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Abstract

This paper deals with theechatronic design of the rail vehi¢RYV) in order to improvehe passengeromfort. The
quarter rail vehicle system dynamic model is presented. The real characterisdcacfuator are discussed andcite-

troller is designedA mechatronic model that expresske controlled tracking error as function of the vehicle dynamics
and the actuator characteristics is develogéds model $ used by the LQR approach to identthe MRV controller

gains. he MRV comfort is evaluated in terms of the passenger displacement, acceleration and frequency as afesponse
a rail discontinuityandrail levelingdefauls. The obtained resultsrove that theMRV improvesignificantly thepassen-

ger canfort.

Keywords:Mechatronic, actuatorail vehicle, LQR, PID, comfort.

I Introduction [8] havecontrolled the vibration of the RV using a Fuzzy
Logic Controller (FLC). To decrease the effect of road v
Passenger comfort is one of the important criteria used toration problems, Eski et ab] havecontrolled the ibration
evaluate the performance of rail vehicles (RV). This comforpf the vehicle suspension by using a PID controller. Sun et al
is highly affected by the vehielspeed and the rail impecfe [17] have designed a dynamic feedback Hontroller for
tions. Improving the R\performanceis the key to avoid active seat suspension by considering limited frequency
high perturbations transmitted from the wheels to the pa characteristics. The LQR method was also used in thigrdes

senger. of active suspension$,[6]. The most drawback of thac-
Several studies have been performed on &Va pure tive suspension, aslectremechanical approaclhs that the

mechanical systenNejlaoui et al [1] optimized thstructu- mechanical system, the actuator and the controller are trea

al design of a passive suspension in order to ensure aimulted as separated subsystem

neously passenger safety and comfabtood et al [2] inve- Mechatronicdesign considers thelose interation of

tigated the Ra&ivay carriage simulation model to study the mechanics,actuators andcontrol engineering in order to
influence of the vertical secondary suspension stiffness oachievea design withbetter performancedmportant m-

ride comfat of a railway car bodyZhang et al [3] dede  provements of the rail vehicle performanceould be
oped a finite elements optimization technique to find the besichieved by using mechatrorapproach 21]. More signii-
parameters of a passivespansion in order to improve the cantly, incorporation othe mechanical structure, ttsen-
train riding comfort. Wang et al [4] proposed naulti- sors,the controllers and actuators into the design process of
objective optimization strategydr the design ohydraulic  vehicle as a mechatronic approatake more advantagen
dampersn the case oé vertical passive suspensionhigh term of performance compared to erely mechanicalor
speed trains, in order to improve their ride comfort ame st electro mechanical design approa2][ R Dumitrescu et al
bility . [22] have applied the mechatronic approatiorder to sp-

In order to improve the RV performancense reseaitc port engineers from different disciplines to develop -self
ers have considered tledectremechanic degin of the RV.  optimizing systems where the rail vehicle is considered as an
They added an active suspension to the Whére a co- example. T.X. Mei et al[23] have presented and discussed
trolled actuator is embedded in the sysfd®]. Zhou et al various mechatronic vehicle configurations based on the
[7] havedevdoped an active lateral secondary suspension afurving perfemance of the wheelset and ride quality of the
an RV in order to attenuate tivehicle body lateral vile-  vehicle.
tion. This active suspension is controlled by the use of This work deals with the mechatronic rail vehicle design
skyhook dampersind modal control pproach Sezer et al based on the passenger comfort. A mechatronic model that

expresss the contolled tracking errar describing the Ea
senger comfortas a function of the vehicle dynamics and
* E:mail addressnejlaouimohamed@gmail.com ' the actuator characteristics simultaneously is developed.
i\lslsr:\gl;'hg?éigvlg 2016 Eastern Macedonia and Thrace Institute of Tegynol This model is used by the LQR approach to identify the
MRYV controller gains. This paper isganizedas follows.In
section 2, the vertical dynamic model of tR¥ is devd-
oped In section 3, the dynamics of the used actuatords pr
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sented. In section 4he mechatronicRV (MRV) design is &k =x,
investigated The resultsand comfort improvementis- o 1.
%= %= Y,= ik (3 x) e, (61 x ),

