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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 Applieddfianics, Division of Dynamics
Horsalsvagen 7A, SE-41296, Goteborg, Sweden

e-mail: albin.johnsson@chalmers.se

Abstract

A methodology to find the optimized, with respect to safety eomfort, lateral damping of both the primary

and secondary suspensions of a bogie system for a high sp@e(HST) has been developed, implemented
and evaluated. The vibration dynamics of three-car HST saflety-comfort Pareto optimized lateral damp-
ing of bogie system is analyzed. The sensitivity of vibnatiynamics of the HST having Pareto optimized
lateral damping and traveling with 250 km/h is studied fdfedent vehicle speeds, wheels and rails worn-
ness, train service loads and frictions between wheelsaisd Numerical results show that Pareto optimized
lateral damping of bogie system can significantly improvespager comfort while maintain safety and reli-
ability of HST performance.

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

1 Background

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

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

The methodology developed in this paper is used to deterth@Bareto front as a representation of trade—off
between safety and comfort of a three—car HST. The Paratbif@ mapping of the set of optimized lateral
damping parameters of primary and secondary suspensidnis.sdt is called the Pareto set. Bi-objective
optimization has been performed within a complete thred-&T model by using the multibody dynamics
general purpose software Gensys [11]. Further, analyzelyrmmics 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 eiatha dynamics of a railway vehicle with
optimized bogie systems. The complete three—car modelpteimented in Gensys. The railway vehicle
comprises three cars, each with two bogie systems. The lsggtem comprises two wheelsets, one bogie
frame and the primary and secondary suspensions. The prisnigpension is modeled with a series of
nonlinear springs and dampers as well as linkages modelédrigid bodies. The secondary suspension
comprises of a nonlinear air spring, an anti-roll bar as wslsome other nonlinear springs and dampers.
The tracks are modeled as rigid bodies. Ideal wheel and eaitngtries representing Swedish standard are
utilized. The train is assumed to be fully loaded. The raywehicle is considered within the rigid multibody
system formulation and has 456 degrees of freedom in toked.efuations of motions in state space form is
written as

T = f(tvmadapv S,U,V), 33(0) = Lo, te [t07tf]> (1)

wherex is the state vectord is the vector of design parametegs|s the vector of system structural pa-
rameters which includes the stiffness, mass, inertia petens and the remaining damping parameters and
s is the vector of system dynamics parameters including patens such as coefficient of friction, contact
model parameters, and geometrical parameters of track bedlyw (¢, V') is the vector of excitations, and

V is the constant forward speed of the train. The model commpertgave been developed by Bombardier
Transportation.

A simplified sketch of the bogie system is shown in Figure le @lsign parameters to be optimized ﬁﬂe
andCy, the lateral damping parameters of the primary and the sieeprsuspensions of the bogie system,
respectively.

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

2
& @

2= Aoy

with parameter values
Q. = 0.8246 rad/m and(2, = 0.0206 rad/m 3)

where() is the distribution factor andl = 0.7930 - 10~%m is the scaling factor that is used to specify the
magnitude of the irregularities. A sample of the stochasticitation profile can now be calculated with the
spectral representation method as

N-1
u(x) = V2 Z ap, cos(Qpx + ¢n), 4
n=0
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Figure 1. Simplified sketch of the bogie system.

where ¢,, are uniformly distributed phase angles in the raf@er], 2, = nAQ, AQ = Q,/N, for
n=20,1,...,N — 1, and}, is the highest frequency while the coefficientsare

aw0=0, a= \/<M ¥ @> AQ, = \/<‘D<2A”> ¥ ‘D“”) AQ, and

2T 3T 2T 127

n = MAQ, forn=3,4,...,N — 1.
2

This stationary stochastic process has been designed édligame spectrum as common real track irreg-
ularities. One disturbance sample used as input the bogielnm®Eq. (4) calculated witf,, = 13.57 rad/s,
and N = 3540. The disturbance of the rail profile in lateral direction et y/9" = ylt — wu(x),
wherez is the distance traveled in meter. Another irregularitydusethis paper is the step irregularity
u(x) = TH(x — 100 m) mm, whereH (z) is the Heaviside step function. For the given model with the
input parameterd, p, s,u,V andT = [ty, t;] the state vectoi.e the generalized coordinates and its time
derivatives, and any user defined function of the state vecethe solution output. Of particular interest is,

for instance, the wheel—-rail contact forces.

