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Adaptive Compensation of Traction System
Actuator Failures for High-Speed Trains

Zehui Mao, Gang Tadrellow, IEEE Bin Jiang,Senior Member, IEEEXing-Gang Yan

Abstract—In this paper, an adaptive failure compensation
problem is addressed for high-speed trains with longitudiml
dynamics and traction system actuator failures. Consideré the
time-varying parameters of the train motion dynamics causd
by time-varying friction characteristics, a new piecewiseconstant
model is introduced to describe the longitudinal dynamics \ith
variable parameters. For both the healthy piecewise constd
system and the system with actuator failures, the adaptive
controller structure and conditions are derived to achievethe
plant-model matching. The adaptive laws are designed to upte
the adaptive controller parameters, in the presence of theystem
piecewise constant parameters and actuator failure paranters
which are unknown. Based on Lyapunov functions, the closed-
loop stability and asymptotic state tracking are proved. Sin-
ulation results on a high-speed train model are presented to
illustrate the performance of the developed adaptive actu@r
failure compensation control scheme.

Index Terms—Actuator failures, adaptive control, failure com-
pensation, high-speed train.

. INTRODUCTION
High-speed trains with their fast and high loading capesiti

During the past years, some results on fault diagnosis and
fault-tolerant control for high-speed trains have beeraiietd,
see, for example [6]-[9]. It should be noted that the longitu
dinal dynamics of high-speed trains are usually used toystud
the automatic train control system or fault-tolerant cohtr
problem, since the control design is focused on the train
handling, tracking and braking. Much of the existing worksis
the longitudinal dynamic model with constants parametars,
the variable parameters with known upper bounds. However
in practice, these parameters are time-varying and depénde
on the track conditions. These constants or bounded variabl
parameters cannot represent the characteristics of thensys
dynamics well, which motivates the research to derive a new
suitable model to describe the longitudinal dynamics ohhig
speed train for the control design. Specifically, a new pigse
constant model with unknown parameters is presented in this
paper to solve the modeling problem.

On the other hand, when failures occur, it is necessary to
utilize the failure compensation to guarantee the systeilest
and even asymptotic tracking. Until now, many results about

have become more popular. In the recent years, a considerahé fault-tolerant control are available, see [10]-[17}should

number of studies have been focused on control design for tie noted that in these results, the parameters of the plants
train systems (see, for example, [1]-[5]). To achieve higbesl are assumed either known or unknown but are modeled as
and loading, the increasing of the automatic train opegatininknown inputs with bounds. Adaptive techniques can be used
control capabilities of high-speed train is required, whicto the control problem, in which the parameters are unknown,

may increase the possibility of traction system failureBe T to achieve good tracking performance (see [18], [19]), Whic

traction system generating the traction/breaking foraesist-

is suitable for high-speed trains. But, the unknown failure

s of rectifiers, inverters, PWMs (pulse width modulationsproblem with the unknown piecewise constant parameters in
traction motors, and mechanical drives, etc., among whidhe high-speed train has not been studied.
PWMs, traction motors, and mechanical drives are considere This paper is focused on the actuator failure compensation

as actuators. Actuator failures are often uncertain inepagt

problem for the longitudinal dynamics of high-speed trains

amplitudes, and time instances. These failed actuators nvaiyh traction system actuator failures. A piecewise comsta

deteriorate the train performance severely, resultingirite t

model is used to describe the longitudinal dynamic system

delay or cancellation of the other trains. Therefore, it iwith its variable parameters. The design conditions, adletr
crucial for the traction system of high-speed trains to wtudtructure, and adaptive laws are derived for both healtldy an

the effective failure compensation technologies.
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faulty cases to construct the automated train control sehem
The main contributions of this paper can be summarized as
follows:

(i) For the variable high-speed train dynamics, a piecewise
constant model is introduced to describe the longitudinal
motion dynamics with traction system actuator failures.

(i) The adaptive controller with design conditions, sture
and adaptive laws is developed for the healthy case when
the piecewise constant parameters are unknown.