cussed in sewn 5. Finally, cocluding remarks are given in (™ ,
Section 6. X =X,
X, =y, =! %;’akp(xj! xl)+cp(x4! xz)+kz(x3! x5)+c2(x4! xé)! ugz ©)
" Dynamic Modeling of a Rail Vehicle X, =X,
; 1.
It is common toconsider only the quarter of th®V model % =%=! ﬁ#kZ(XS! Kt W (x W)t e ot x)+ugy
for the vertical dynamic studies of the RV systfén 12].
The djective is to have a relatively siegpmodel useful for The matrix form of Equation (3) is as follows:
the study of the dynamic behavior aaxken for theoptimiza-
tion of the RV structural parametets.what follows, # the , | $
results are determined at the centers of mass of the different # Yz
rigid bodies. Figure 1 illustratean actuatedquater RV~ )X =AX+[ B E F Jpw g
model with a passenger seat it w &
The quarter model is made of a wheel, " bogie, # car | $ (4)
body and a passenger sele secondsuspension includes Yy _ # Y
Y=CX+Dyw g

an actuator that generates a fcu(e)ln parallel with its i # W §

stiffness and dumpef his arrangement reduces the actuator
size and digpates the unwanted vibrations of the bady, . . i
in order to improve the comfort. The passive component In Equation (4)X'is the state vector for the[BOF sis-

provides the force supporting the car body mass in the vertphen":"On systemd_anilﬂ is the OUtp(;Jt vecTor, \_/vh_lchr:nc(ljgdes
cal direction and ensures the reliability oftluspension the passenger displacement and accelerasions the ds-

turbance signal caused by the irregularity of thdway

system.
" track profile andVis its derivative. 4, B, C, D, E and F are
Passenger ___’f_' the coefficients matricegiven by:
(my,)
. Ly e .
P N % Lrl,_( ............................................. L0 1 0 0 0 %
/ Y T~o f 1 g k c, k C .
) K/ \ Sqo Carbody | __ “( $ I RN _r P 0 ,
;/ \‘ \“"12)\ $ mp mp mp mp :
l' ‘. ) I $H The Controller < % 0 0 0 1 0 0
i : 89# trIU!h A:$ﬁ & Iﬁlﬁ |(Cp+C2) ﬁ S
| i Bogte AL Pmom o momoom m, mo
\ ] ///(mz) " % 0 0 0 0 0 1 '
. _ e !
“\ 0 ! e 1 “ $ 0 0 k S !ﬁ!ﬁ 1 GG
N AR £ ¢ $ m m momoomo
et o : %
0
____t B:$oooi01i:;
Fig. 1. An actuatedjuarter RV model. % ™ M &
1 0 0 0 0O0%
. C :% kp c, kp c, v
Based on the Lagrange formulation, the quarter RV ve ! mom m om 0 0.
tical motioncan begiven by the following egations: % P O &
D=g0 0 0
m 3 vk (v, -y) ke, (3, -5,) =0 3001y
my, - k,(y,-v) -¢,(y,-3)=c,(v. -3 k(v —y)=u (1) " K %
mlj}b-kz(y:-yb)+cz(yc-yh)+kl(yb-W)_Cl (yb-w):_u E=g0 0000 a i&;
" T
Where u is the actuator force F=$0 000 0 & %
By adopting the following state space formulatiorc-ve - a N ’
tor:
X = T _ . . - 2 The dynamic model with passive suspension carbbe o
=[x, 25, %, XX T =Y 09,00 0 Ve ¥ 4] (@) tained by canceling the actuator forc)un the previous
model(eq.4)
The previous Eq(1) can be written as:
# Actuator