Example 2.1 As an example of implementation of computational model efttiree-car HST we consider
the following case. A railway vehicle runs on a 500 m long t&mtgrack at 250 km/h. The track is smooth
except for the step irregularity introduced above. Theahitate isxy = 0. Figures 2-4 show some
characteristics of the responding dynamics. From Figufa} @nd 2(b) it can be seen that the transient
responses in the bogie frame and the wheelsets have beeedantmt about 200 to 250 meter and stabilized
around the new equilibrium position. It is noted that thé laie system has larger displacements than the
first bogie system. However, the car bodies have a much lomrepithg and we also see coupled effects for
the car bodies. For the shift forces in Figures 3(a) and 3gb@wident coupled effects are shown, but it is
seen that the forces on the last bogie are larger than theoonthe first. The peak values occur at the step
irregularity and are of the magnitudes 20-70 kN on the d#ffémwheelsets. The accelerations in the first and
last car bodies are very transient, see Figures 4(a) and Ple)peak accelerations are varying between 0.2
and 0.9 m/% over the car bodies. The accelerations are higher in the potats mainly due to the yaw
motion of the car bodies.
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Figure 2: (a) The lateral displacements of the first bogiethrdirst carbody above the center of the bogie;
(b) The lateral displacements of the last bogie and lasiochriabove the center of the bogie
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Figure 3: (a) The shift forces of the wheelsets of the firsbody; (b) The shift forces of the wheelsets of

the

third carbody

3 Bi-objective optimization

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

3.1 Objectives for performance evaluation

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

0| | ) |
F safety = max tg[;i);] max R%(t) ) R;‘f"l(t) , 1=1,2,...,6. (5)

HereRf‘"’ andR”’v are the shift forces of the front and rear wheelset of bogstesyi, Rf‘"’ andRrW are the
normal forces |n the contact points of the front and rear Wgdetef bogie system, ¢y is the startlng time
andt; is the final time. As the train model contains six bogie systieenevaluation results in six objectives
where the worst case is considered only. A low valug e, corresponds to a high level of safety. In fact,
this objective is used to indicate risk of derailment. Theximal allowed objective value before the risk of
derailment is considered to high&q, = 1.15. The value is given by the Weinstock Limit [13].

The comfort measuré& omfort IS introduced as the largest RMS of the lateral acceleraifaime car body
measured at three points of each car body, namely above titer @ each bogie and at the middle of the
car body

2]
F comfort = max / ))2dt.| ,i=1,2,...,9. (6)
tt —to Jy,

A low value of Fomiort COrresponds to a high level of comfort.

Continuing Example 2.1, the above introduced objectivésutated withty = 100/V = 1.44s andt; =
500/V = 7.20s have the following valuesf satetry = 0.1740 and Fcomfort = 0.1122 m/s*. Figures 5(a) and
5(b) show the variation of the objectives for the differengles of HST model. We observe that the fifth
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bogie system has the highest values for the safety objewafinite the sixth bogie system has the highest
value for the comfort objective. Also, the variations in thigective values between the bogie systems are
significant. The difference between the largest and the dowaue for the safety objective is about 20%
of the maximum value. We also have the same circumstancesgaomfort objective having a difference
about 31 % of the maximal value.
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Figure 5: (a) Variation of the safety objective for the siglmsystems; (b) Variation of the comfort objective
for the six bogie systems

3.2 Problem formulation

Let F' : R™ — R™ be a vector objective function. The design veelos R" is constrained byl € X C R",
whereX’ is defined by algebraic and/or differential constraints. @Ativobjective optimization method will
then solve problem of the type

Problem 3.1

min F'(d)
{d ek @

SinceF'(d) is a vector function withn. components the solution will in general not be a single pdintut
instead the notion of Pareto optimality is introduced.

Definition 3.1 A pointd* € R" is calledPareto optimal for the Problem 3.1 itl* € X and there does not
exist a pointd € X, d # d*, with F;(d) < F;(d*) forall i = 1,2...,m with a strict inequality for at least
onei, 1 <i<m.

