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Abstract

Active primary / secondary suspensions have beepqgsed as a means to solve the trade-off betwa®imgu
and stability which represents a key problem indésign of modern railway vehicles.

In particular, one concept proposed for active @nbf the vehicle’s running behaviour is known as
Secondary Yaw Control (SYC) and consists of apglyrcontrollable yaw torque between the carbodythed
two bogies. This concept has been studied in teemainly to enhance the vehicle’s curving ability.

This paper extends the idea by examining the irapbas of designing a bogie with soft yaw stiffness
between the bogie frame and the wheelsets and &i@jto provide active stabilisation. To this aimnstate
feedback control law is designed according to t@dland LQG techniques.

The paper presents the general concept of actsgession control investigated and the control egias
applied. Then the effectiveness of the proposedasion concept is investigated by means of numlkrica
simulations performed on mathematical models ofpthesive and actively controlled vehicles impleradrin
a fully nonlinear multi-body simulator. Comparisaar® performed and benefits assessed betweentihelyac
controlled vehicle and the passive one in termsofi-linear stability in straight track running;dasafety and
wear in curves.
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1. Introduction

In modern rail vehicles, bogie design involvessfging a stability constraint at maximum speedhatsame time
achieving satisfactory curving performance, oftesuiting in the search for a trade-off between ghesnflicting
requirements (lwnicki Ed., 2006). In recent yedagies incorporating active steering have beenqgweg as a means
to overcome this design conflict, according to aietg of different control strategies and actuatiooncepts, as
illustrated in some recent surveys (Bruni et 02 Goodall et al. 2012).

Secondary Yaw Control (SYC), consisting of applyegontrollable yaw torque between the body andtwee
bogies, is an attractive actuation concept asplign a less radical impact on the mechanical desfghe vehicle than
other alternative actuation concepts (Bruni et2007). SYC has been studied both theoretically expkrimentally
(Diana et al., 2002, Matsumoto et al. 2009, Simpaad Cole, 2011). In these studies, the passivécleelwas
generally designed to have good intrinsic stabiptpperties, while SYC was used to enhance cureiaggability
through active steering. In this paper, a differeahcept is investigated, which consists of desigrthe passive
vehicle to achieve satisfactory curving performandden using SYC to obtain a satisfactory runrtiegaviour in
tangent track at high speed, in particular the saméigher non-linear critical speed as the passigkicle with
standard suspensions.

The desired curving performance of the vehicledkieved by reducing substantially the primary ydiffress
(PYS), i.e. the yaw stiffness of the suspensiomel#s connecting the bogie frame and the wheelabtsying the
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wheelsets to assume a more radial position in cuave therefore reducing lateral contact forcesraildvear, while
active stabilisation is introduced by SYC compeimgpfor the poorer running stability propertiestbé bogie with
reduced PYS.

On the basis of a linearized horizontal plane mod¢he bogie considering 7 degrees of freedontai@ $eedback

linear quadratic regulator (LQR) is designed fax 8I\YC. In the first instance, full-state feedbaoktcol is assumed.

Then, an LQG regulator is designed using a Kalniléer fstate estimator to replace the direct meanerg¢ of some
state variables.

The effectiveness of the proposed application efSNC concept is investigated by means of numesicalilation
performed using a fully nonlinear multi-body moalthe vehicle implemented in ADTreS, an in-housdtibody
software specifically designed for the study of vahicle dynamics, developed at Politecnico didvii.

2. The concept of Secondary Yaw Control

The active suspension concept considered in thik igdknown as “Secondary Yaw Control” (SYC). Itdased on
applying a yaw torque on the bogie by means ofaots mounted in longitudinal direction between ltlogie frame
and the carbody, see figure 1.

Past investigations of this actuation concept canfdund in (Matsumoto et al 2009, Simson and Cdle92
Simson and Cole 2011), mainly looking at activeestey of the bogie, whereas in (Diana et al., 2002 is used to
mimic the behaviour of a passive yaw damper, takithgantage from the wide pass-band of the actsatdinat higher
levels of energy dissipation can be achieved atiwly high frequency of the hunting limit cycl8-8 Hz), a case in
which the efficiency of hydraulic yaw dampers iduweed by internal deformability effects.

In this paper, the use of SYC is proposed for ttteva stabilisation of the bogie, so that the yadiffreess of the
connection between the bogie frame and the whaetsat be designed to be much lower than in a standdway
bogie. In this paper, we will indicate as ‘standamaw suspension stiffness a value in the rangematly used in
modern vehicles with passive suspensions desigoed fmaximum service of 40 m/s approximately, arel will
denote by ‘soft’ yaw suspension stiffness a valddithes lower, see Appendix 1 for the bogie paransetised in this
study.