The selection of the actuatm made by taking into corgi
eration the possible benefits such as the maiallity, the
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reliability and the achievableontrol force. Hence an ele- The equation of the valve flow is:
tro-hydraulic actuator is used for this study, 18, 19]. The
structure of an electrbydraulic actuator is shown in Figure 0, =k H(s)z 7)

2. A generaldescription of the model of the actuatwitl be
presented here

The current driving the spool is gien as: The crossport leakage flowQ is definedas:

i=ky () o (6! %) ®

QK$ A

Therequiredflow of the actuator is given by:

Power supply Tank .
@ |—L|-l Q=Ax, 9)

where k,_ is the gain of the servealve drive amplifier.

i
v C t Ampl. Valve
drem e Theresultantactuator forceean be expressed:as
I_
Qv QI ‘fact otl (x ! x ) Botlxact (10)
| | The maximum force that can be developed by theaactu
| | tor is given by:

— Yl F_=nPA (11

Fig. 2. Electro hydraulic actuator mode
Generally, the electrbydraulic actuators are unstable
[18, 19] .To solves this problenin order to its integration in
The transfer function of the servo valve is generally of the MRV and considers the real characteristitshe acta-
tor, the design ofa controller forservo valveis necessary.
For this goal, deadlag compensator is designed. Figure 3
showsthe block diagram of théaydraulic actuatorThe can-

(6) trol force u(t) and the actuator extension velokjty are the

second order and can be expressed as:

wZ

s +2{ws+w’

H(s) =
system inputs, and the output is tloeuator forcefam

where/ is the sevo valve frequency anflis the damping

ratio.

) 1 + Foar F
i o , ! o ~ orce
—— oi UL/
S +2lws+ @ - I T, ‘D
Curent Valve Oil colum —
) Lead-Lag gain gain stiffness
Velﬁ)mty compensator
Vg0 :
23 -
s
Bail

Actuator damping

Fig. 3. Block diagram of dydraulicactuator

$ The MRV design motions can be viewed as the outputtleé RV dynamics
model agpresented by & (1).Figure 4 represents the niec
4.1The MRV mechatronic model atronic structure of the MRV siem.
For theMRV design, the dynamic RVhodel, the actuator w

characteristics and the controllare considered simultan O w0
Ye(D' Yy

ously. The controller isneeded toidentify the hydraulic = @ e Hydrautic __L % RV model
i _ T’ Actuator \‘

force generated by the actuatorcmmpensate the tracksdi
turbances. This force is gaaged by the hydraulic actuato
to improve the MRV comfortThe track disturbance repr
sents the car bodyation relative to the bogigenerated by
the RV dynamic behaviorlt is worth mentioning thathese  Fig. 4. Structure of the MRV.

17¢
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/, is theinitial deflexion between the car body atie bo- One can note that Eq. 20 represents the canonic form of
; the MRV mechatronic modeTlhis model regroupsimulta-

gie . . . .

neously thetracking erroy which will be catrolled to im-

prove the MRV passenger comforgpresenting theutput

of RV dynamic modelthe parameter of the second suspe

sion and the actuator characteristics. The interesting anech

tronic model can by eful for the degyn of different can-

(12) trollerstypes.

Since the actuatocontrol the relative car bodymove-
ment(y(t)) relative to the bgie (y(t)), we can write:

m(¥.(O! $,O)+c,(¥.(D)! ¥,(0)
(YO YO ") ="1u®)
4.2The MRV controller design
The extension of the actuativom its original position is In this sectionthe PID controller will be tuned via the LQR

given by: approach based dhe MRV mechatronic modeln fact, the
more common controllers is the PID regulatdrsfact, ce-
Y.()" %" /= X (0 x(D (13) spite theidentification complexity of the PID parameters for
C ‘ Cl

complex systemsthis controller hashe advantage of being
easy to implement in common industrial processes. To solve