For a given problem, there will exist a subset C 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 bogieeyst of the three-car HST by using the objective
functions defined in Section 3.1 and the computational mofitle railway vehicle implemented in Gensys.
We assume that the lateral dampers of primary and secondgpgissions of the bogie systems are linear.
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Problem 3.2 Itis required to determine the vectors of damping coeffisigth,,; = [C’E, C’;]T, which are
the solutions of the variational equations

Fi(t,z,p,dopt, u) = dmil?x Fi(t,x,p,d,u), i= {safety,comfort} (8)
€

subject to the differential constraints, Eq. (1), and therutaries
d < By = [500,200] T kNs/m
d > By = [0,0]"kNs/m,
for givenp = p,, u = uo(t) and initial statec(t = 0) = xo.
Algorithm of solution of the Problem 3.2 is implemented in thé using the in-built multi-objective opti-

mization routinegamnul ti obj , with the options given in Table 1. Gensys is called for evargluation
point, and parallelized for execution speedup.

List of optimization options

Population size 80
Population Initialization Range [B), B,]
Tolerance on fithess value (TolFun) 5-1074
Stall generation Limit (StallGenLimit) 15

The fraction on non-dominated front (ParetoFractiort).5
All other options set to 'default’ ——

Table 1: Input for the optimization simulations

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

In this section we will present the solution of the probler? @&ith the forward speed = 250km/h,

the track irregularities:(V't) as described in Eq. (4) and the initial state = 0. The lateral damping
parameters are subjected to optimization and the objsctive calculated fromy = 100m/V = 1.44s

to tr = 500m/V = 7.20s in order to avoid transient behavior. The optimizatiorultasof Problem 3.2
together with all evaluated design points from the optitiaprocedure are presented in Figures 6(a) and
6(b). These figures give good illustrations of the mapping F(d). Figure 6(b) shows some tested design
candidates and Figure 6(a) shows their respective obgeetigluations. The Pareto optimized design points
are seen to lie in a subset of the design space. The fact tisad isubset rather than a single point shows
the existence of a conflict between the two objectives usgdch®osing a design point on the red curve,
a Pareto optimal trade—off solution is obtained. In Figufés and 7(b) the optimization results together
with the corresponding damping parameters of a HST in serate shown. The Pareto set is a subset of
the considered design space, whéfkc [16, 70] KN/m andCy € [18,38] kN/m. We identify three design
points of special interest in the Pareto set, namely thet paimesponding to the largest value of the safety
objective, the point corresponding to the largest valudhefdomfort objective and a point with significant
trade-off between the two objectives. The points and tlesipective objective values are marked with red in
Figures 7(a) and 7(b). It can be seen that the damping pagavedties of the in service HST are very near
the optimized Pareto front with favorable performance at ttonfiguration. In fact the differences are of
minor importance. This somewhat validates the optimizgpiamcedure. Figure 7(a) shows the optimal safety
objective for a prescribed value of the comfort objectivd sirte versa while the corresponding parameter
values may be found in Figure 7(b). Comparing the two endpain the Pareto front as well as the chosen
trade—off point, Table 2 shows the relative gains and losstége objectives. From that we can conclude that
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Figure 6: Results from optimization are shown. Blue markepsesent points evaluated in the optimization
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Figure 7: Blue circle marker&) represent in (a) Pareto front and in (b) Pareto set for Pnolde. Red
square markerg) represent, the chosen trade off solution, read triangl&ens(t>) represent the solution
whereF satetyis minimized, and red diamond markeérg represent the solution whef€omort is minimized
while Black markergA) represent the respective values for the HST in service.

by varying the lateral damping parameters only, a maximupravement o223 % in the safety objective,
and10 % in the comfort objective can be achieved, although at theindke other objective.

Figures 8(a) and 8(b) show the variation of objectives of Bjjans (6) evaluated for each bogie system for
the three selected points of the Pareto set. From analyfsiboitvs that the bogie #1 has the highest safety
(solid line, Figure 8(a)) and bogie #5 has the lowest saftytéd line, Figure 8(a)). Bogie #4 has the best
comfort (dotted line, Figure 8(b)) and the worst comfortasrs for bogie #6 (solid line in Figure8(b)). Thus
individual settings of parameters for each bogie systemaioiheory be more efficient. However, the train
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Point (%) A-7'—safety A~7:comf0rt ACE AC; f's";'f'étyz 1.15
Min safety objective(>>) 23 0 37 100 5
Trade—off(0J) 11 9 60 55 6
Min comfort objective,(¢) 0 10 100 55 6