Furthermore, as will be shown below, the controhtegy chosen (LQR / LQG) also improves the quedies
behaviour of the vehicle in a curve, resulting ietter curving performances of the actively congdllvehicle
compared to one with passive suspension for the saw stiffness.

Bogies

Actuators

Carbody

AN

Fig. 1  Actuation principle for Secondary Yaw Contf8lC).
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3. Linear vehicle model

The tuning of the gain matrix for the Linear Quddraontrol and the definition of the Kalman filtebserver for
the LQG control were both based on the simplifieddr model of the vehicle shown in Figure 2. Thedel represents
the dynamics of a half-vehicle and consists of tmeelsets, one bogie and one half car body, baged a typical
modern passenger vehicle design for a speed of/d0-rparameter values for the standard passivegenaent are
given in Appendix 1. Given that the focus of thisrlwis on vehicle stability and curving, the moderestricted to
consider the motion of the vehicle in the horizbniiane. Two degrees of freedom are introduced, ltheral
displacement and yaw rotation, for each body exéapthe half car body for which only the laterasmlacement is
modelled.

The primary suspension is modelled as linear sprangd dampers connecting the wheelsets and the fragne.
The secondary suspension is also modelled by nafdireear springs and dampers. For the passivecighiwo yaw
dampers are placed symmetrically on the two sidethe bogie, and these are replaced by actuaterghéo active
system. The wheels are assumed to have conicak stuagh different conicity values are consideredha tange
0.10+0.25.
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Fig. 2 The plan-view half-vehicle dynamic model gmubkition of sensors used by the LQG controller. Aert body
accelerometer; B, F: wheelset yaw rate gyroscopeGClateral wheelset accelerometer; D: bogie yaw rate
gyroscope; E: lateral bogie accelerometer; H: natadisplacement between bogie and car body

4. Control strategies

In this work, two different control strategies a@nsidered. The first one is a full state LQR colfdr, based on
the assumption that all the states involved byntioelel in Figure 2 can be measured. The second li€)&h controller
with state estimation, taking into account a réilisituation in which a reduced set of sensorsm@unted on the

vehicle.
4.1 Linear quadratic regulator (LQR) control

In the first instance, full-state feedback contsohssumed for the linear bogie model describesgkiction 3 and the
performance index is defined as a weighted integfadhe state and input values. Weight tuning wasfgsmed to
ensure stability requirements to be met by thevactehicle with reduced primary yaw stiffness, tlouminimising
actuation requirements. This was achieved basetherstate normalisation method, with the maximurpeeted
values of the state variables taken from a seimiilations performed on the passive vehicle wittmir@l primary
yaw stiffness. For the actuator force, the maxinalimwed value was also obtained from simulationdgueed on the
nominal passive vehicle, considering the maximunasdayenerated by the yaw damper. A second stageninfg was
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then performed by means of manual trial and etoomprove the final behaviour of the LQR contralle
More details concerning the weight tuning of theR.@an be found in (Prandi et al. 2015).

4.1 Linear Quadratic Gaussian (L QG) control

Following the tuning of the LQR , an LQG regulateais designed to take into account that in a realiGion not
all the states of the system can be measured Igirand also to take into account that both theagiyics of the system
and measurements are inevitably affected by noise.

In the LQG regulator, the direct measure of sona¢estariables is replaced by the use of a Kalmiter fstate
estimator receiving as input a reduced set of nreasents.

Table 1 lists the measurements assumed to be lalaftam the system. The position assumed for #resars is
shown in Figure 2 using alphabetic labels alsedish Table 1.

Table 1 - List of the sensors used by the LQG atgul

Label Measure Sensor

A Vy Carbody lateral accelerometer
H Vo — Vb Relative distance between bogie and carbody
E Vb Bogie lateral accelerometer
D Yy Bogie yaw rate (gyroscope)
C,G Vi Vr Front and rear wheelset lateral accelerometer
B.,F P 3 Y, Front and rear wheelset yaw rate (gyroscope)

The Kalman filter estimator considers track laténagularity as the source of process noise dffgahe state of
the system; the corresponding co-variance was eléfis the variance of the lateral irregularity as=ai in the
numerical simulations described in Section 5.

The covariance matrix for measurement noise waseltfissuming the noise occurring on the diffesemtsors to
be fully uncorrelated and assuming the variancéhefmeasurement noise for each sensor to be 1%eoddnsor’s
measuring range (defined by the maximum values frearpassive vehicle simulation).