UsingEq. @) and Eq.13), the Eq.12) can be written as the prdolem of gain identification, LQR approach, which

follows: leads to a good sebint tracking, is used. Therefore, the
‘ MRYV can be viewed as shown in Figuie
mA .. cA . A
u(t)=—| =220 () +-+=0 ) +-+=0,t 14
L.( ) klknil Q[( ) klkoil Q]( ) k[km,[ Q[( ):| ( ) P
The closed looperror of theMRV can be viewed as a Y= ,(0)

) ) £, eft) K Vel Hydraulic | —»| "RV model
changeof the valve flav Q,(t) relative to its steady state >yc Actuator 1

situationQ (t) . In this case, we have:

L Ky D
QM Q)= «9 (15) L~ |
PID Controller
Initially, the valve flowQ,(t) = 0. Based on Eq. @),
we have: Fig. 5. PID controller of the MRV
—Q() =« (16)

In order totune the PIDthrough the LQR formulatign
the following quadratic cost functiprbased on eq. 20,

In this case, Eqg. @) becomes, shoud be minimized:

e()+28°0°(t) + (0 )®e(t) = K'u (1) a7 ! ; "

IZMw) =AZT (O ZM)+ L (OR"E (D)t (22)
0
Where:
This cost function represerttse control energy,
K k k. o ﬁ vo_ G (18) The weighting matrixQ! is diagonal positive definite and
mA m’ 2m,/ ° the weighting factoR’ is a positive constant. The choice of

the weighting matrixQ! and the costantR’ is given by the

If we consider tte error, its integral and its derivatioé  BrysonOs rulmethod[10] as:
the MRV as state variables presented by:

1
Q=
ZO=1dhds 2(0= €3 An=") 19 max(z, ) o
, 1
R'= ———
The canaic representation of the Eq. 7}l representing max(uf)

the state of the MR¢an be expressed as:
The minimization of thecost function(Eq. (2)) gives

Y=AZ+B' u,(t) (20 the optimal control inpuas:
Where: u()=-R*.B7 .P’.Z(t):—F'.Z(t):[ K K, K, }.Z(t) (24)
0 1 0 0 z @)
A=|0 0 1 |;B'=0{Z=|z1() Where P!is the symmetric positive definite solution of
0 _(wo)! _250(00 K’ z, (1) the continuous Algebraic Riccatti equation (ARB)egi by
(21 ]
PlLAI+ A P! - PBIR BI" P1+Q!=0 (25)
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From Eq. R4), the corresponding state feedback gairTable 1L TheRV design parameter§][

matrix Flis given as fdbws: Parameters Values
m, 80 kg

FI=RITBINPl=gK K, K# (26) m, 24740kg
m 3200kg

Hence the PID controller gainsan beobtained. ko 18000N/m

ko 600000N/m
ky 4360000N/m

% Resultsand Dicussion Co 600Ns/m
C, 40000Ns/m

In this sectiontwo rail disturbances will be comkered i.e.
the rail discontinuity and the rail leveling. The RV dynamic
model used for the mechatronic system design will be val
dated by ADAMS. The naturals frequencies will be dete
mined and the most sever one will bensidered.A lead

Lag compensator, which grants the stability of actuager r
sponsewill be designed. Thelesignedmechatronic rail &-

hicle performance in term of comfort will be presented an

5.2The dynamic RV model validation
To solve the obtained differential equatiodgscrbing the
RV dynamic modelwe have used the Rungfitta method
[20]. The dynamic model of the RV is solved using
MATLAB and validated by ADAMS. Figure shows the
volution of the pssenger center of mass where the input of
he system w is a step functiamichis moreseverehan the

discussed. leveling default.
5.1Rail design parameters mg -
Thefirst default type $ a step function applied at the center
of the wheel. It presents a local disdonity default H at the ry ——<439=;+:1,>7-9
rail head (figured). This default is efined as: o —248@;
QE L == <A<BC1/+,@93;+>4
0 if 0<t<1 w
w(t) = _ (27) 2
H Otherwise ur
3
W
3
| &
' Sre b
!
L IHSO6R (-t (+& -+ IROS(%8. G | : : . ,

i " # $ % &!
*+,-./0
Fig. 8. Validation of the analytical model BWYDAMS.