Table 2: Relative improvement (compared to the worst cab@ptmization results, relative change in
damping parameters (compared to highest value) and pag}enff's";}gty

in general travels both backward and forward, this wouldogopossible without adaptive structures.
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Figure 8: (a) Variation of the safety objective for the sixgmosystems and (b) Variation of the comfort ob-
jective for the six bogie systems for the three selectedydgsoints on the Pareto front. Solid line represents
min safety objective, dashed line represents trade—aodf datted 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 andoselary suspensions showed that there exists
a trade—off behavior between safety and comfort, and thedépending on the lateral damping parameters
that were subjected to the optimization. Let us considerHB& running in 250 km/h. Assume that the
train has Pareto optimized lateral damping parametersedidigie systems which is the solution of problem
3.2. Now we will study the sensitivity of safety and comfobjectives of the train dynamics with respect to
different forward speeds, wheel/rails profiles, serviadmof 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 switgitanalysis are presented. Figure 9(a) shows
that both objectives are approximately linearly dependenthe speed. Figure 9(b) shows that the worn
profiles have a negative impact on the objectives. It is ofesethat the wheel profiles mainly effect the
safety objective (red line), while the rail profile affecttb@afety and comfort (green line). The effects of the
wornness is cumulative which yields a significant negatffecewhen using worn profiles for both wheels
and rails (black line). It is noted that the effect of wearhistcase has approximately the same impact on
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Parameter Values

Forward speedy [150, 250, 275, 300] km/h

Worn profiles [ldeallldeaj worn/ideal ideal/worn worn/worrj
Load [tara service performancefull]

Friction coefficienty  [0.4, 0.5, 0.6]

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

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

Now we are in the position to discuss how the result of thetBargtimized lateral damping of the primary
and secondary suspensions indicate the possibility todntre adaptive strategy in a minimal upgrade and
maximal improvement fashion. One strategy to consider isotatrol of the lateral damping parameters
according to the Pareto set. This can be done in at least théotlewing ways:

Case 1:
Fsater(d™) = min* fsafety(d) and
d* € X" such that deX 9)
F comfort(d*) < F gg”,ﬁfort,
Case 2:

Feomfort(d™) = HliIl* Feomforl(d) and
d* € X* such that deX™ (10)
Fsatey(d™) < ’Yflslg}léty O0<y<l.

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

5 Conclusions

We have studied the dynamics of a three-car HST. The dynarhibe complete railway vehicle as a mechan-
ical system having 456 degrees of freedom is simulated byrgpatational model implemented in multibody
system software Gensys. Bi-objective optimization probie stated for the considered vehicle with the aim
to enhance safety and comfort simultaneously by optimadtran of lateral damping parameters of primary
and secondary suspensions of bogie systems. The numdgodtra has been developed and implemented
in Matlab/Gensys simulation environment to Pareto optanéeral damping characteristics with respect to
safety and comfort. The Pareto front and respective Pagttuf fateral damping parameters have been estab-
lished for a HST traveling with 250 km/h on a tangent trackwréalistic track irregularities. The numerical
results show that the trade—off for safety and comfort divay vehicle with respect of lateral damping of
bogie system does exist. The numerical results have alsomgrted that by optimizing lateral damping
of bogie system the comfort of HST traveling with 250 km/h barnimproved by 10%. At the the same time
the safety factor of the train performance is only about 5e8%e critical value.
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Figure 9: Sensitivity in safety and comfort for the threentsiin the Pareto set. (a) Variation of speed (red:
150 km/h; blue: 250 km/h; green: 275 km/h; black: 300 km/h),\(ariation of wornness in wheels/rails,
(blue: ideall/ideal; red: worn/ideal; green: ideal/wortadk: worn/worn), (c) Variation of load (red: tara;
green: service; blue: performance; black: full), and (d)ation of friction (red: 0.4; blue: 0.5; green: 0.6).

The results of a sensitivity study of safety and comfort aisidered HST having Pareto optimized lateral

damping are presented in case of different vehicle spedu=eieand rails wornness, train service loads and
frictions between wheels and rails. We found that the fodasgreed and the wornness influence the safety
and comfort factors significantly.

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