(iiiy For both the constant parameter model and piecewise
constant parameter model, adaptive failure compensation
schemes are designed for the high-speed train longitudi-
nal motion system with unknown plant parameters and



traction system actuator failures with unknown failur®. Resistance Force Models

time and parameters. To obtain the dynamic motion system of the train, the
The rest of this paper is organized as follows: In Sectia@sistance models should be studied firstly. Three types of
Il, the dynamical model of high-speed trains are introducegbsistances are usually considered to establish the motion
and the actuator failure compensation problem is formdlatequation.
In Section IlI, an adaptive control scheme is developed for General resistance As modeled in [21], the general resis-
the healthy system with unknown parameters, as the baseliggce .. (t) is approximated by a quadratic function, i.e., the
adaptive system. A simulation study is presented to show thavis equation:
performance of the proposed method. In Sections IV and V, the 5
failure compensation schemes for both constant parameder a Fr(t)=ar(t) + br(t)o(t) + e ()07 (1), @)
piecewise constant parameter systems, are developeécreswhere M (t) is the mass of the train(¢) is the speed of the
tively. Simulations for these two cases are also presemtedttain; a,.(t) defines the train’s rolling resistance component,
verify the effectiveness of the failure compensation sa®m (which contributes to the journey, rolling and track resiste);
Finally, some conclusions are given in Section VI. b.(t) defines the train’s linear resistance, (which contributes
to the flange friction, flange impact, rolling resistancenssn
Il. PROBLEM FORMULATION wheel and rail and wave action of the rait);(¢) defines the
In this section, we will introduce the dynamic model ofrain’s nonlinear resistance, (which contributes to thee drag,
high-speed trains and the model of traction system actual@sad-end wind pressure, turbulence between trains, yale ang
failures. Further, the objective of this work and the desigsf wind tunnels and skin friction on the side of the train).
issues for adaptive control and failure compensation are fo Coefficientsa, and b, of the Davis equation refer to the

mulated. mechanical resistances and are mass related. When a train
o _ _ moves at a high-speed, the mass independent tgmm
A. Longitudinal Motion Equation becomes dominant [22]. It should be noted that the aero-

The longitudinal train dynamical model is usually used tdynamic resistance force changes more significantly in term
study train handling, traction and braking system desidre Tof coefficientc, in tunnel than in an open air. The tunnel
train can be considered as a mass point, whose forces mgstance is related to the train length, the ratio of tlossr
varying with the operating track conditions. By Newton'ssJa sectional area of the train to the cross-sectional area ®f th
the longitudinal motion dynamics of a train can be describdédnnel, tunnel length and the tunnel roughness [23].
as [6]: The changes of the coefficients., b, and ¢, mainly

.. depend on the current conditions of the train (mass, speed,

M(£)i(t)=F(t) - Fr(t) — Fy(t) — Fe(D), @ tunpnel passing, etc.). When the train is operating undeaimgr
wherex(t) is the displacement of the traid/(¢) is the mass conditions, these coefficients, b, andc, can be considered
of the train, F(¢) is the traction forceF, (t) is the general as constants. The train operating conditions depend omettme t
resistancef,(¢) is the force caused by motion on the gradelisplacement: and velocity#. Thus, the coefficients,, b,
F.(t) is the force caused by motion on the curve. The for@nd ¢, can be modeled as the piecewise constants depending
F(t) acting on the train, is generated by the traction systeom the displacement and velocityz of the train.
to achieve the tractive effort or dynamic braking, which can Grade resistance From [23], the grade resistance forEg,
represent the action on the train to reduce motion during thdaich comes from the grade of track at the point of the train’s
application of the brakes. location, is modeled as

Since there are the load-unload cargoes on freight lines and .
on-off passengers on passenger lines [2], the mass of a train Fo(t)=M(t)gsin6(t), (3)
is varying between stations. When the train is operated wiered(t) is the slope angle of the current track. The track
line, its mass is constant. Thus, the variable m&&g) can line is made up of several horizontal, slope and curvature
be modeled as a piecewise constant function depending on titaeks. For a certain slope track, the slope afigkea constant
displacement of the train. For high-speed trains, the variablegepending on the displacemenif the train.