—
B A frequency analysis is conducted in order tadfiie
,777+7_+_+”+”3 I natural frequencies of the system. FigBrshows the Bode
Fig. 6. Rail discontinuity default diagrams of theRV responseOne can not¢hat the system

has three natural frequencies, 0.73Hz, 2.53Hz and 5.8Hz
The secondrail default is a longitudinal one. It isx@n  whose mgnitude amplifications are, respectively, 12.7 dB,

in figure 7 [11]: 8.42dB and-31.2dB (Figure 9). The most severes N1=
0.73Hz. In what fdows, this critical frequency will be used
H # V & ' D for the different simulations in order thow the perfa-
w(t) :2) E cost’z = D' " MGG (28) mances of th&/RV systemcompared to the R\6ne
é 0 Otherwise %"
8 T r—
) ! T
! é} - 1 i N\
s # \\\

F -
| \/ |
#1%"

1
1
1
i
\!
——— s H#H+" }\\.
#' %#!*" i \
X i Y 2 = @ #()-- 1 i S
Fig. 7. Rail leveling default. £ i i h¥
[' " H H N
#HE& ; H T
. . . . . X , ! ! 1
V is the vehicle longitudinal velocity. We consider #$%" : ,
" )& 1 (%&  %* I

Frequency (Hz)

_ _ _ _V _
V=130km/h=36.11m/g4=0.03m andD = V =50m . Fig. 9. Bode diagram of the quarter RV system.

1
The parameters used for these simulations are given in
Table 1.

18C
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5.3 Stability of the actuator
The electrehydraulic actuatoparametersadopted for this

study are listed in Table 2.

Table 2. Actuator parameterd 9]

Parameter Value

ks 25110 3 AV
Kq 1.24110° m’/s/A
K 1.48110 “m°s/Nm
A 3.372110%m?2
Ko 8.19 110° N/m
" 0.4

# 62832 rad/s
n 0.67

P, 206842800 Pa
Frnax 46.73 KN
Vinax 0.082m/s
Boi 471.24 N/m

The Nichols chart from the voltage input to the force

output,is givenin Figure10. One can note thahe uncon-
pensated actuator system is unstainleé cannot be integra
ed directly in the MRV systeniTo solve this problem, a Fig. 10.Nichols chart for the RV actuator dynamic.
Lead Lag compesator is designed for theervo valve The

controller is tuned to give an acceptable gain and phase ma
gins.

60 T T T I T T T
""""" Uncompensated Systom Uncompensated |
50F —C d Reroqsoney (01 100 .
E— t frequenc: H
ompensate Closed Loop Stabie? No
401 B
—0dB
- 30- ‘ Il ‘ 1
o S / , .
=~ 20 | < [ *
< Y V% - ._-1dB,
8 Syste(ﬁjunco;rpensatredri ) “ < < . @;;&@enwed h
a 1loH Phase Margin (deg):>80.5 _l J /dE ‘;méﬁ,%,:,gm (deg): 579§s\ SdB»
| Defay Mafgin (sec): 0.00156 i | AN |Delay Nargin (sec): 0.00495, - ]
8 | Aurygqﬁer?cy (?m.wa S\ )\ 'kat;yeqqér?cy ﬁu):sg,s N |
P | séd Loop Siablez o Glosed Loop Stable? Yes |
s o/ r e -\ -6.dB{
o \
o
@) || I \ |
-0 I _\=12dB
[ I 2 s oo comoceat I
| | Systern: Cor ted |
I G Vrgin (8, 135 | | loodB
200 ——] [ Atirequency (H2)- 1311 I i N
| [ | | Closed Loop Stable? Yes | 11
| 1 ‘ ‘ ||
300 | 1 | 1|+
} } | | ] | | }
| | | | |
il r ! . | . r |, -40d8|
—960 -315 -270 =225 -180 -135 -90 -45 0

Open-Loop Phase (deg)