Numerical experiments performed using the lineahicle model described in Section 3 demonstrated the
suitability of the Kalman filter for state estimati, replacing the direct state measurement in Q& legulator, see
(Prandi 2014 and Prandi et al. 2015) for more tetai

5. Results

Numerical investigations were performed to asséssbehaviour of the actively controlled vehicle hwioft
primary yaw suspension compared to a passive \eehiith standard primary yaw suspension stiffnessthis aim, a
non-linear model of the vehicle was set-up usingrAd®, a multibody software developed at PolitecricMilano for
the study of rail vehicle dynamics.

Numerical simulations were directed to investigaga-linear stability in tangent track and the véigcrunning
behaviour in curves.

5.1 Non-linear stability
The behaviour of the vehicle in straight track Wwastigated in terms of its non-linear stabilitg, the occurrence
of periodic oscillations as the result of self-é&divibrations caused by wheel-rail contact fordd®e method used to

assess numerically the stability of the vehicldicapes the one proposed by the European standstd ¥3 to verify
vehicle stability based on line tests.
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Simulations are for the vehicle running at constmated in straight track, subjected to random aticit caused by
track irregularities. The time history of the latkebogie frame acceleration over one axle-box issimered as the
output of the simulation. This is treated as fokow

i) apass-band filter is applied on the signal witespand,® + 2 Hz,f,° being the frequency that corresponds to

the harmonic component having largest amplituddénsignal;

ii) the sliding rms of the signal is computed over 8 &aDwindow length which is updated at each 10 np ste

length

iii) the sliding rms values obtained are compared tmiaValue defined as:

My

¥ lim :%(12—?] 1)

the limit value being expressed in fémd beingn, the mass of the bogie.

Figure 3 shows the results obtained for the passiicle with standard primary yaw stiffness rumnat 40 m/s
over an irregular track representing a spatializatbn of the power spectral density defined byEIERRI B176 for
‘low-level’ irregularities. The blue line shows tliene history of the pass-band filtered lateraledemtion signal, the
red line with crosses the sliding rms and the lwial dashed line the limit value according to EBA3.

In this running condition the vehicle shows a statinning behaviour with the sliding rms valuesihelow the
limit. The maximum value of the sliding rms is 2nls’.

Bogie lateral acceleration [m/sz]

Filtered Signal
—— Sliding RMS (max=2.1m/s?) |
——  EN14363 Limit 5.5m/s?

T T T T
16 18 20 22 24 26
Time [s]

Fig. 3 Results of non-linear stability analysis fbe passive vehicle with standard primary yaw st Time history of
the pass-band filtered lateral acceleration sigbhle line), sliding rms (red line with crosses), ES&3 limit
(dashed line).

Figure 4 shows the results obtained for the passgbécle with soft primary yaw stiffness, considaeyithe same
running condition as in Fig. 3. The effect of lowmgrthe primary yaw stiffness is apparent: the mmaxn value of the
sliding rms is in this case 3.1 rivghich is still below the limit, but is increasednspared to the previous case by 50%
approximately. Furthermore, large oscillations aloserved in the time histories of the filtered &eadion (blue line),
that instantaneously exceed the limit. In conclnsibe behaviour of the vehicle with soft primansgension cannot
be considered fully satisfactory from the poinviw of running stability.
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Bogie lateral acceleration [m/sz]
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Fig. 4 Results of non-linear stability analysis fbe passive vehicle with soft primary yaw stiffneBsne history of the
pass-band filtered lateral acceleration signalgbiine), sliding rms (red line with crosses), EN143%68t (dashed
line).

Figure 5 shows the results obtained for the vehicith soft primary yaw stiffness and active stedation,
considering the same running condition as in Figin3the results shown, the LQR control strategppplied with
gains tuned as described in (Prandi et al, 2016ngaring these results to the ones shown in Fifpr 4he same
vehicle in passive configuration, the advantagesaive stabilisation can be assessed: the maxiwvaioe of the
filtered lateral acceleration only slightly excee’isn/s (compared to almost 8 mM/for the passive vehicle) and the
sliding rms is correspondingly lower, with a maglue of 1.5 m/s even lower than the value obtained for the passiv
vehicle with standard primary yaw stiffness.

Bogie lateral acceleration [m/sz]

Filtered Signal
*~| = Sliding RMS (max=1.5m/s?) [|
——  EN14363 Limit 5.5m/s>

T T T T
16 18 20 22 24 26
Time [s]

Fig. 5 Results of non-linear stability analysis fbe vehicle with soft primary yaw stiffness and &etstabilisation. Time
history of the pass-band filtered lateral accelerasignal (blue line), sliding rms (red line withosses), EN14363
limit (dashed line).