x and: representing the displacement and velocity of the train, Curvature force. From [23], the curvature forcé;, which
respectively, can be measured online by the speed sensbrseaymes from the curvature of track at the point of the train’s
track circuits . location, is modeled as

Remark 1: For modeling the train, there exist two types Fe(t)=0.004D(t) M(t), )
of train models, one of which is to treat a train as a cascadiere D(t) is the degree of curvature and can be calculated
of point masses connected with couplers. The other onebig D(t) = 0.5d,,/R(t), with d,, being the distance between
to consider the whole train as a point mass [20]. Since tlige front and rare wheels of the train (the wheelbase lerzgth,
problem of in-train forces is not so important in short teinconstant for a certain train), an@(¢) being the curve radius
and the speed tracking is emphasized for high-speed tra{asconstant for a certain curvature track). According to the
(passenger trains), the in-train forces of the couplerofiem characteristics of the track liné€)(¢) can be considered as a
not taken into account. Thus, in this study, we choose tlee lapiecewise constant depending on the displacemenf the
model to study the control and failure compensation probletnain.



From the above analysis, it is clear to see that the longihere
tudinal motion model of the high-speed train is in general
described by a time-varying dynamic equation. In practice, m(t):ZmiXi(ﬁ), a(t) = Zaixz-(t), (11)
its time-variation can be approximated by certain piecewis
constant functions, as the train operating conditions liysua
follow certain piecewise properties. In this paper, such a b(t) = bixit), c(t) = ecixi(t), (12)
piecewise constant model and its control problems will be i= =
focused. Especially, the case when the parameters of time tra

are uncertain, will be considered. ()= dixi(t), D(t)=> Dixi(t),  (13)
_ . . with m;, a;, b;, ¢;, ¥;, and D; being unknown constants, and
C. Piecewise Dynamic Model v:(t) being the indicator functions defined in (7).
Using expressions (2)-(4) of the resistance forces, eguati _ ) )
(1) can be rewritten as Remark 2: Due to th_e time-varying parameters o_f the
resistances, the longitudinal dynamic motion model of atra
M)i(t)=F(t) — (ar(t) + b.(t)&(t) + ¢ (t)i*(2)) is time-varying. For the heavy haul trains, these pararseter
—M(t)gsin0(t) — 0.004D(£)M (2). (5) ae always set as known constants, see [4], [5] and [23].

Recently, some work about the unknown constant parameters

i 1 _a(t) _be(t) _ has been reported (see [2] and [8]). For high-speed trains,
With m(t) = M(t)’ alt) = M(t)' bt) = M(t)’ ™) = these parameters are varying, especially fom this paper,
cr(t) the piecewise constant model is introduced to describe the

andd(t) = sin 0(t), this equation can be rewritten as

M(t) varying parameters coordinating with the displacement and
velocity of the train. The proposed model is not only more
E(t)=m(t)F(t) — (a(t) + b(t)a(t) + c(t)i*(1))) convenient for analysis of a time-varying model, but alse ha
—gv¥(t) — 0.004D(t). (6) the higher accuracy than that of the constant model, which is
suitable for a practical control design. O

According to the analysis abovsy(t), a(t), b(t), c(t), ¥(t),
and D(t) are piecewise constants and are dependent on
displacement: and velocityz of the train.

Define Q2 as the region for all possible system staigs)

@.eActuator Failure Model

This paper is focused on dealing with the failures of
and () during the train operation, with its subregions2;, actuators _such as PWMs, traction motors and mechanical
o drives, which can lead to the traction forégt) abnormal.
t=1,...,1. The values ofim(t), a(t),b(t), c(t), ¥(t), D(t)) )

