity in safety and comfort for the three points in the Pareto set. (a) Variation of speed (red:
150 km/h; blue: 250 km/h; green: 275 km/h; black: 300 km/h), (b) Variation of wornness in wheels/rails,
(blue: ideal/ideal; red: worn/ideal; green: ideal/worn; black: worn/worn), (c) Variation of load (red: tara;
green: service; blue: performance; black: full), and (d) Variation of friction (red: 0.4; blue: 0.5; green: 0.6).

The results of a sensitivity study of safety and comfort of considered HST having Pareto optimized lateral
damping are presented in case of different vehicle speeds, wheels and rails wornness, train service loads and
frictions between wheels and rails. We found that the forward speed and the wornness influence the safety
and comfort factors significantly.

Further, the results obtained in this paper indicate that the adaptive/semi-adaptive strategies of control of
only lateral damping characteristics of bogie system can valuable improve of HST performance to enhance
safety and comfort.
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