Proc. of STECH 2015 © 2015 The Japan Society of Mechanical Engineers




Alfi, Prandi, Ward, Bruni, Goodall, Proceedingslaernational Symposium on Speed-up and Sustaifadkenology
for Railway and Maglev Systems 2015, November 202015, Chiba, JAPAN

5.2 Curving behaviour

The curving behaviour of the railway vehicle wasestigated considering the negotiation of a curith %00 m
radius and 150 mm super-elevation. The vehicle dpeas set to 31.5 m/s, corresponding to a cantidefiy of
150 mm. To highlight the steady-state behaviouthefvehicle, this curving condition was simulatext considering
track irregularity. The curving behaviour was assédshased on the following parameters:

- the Y/Q derailment coefficient, i.e. the ratio b&tlateral Y over vertical Q components of the aonforce,
evaluated for the outer wheel of the leading whetelShis wheel was chosen as it is the one for kwiie
largest derailment coefficient is obtained;

- the track shift force, i.e. the sum of the latéfdbrces on the inner and outer wheels of theitrgivheelset in
the rear bogie. This wheelset was chosen ashieiste producing the largest track shift forceuihdurve;

- the frictional energy dissipated by the tangent@htact forces while the vehicle negotiates thé&remurve,
evaluated for all wheels in the vehicle.

The derailment coefficient and track shift force aglated with the assessment of running safetgreds the frictional
energy is related with the amount of abrasive wibat is likely to occur on both the wheel and mibfiles as a
consequence of curve negotiation.

Figure 6 shows the comparison of the Y/Q ratio tfog passive vehicle with standard primary suspensgioe
passive vehicle with soft primary suspension ara attive vehicle with soft primary suspension. Tise of a soft
primary yaw stiffness leads to a very significartitase of the derailment coefficient comparechéwvehicle with
standard suspension, especially in full curve. ffaximum value is approximately 0.25 for the vehiwith standard
suspension (still far from the limit value of 0.8)d 0.12 for the two vehicles with soft suspensia. significant
difference is observed for the vehicle with actoantrol compared to the passive one having the gameary yaw
stiffness.

Y/Q ratio: Wheelset 1

0.3——————— — T ——
| | Passive vehicle (standard)
| | Passiwve vehicle (soft)

0.25 gL __ 1 Controlled vehicle
' |
|
1
|
0.2 :
|

_ 1

o |

o 0.15 :

> |
|
|
|

0.1

0.05

Time [s]

Fig. 6 Comparison of the Y/Q ratio on the external sltaf the first wheelset of the vehicle. Blue linmssive vehicle
with standard primary suspension. Red line: passicle with soft primary suspension. Green lineivactehicle
with soft primary suspension.

Figure 7 shows the time histories of the tracktstufces for the three vehicle configurations cdeseéd. The
benefit of using a soft primary suspension is app@ras the maximum track shift force is reducexinfrl6.9 kN to
12.4 kN for the passive vehicle. Note that the otida of the track shift force is obtained for tseeme cant deficiency,
i.e. for the same non-compensated centrifugal faateng on the whole vehicle. Therefore, the reiducof the track
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shift force in the vehicle with soft suspensiomigained through a more even distribution of therkd contact forces
on the four axles, which in turn is the consequenfcthe wheelsets taking a more radial attitudenkisao the softer
suspension. The use of the LQR active control Iéadsfurther redistribution of the lateral fore@sthe vehicle’s axes
and produces a further slight reduction of the mmaxn track shift force.

Fig. 7

sV [kN]

-18
0

Track shift forces: Wheelset 4

Passive wehicle (standard)
Passive vehicle (soft) -
Controlled vehicle

Time [s]

30

Comparison of the track shift forces for tharth wheelset of the vehicle. Blue line: passredicle with standard

primary suspension. Red line: passive vehicle witft primary suspension. Green line: active vehicléhvgoft
primary suspension.

The frictional energy dissipated by the tangerd@itact forces during the whole curve negotiationampared in
Table 2 for the three vehicle configurations coestd. For the passive vehicle with standard suspensgery large
values of dissipated energy are obtained for thditg wheelsets of the front and rear bogies, rangtflange contact
occurs on the outer wheels of these wheelsets.nGilvat the dissipated frictional energy is direatifated with
abrasive wear occurring at the wheel-rail contti$ result confirms that the vehicle with standavgpension would
suffer from accelerated wear of the wheel profilesd, at the same time, would be highly aggressivehe
infrastructure in terms of wear of the rail progile

Table 2 - Frictional energy dissipated by the tatigé contact forces during the whole curve nediatia