; __ The general failures of the actuators, such as, IGBT (Ihasdla
are determined as(m(t),a(t),b(t),c(t),d(t),D(t)) = Gate Bioolar Transi il ¢ BWM q fais
(3, i, bi, 5,05, Di), if (2(8), i (1)) € i, wherei = 1,...,1, ate Bipolar Transistor) failures (from s), and failire

l . L
mi. a;, bi, c;, 9;, andD; are unknown constants. Due to thé:aused by motor overheating, turn-to-turn short circuit of

fact thata:( ) and z(t) are available, the time instants whernotor, slipping of mechanical drives, etc. These failures/m
(2(1),#(t)) jumps from one region to another are known result in motor stop or loss of effectiveness of motor torque

Thus, the index " can represent the different operatlnqractlon forceF (1) is the sum of the forces’ 1
g1 j =1...,n,

conditions of the train. ted f theth mot
To describe the piecewise constants of the parametersg%nerae rom thgth motor.

We consider there are motors in a train. So, the resultant

equation (6), the indicator functiong;(¢) are introduced as n
follows: F(t)=>_ Fj(t). (14)
j=1
Xi(t) :{ (1)’ gth(egcr\(/\ii)ég(t)) € (7) The actuator failures can be modeled by
! _ _ R
Fi(t)y=F;(t) =Fo+ Y Fj,fip(t), t>1t;, (15
S =1, () =0, for pa. (@) SO=FO = Fot 2 Fofiplt) 28, (19)

i=1

for somej € {1,2,...,n}. Here, the failure occurring time
ifistantt ;, failure indexj, constants, andF,, are unknown,
While the basis signalsf;,(t) are known, ands; are the

number of the basis signals of thth actuator failure.

It is assumed that there do not exist the common boundavy, i
(x(t),a(t)) only belongs to one region. Since the informatio
about (z(t),z(t)) € £, is available, the functions;(¢)
defined in (7) are known.

Let x; = x andx, = #. The longitudinal motion dynamics  Remark 3: It should be pointed out that the actuator failure
(5) can be expressed as model (15) is a completely parameterized form which repre-
i1 (1) = 22(1) ©) sents many different types of actuator failures. For instan
! 2 when the motor is overheating or the rotor of the motor is
2 (t) =m(t)F(t) — a(t) — b(t)xa(t) — c(t)a3(t)) locked, it will stop by the protecting system. In this case,
—gU(t) — 0.004D(t), (10) Fjo=0andFj;, =0, soF; = 0, for somej € {1,2,...,n}



andp =1,...,s;. When the mechanical drives slip, the forcés, actuators only fail at some time points. Considering the
F; will become constant, i.e., for somec {1,2,...,n} and unknown failure time pointsy, and{ are piecewise constants
p = 1,...,sj, Fjo equals to a constant anfl;, = 0, so with the unknown jump time. ]

F; = Fjo is a constant. When the failures (broken, aging) of

the IG_BTs in PWMs occur, the force may be t|me—vary|nq5_ Objective and Design Issues

for which the control signal cannot be applied. These aotuat o o . ]

failures may occur, but which types of the failure occur are Objective. The objective of this paper is to develop an
unknown. o adaptive failure compensation scheme for high-speedstdgn

From (15), the input of system (9)-(10) can be expressed ¥&ibed by (2), (9), and (10), with unknown friction paraerst
. modeled in (11)-(13), and unknown actuator failures matlele

F()— Vi) + (1= o) Fi (1), 16 in (16_3)-(21), to guarantee_ the system stability and asyt_h.pto
®) Z (o3v3(t) + (1= 03) F5 (1)) (16) tracking properties even in the presence of actuator &slur

. ) ) ] Design issuesTo achieve the objective above, the following
wherev;(t) is the applied control signal to be designed, an@:nhnical issues need to be solved:

o; IS the actuator failure pattern parameter with 1) Develop an adaptive controller for the healthy high-

j=1

oj=0;(t) speed train modeled by piecewise constant model with
0, if the jth actuator fails, i.eE;(t) = Fj(t), unknown_paramgters, to guarantee system stability and
=1 1, otherwise. (17) asymptotic tracking. |
. ) 2) Analyze matching conditions for healthy and failure
There aren actuators in a train and up tounknown actuator cases to design the adaptive controller.
failures @ < n), that is, anyn of the n actuators may fail 3y pesign an adaptive failure compensation scheme for the
during the train operation. When an actuator fails, theufail piecewise constant model with unknown parameters and

time and failure parameters are unknown. For the adaptive  5.tuator failures.

actuator failure compensation problem of the high-spesid,tr In the subsequent sections, a failure compensation frankewo

th_e basic assumptlon Is given as: (AL) for any u_[nmtug tors will be proposed, under which both healthy and faulty cases
fail, the remaining healthy actuators can still achieve the : . .