4
1600 k : : : gx 10 A \ L :
—Ideal actuator force —ldeal actuator force
14000 ---Real actuator force T —-=-Real actator force
120004 A i i ) {1 6 1
1l " "‘ n "
1000!‘\ :|| A :'. “‘ 1o BF
g T ¥ g i - 291 1 1 F1
g 80001 ] {8 ap
S 1 G
6000 {5 st
e <]
©
2 4000 1S 2
< &
2000; 1 1r I i 1
: ] : : I
0 L 1 ',. - ™3 b A '.- S 0 L — . PN i '- ’. ',
vy T
-2000- Y " u ¢4 -1 l ] W W Voo
] k v v ! l‘ ] I' " f
-4 L L r r _2 L L r r
00 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Time (s) Time ()
(a) (b)

Fig. 11 Force following of the actuator.

Theleadlag compensatds designedn order to give the
actuator a gain margin df3.5 dB, and a phase ngin of
57.9; (Figure 10). In this case,lte transfer function of the
leadlag compensator igiven by

(10933 10°s+ }(0.008%+ )

(3.3311 1075+ ) (4.115+)

VI'N (29)

To show the effectiveness ofthe designed LehLlag
compensatgrwe will show the electrdrydraulic actuator
responsdo a squaravave power demand dfo KN and 60
kN at 10Hz.Figure (11 .(a) )and Figure1(1.(b)) show that
the response of thectaator is stable and givehadequate
response to a squavweave power excitatiorkigure (1.(b))

corfirms, in particular, that the agitor saturation forcds
considered

5.4 Stability of the hybrid controller

By considering thestate space given by thmectatronic
model (Eqg. 20and the LQRapproach the PID gaingiven
by Eq 26, are presented iable3:

Table 3. The PID gains

K, K,
PID-LOR 3690.52 538.39

K;
1804.34

Active
gains

181
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According to the Nichols chapresented byrigure P

the phase margin dfIRV systemis 30j at frequency of

1(1% r
3.2Hz Hence, the MRV responsestabk. e S — o1
60" | 0% - ~’ 5 201
1 ==MRV I
\ U : H s
AC \ 1 : AN
TR )} S S S S S
fETTR, L T
“ 18 CH N R
c % : F
© gdg =3 dB V - I 96.78%""
(D O == S%stem MRV o -6 dB E i
D oS ==, S -12dB - Y
8 Et ;rgq’xlen%y (<Hz) )30238& *’_ ‘ , l(l$ ‘-‘ .
o _20 Closed Loop Stable? Yes, ¢ 20 dB ‘ .
— ” (1% - 1 i
c V4 s
@
1 l D (1 r L L r [
8-4( / -avde &, " # $ % &
] Vr+-]
] e Fig. 13. Passenger displaceméat rail leveling default.
-6( I -60 dB
I
8¢ ! w . -80 0.061
G2 18c 132 90 - 0
Open-Loop Phase - RV
Fig. 12.Nichols chart for MRV. 0.05- %
P -404% MRV
5.5Evaluation of the comfort 0.04r ":/ o
In this section, the passenger comfort is evaluated using twa, : /“ Y
criteria. The firstoneis the passengevertical dsplacement 50_0& : = H 5
and the second one is the passenger vertical acceleratiof. P L e
The performances of the comfort aevaluated in term of H O -t
rise time(Tg), maximum peak to peakMPTP) and settling 0.02- H
time (Ty).
The improvemenbf RV performance by adopting the 0.01-
MRYV approachs defined by: :
A—B 0 ‘ ‘ ‘ ‘ ‘ ‘
Imp (%)= ‘T‘ 100 (30) 0 1 2 3 4 5 6

Where:

A: value obtained with alassical RV
B: value obtained witthe MRV.