Wheelset Wheel Passive with Passive with soft Active with soft
(O=outer, standardprimary primary primary
I=inner) suspension suspension suspension
1 (@] 132107 J 22713 2562 J
1 | 34500 J 4194 J 4619 J
2 (@] 4298 J 1554 J 15437
2 | 3918 J 1644 J 1618 J
3 (@] 111034 J 1338 2468 J
3 | 30493 J 24337 4531 J
4 O 6369 J 27723 1837 J
4 | 5525 J 2837 J 1840 J
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The use of a soft yaw primary stiffness result@inmery strong reduction (by a factor 60-100) of fhietional
energy dissipated on the leading wheelsets ofrth& ind rear bogies, and also in a significanticédn (by a factor
2-3) of the dissipated energy in the trailing wisetd. The differences between the passive vehitfeseft suspension
and the active vehicle are minor and do not shawigue trend, so it can be concluded that the @ide€Q&® control
during curve negotiation does not allow to furthedtuce wear effects on the wheels and on the rails.

It should be kept in mind that these results ar¢éaiobd for one single curving condition while a mor
comprehensive investigation of curving behaviourda. different curve radii and cant deficiencyues is envisaged
as an extension of this work.

6. Conclusions

In this paper, the use of secondary yaw controlifgeroving the running behaviour of a railway veaievith
standard architecture (one carbody, two bogiesfamdwheelsets) was investigated. Differently frprevious studies
in which SYC was often used to provide active stepm bogies designed to have a stiff primary susons, active
control is used here to provide active stabiligafir bogies having a soft primary suspension, Wighimplication that
the curving behaviour will be inherently good duoethe fact that the wheelsets are allowed to takealy-radial
attitude.

A state feedback LQ regulator was designed forattive vehicle and an LQG version of the same wss a
designed using a Kalman filter-based state estintatoeduce the number of sensors needed to impiethe control
strategy. The Kalman filter observer is defined cading to a linearized horizontal plane model oé thogie
considering seven degrees of freedom (see Section 3

The effectiveness of the proposed actuation consepestigated by means of numerical simulatipegormed
on mathematical models of the passive and actieelytrolled vehicles, implemented in a multi-bodynsiator.
Comparisons are performed between the activelyralbed vehicle and the passive one in terms of liveear stability
in tangent track and of running safety and weanuirves.

The proposed active control system succeeds ingimmva fully satisfactory running behaviour of thehicle with
soft suspension in respect to non-linear stabitityangent track, which is found to be even betitan for a passive
vehicle having a standard primary yaw stiffnessdifidnally, the vehicle with soft primary suspensiexhibits good
curving behaviour with low values of the runnindetq indicators (derailment coefficients, track fstiorces) and
reduces considerably the frictional energy dissipatcross the whole curve, when compared to thieleekith higher
primary yaw stiffness. The use of active controtimve provides only minor benefits, which is todeected, given
that the control strategy is designed only to impreehicle stability.

A more comprehensive investigation of the bendditshe proposed active control concept for otherviog
conditions including e.g. different curve radii araht deficiencies is envisaged as a future extansi this work.
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Appendix 1:

Vehicle parameters

Symbol Value Parameter

ro 0.45m Nominal rolling radius

L 0.75m Half gauge

L 1.30 m Semi-wheelbase

D 0.45m Primary bush arm length

hus 1.00 m Primary suspension lateral semispacing
Ad 1.25m Semi-spacing of longitudinal dampers
f11 10.0x16 N Longitudinal creep coefficient

foo 8.8x16 N Lateral creep coefficient

fog 13.7x18 N/rad Spin creep coefficient

fag 0 Nm/rad Spin creep coefficient

my 30000 kg Carbody mass

My 2500 kg Bogie mass

my, 1120 kg Wheelset mass

ly 2500 kg M Yaw inertia of the bogie

lw 730 kg M Yaw inertia of the wheelset

Loy 29.6 kg M Pitch inertia of the wheelset

w 96.825 kN Axle load

Ky1 1.00x16 N/m Primary lateral stiffness

Ky1 1.00x16 N/m Primary longitudinal stiffness

Ky1b 4.00x16 N/m Bushing lateral stiffness (Standard)
Ky1n 14.00x16 N/m Bushing longitudinal stiffness (Standard)
Ky2 280x10 N/m Secondary lateral stiffness

fy2 30x1G N/m Secondary lateral damping

Kpsiz 50x1G N/rad Secondary yaw stiffness

o 250%x10 Ns/m Longitudinal yaw damping

Ky1b 0.40x16 N/m Bushing lateral stiffness (Soft)

Ky1p 1.40%x16 N/m Bushing longitudinal stiffness (Soft)
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