5.5.1 Passenger comfort evaluated in term of displacement

FiguresB and l14present the vertical passenger disptac

ment, in case of rail leveling and rail discontinuity de-
faults It can be bserval that, in the case of thdRV, the

reduction of the passengerOs vertical displacement peak is

approximately 96% for the case @il leveling default, and
40% for therail discontinuity case, copared toRV system
Moreover theMRYV has the best result in terms of, Tg

% o
and MPTP for both cases of rail defaults. In fact, in the case

of rail leveling default the improvement oMPTP is more
than 97%, | is reduced from 1.36 to 1.2 sec anglisl re-

4).

duced from 5.13 sec to 1.2sec in the case oRMdgTable

Table 4. Results of comfort witiMRV for longitudinallev-

eling default (D=50m).

D=50m Tr(s) | Imp Ts(s) | ImpTs | MPTP | Imp
Tr (%) (m) MPTP
(%) (%)

RV 1.36 - 5.13 - 0.07 -

MRV 1.25| 8.08 1.20 76.6 2e3 97.14

Time(s)
Fig. 14. Passenger displaceméat rail discontinuitydefault

5.5.2 Passenger comfort in terms of vibration and frequecy
The used criterion to evaluate the passenger cornmfoerm
of vibration and frequencis described in the internatial
stardard 1ISO 26341[13].This standard uses the Root Mean

Square (RMS) value of the passengerigattacceleration
which is defined as:

] T " 0.5

RMS=32' [ 4 )]° dig 3D
73 &

wherea (t)is a weighted vertical acceleratiorpeesse
in m/s$, and T is the time exposure duration, in sec

a(t)is obtained by filtering the passenger vertical kcce
eration signaup(t) through the filter Wgiven in Figurel5
and defined in the 1997 ISO 2631stndard[13].
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Magnitude (dB)

-25

-3 /

-35 /

-4
10" 10’ 10" 10°
Frequency (Hz)

Fig. 15. Frequency weighting curve MdSO 2631) 13]

The evaluation of the comfort was carried out byneo
paring the value ofRMS to the comfort level in the ISO
2631 standard given in the Table 5.

Table 5.The confort level rated by 1ISO 26318].
RMS Values (m/$) Description

RMS< 0.2 Very Comfortable
0.2< RMS< 0.8 Comfortable

0.3! RMx 0.4 Average

RMS! 0.4 Less Comfortable

Figures16-17 show theevolution of the vertical passe
ger acceleration witRRV and MRV inboth cases of railed
faults.
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Fig. 16. Passenger acceleratitor rail leveling default.

From Table 6, it can be observed that the passenger peak
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Fig. 17. Passenger acceleratior rail discontinuitydefault.

Table 6. Passenger acceleration foail discontinuity de-
fault.

! *+,,-/01 5)6*+,-/01 9+; 1 561
,)+2341  )+1284 1 2)<3'41 9+:;1
2841

RV S*$ % )V#S$ %
MRV &"$ #'+*$ &"('$ "1 $

From Table 7, it can also be noted that the passenger peak

acceleration forrail leveling defaultis reduced by 97%,
when usingIRV. Moreover, the settling time is signifidan
ly reduced from 5.2 sec to 1s&c(70%).

Table 7. Passenger acceleration foail leveling default
(D=50m).

&%() ! *+,-/011 5)61*+,7 9+:; 1 5)61
,)+12341 ~/01  2)<3"41 9+l
)+ 1 2841
2841
RV I"#$ % &"($ %
MRV )" $ *&'+'$ &"&P +*"(&$

From Table 8, one can note that thRV presents a
lower RMS acceleration than tHRV one. The passenger
comfort level is mproved by about 95%

We can also note from Table 8 a high level of MheV
comfortcompared to the RV on€&igure 18 gives the acta-
tor force that generateahis comfort level.

Table 8 Results of comfort quantification fdongitudinal
leveling default (D=50m).

acceleration, forlocal discontinuitydefault, is reduced by
68% in case oMRV compared tdRV one. The settling time

D=50m RMS | Imp Rms Rms
(m/sz) (%) Real Ideal actuator
actuator force (kN)
force
(kN)
RV 1.6 - - -
MRV 0.03 | 95.12 4.62 3.67

is also significantly reduced from 4.7 sec to 0.8(82¢%).

18¢
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Fig. 18. Actuator force for rail leveling default (D=50m).

ryn

Figure19 and Figure20 show theevolutionin the value
of the passenger cdort (RMS) as function asrespetively,
of the length of the rail longitudinal leveling default (@)d
the height of the local discantity (H).

The MRV keeps a low RMS value compared to R
system. According to Figure8land Figure 19the MRV

keeps the passenger in a very comfortable level (RMS<0.2

for all values of respetively, D and H
&'s : e o l ‘
e | Y eererenas 2
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Fig. 19. Improving the MRV passenger comfdar arail leveling de-
fault.

This result is ppved in the frequency domain (Figwzé
and Table §The MRV magnitude improvement is, respe
tively, 311%, 156% and 36% in natural frequency, respe
tively, first, second and third.

Table 7. Quantification of improvement MRV in frequency
domain

"H$%&H >1 >01 >4l
1(8&)*%)+,- !

Peak RV(dB)! - $ %*, $ %0")- $
Peak MRV(dB)! %"-* $ %", S %t $
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Fig. 20. The MRV passenger comfort forail discontinuity.

According to the ISO2631 the human body is more sensitive
to vibrations between 4Hz and 8Hz in the vertical direction
6, 15], which corresponds to the third natural frequency
5N3:5.8Hz)ln this range of frequency (Figupd), the MRV
improve significantly thenagnitude. Which explain theni
provement of the weighted RMSrofort (Eq. (30)).
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Fig. 2

=

. Rail vehicle passenger responses in frequency domain.

= Conclusion

In this work, we have presentadmechatrpic design of the

rail vehicle The analytical vertical dynamic model of the
guarter rail vehicle with a passenger seaprissented and
validated by the ADAMS softward&he real characteristic of
the actuator are discussed and its lead lag compensator is
designed. A mechatronic model that express the controlled
tracking error as function of the vehicle dynamics and the
actuator characteristics simarieously is developed. Based
on this model, the LQR approach is used to identifyRthz
gainfor the MRVin order to improve the pasgger comfort

in terms of displacement, vibration, and frequeridye d-
tained results showed thite passenger@smfort is signif-
cantly improvedMoreover, the MRV passenger can have a
very comfotable level in both cases dlfie consideredail
imperfections.
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Nomenclature n Efficiency of theactuator
m, Passenger mass P Supply pressure
my Bogie mass Frnax Maximum force
my Car body mass Vinax Ideal actuator velocity
Ko Stiffness of the passenger seat i Current driving spool
kq Stiffness of the primary suspension Y Servo valve voltage
ko Stiffness of thé: secon(f:iar:y suspension 0, valve flow
C Damping coefficient of the passenger seat
cz Damping coefficient of the primary suspension E\'\/AS ggic;tvl\e{lt:eiilr;Square
C Damping coefficienbf the secondary susgien MRV Mechatronic rail vehicle
w Track rail irregularity input : :
Ki Integrator coefficient of the PID controller N, No, N '.:'rSt’ second and third natural frequency obrter
Ky Derivative coefficient of the PID controller ?V rESpeCtl':\YizleyTime
Kp Proportional coefficient of the PID controller TR Settling Ti
u Desired control force S e- .|ng |m(.e.
Y,.,.9, Bogie displacement, speed and acceleratin r Y Original position actuator
spectively x,».X, actuator extension displacement and velocity r
»y..y..y, Car body displacement, speed and a006|erat'°r§pectively
respectively H Hauteur of longitudinal leveling or local disgmu-
v,y ,y  Passenger displacement, speed and acceleratioty default
repspe[(,: tivlely fact Actuata force
Amplifier gain Q Crossport leakage
Kq Valve gain \Y, RV longitudinal velocity
ki Leakage gain D Length of longitudinal leveling
Boil Oil column damping
Ac Cross sectional area cylinder
Koil Oil column stiffness
" Damping of the servo valve
# Servo valve frequency
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