. L are studied. The failure compensation controller propdsed
desired control objective.

. . . {hef actuator failures with unknown failure time and failure
Since the actuators in the power units use the same contrQ . . : .
parameters can deal with the piecewise constant model with

signal, it follows from (15) and (16) that the system inpun Cathe unknown parameters, simultaneously.
be expressed by

F(t) =kovo(t) + = (1), (18) l1l. ADAPTIVE CONTROLLER DESIGN FORHEALTHY
e=.¢, ..., &7, (19) SYSTEM
&=1[&0, oo &s,]T € RO (20)  The analysis in Section Ill shows that the longitudinal
w(t) =1, fri(t), -, froy(t)s -y 1, (), oy fis (B), - motion of high-speed trains is modeled as a piecewise coinsta

T . nonlinear system with unknown parameters. The controller
L), fusn (D), fOr j=1,...,m, (21) design for this class of system hrfs not been available in the
wherevy(t) is a designed control signal, akgl is the actuator existing results. A new adaptive state feedback contradler
failure pattern parameter withand« () to determine which proposed for the first time to achieve the closed-loop Stgbil
actuators and what kind of failures occur. The paramgger (signal boundedness) and state tracking for the high-speed
only takes one integer in the interviad — 72, n] to respect the train motion control.

different failures. The cases of differekyt with parameterg
andw(t) are listed as follows:

1) k, = n: there is no failure, and = 0.

2) k, = n — 1. one actuator failure occurs. If thgth
actuator fails, ther¢, = [F,o, Fp,...,Fps,]7, and
§g=0forg=1,...,nandq # p. &q(t) = Aqza(t) + Bar(t), xq(t) = [za1(t), Idg(t)]T(ZZ)

3) k, = n—n:n actuators fail. For the healthy actuatqrs . .
the terms¢, = 0, and for the others failed actuators, WhereA, is a stable matrix.

A. Reference Model System

The system is expected to track the reference trajectory
x4(t), which is produced by a linear reference model system

& = [Foo, Fo,..., FpSP]T’ with p # q. From the strgcture of the train system (9)-(10), the refegen
model system is chosen as
Remark 4: Equations (18)-(21) have been used to describe dq1(t) 0 1 zq1(t)
the system input, which contain the healthy and faulty cases [ dao(t) } = [ —ag1  —ago ] [ Zao(t) ]
of the actuators. The different values of the coordinating 0
parametersk, and ¢ represent the corresponding different + [ by }r(t), (23)

actuator failures. It should be noted that the parametgrs
and¢ can change their values with the failure evolution. Buvhereay; > 0, age > 0, andby > 0, r(t) € R is the reference
for a time interval, the actuator failure patten is fixed,tthanput signal, which is continuous and bounded.



Although the plant (9)-(10) is a piecewise constant model,
the structure of the model is determined. The reference mode Z mai (t)xi(t
can be chosen a common one, that is, the parameters in

reference model (23) are constants. This choice can satisfy 4 gz mid

the design requirements and can simplify the controlleigtes

which is more suitable for practical engineering.

Zmzcz Xz 1‘2( )

+0004Zm1 J(t)xi(t). (36)

=1

Where kmi(t) - k;h - kiu(t)' 12712 ( ) - k; — kg T2; (t)
B. Controller Structure kri(t) = K7y — kri(t), @i(t) = af — ai(t), &(t) = ¢f — &i(t),
The following adaptive state feedback controller struetuii(t) = U7 — ¥i(t). _
is proposed: The equations in (33)-(34) are the plant-model matching

conditions; that is, if the plant parameters, a;, b;, ¢;, ¥;,
and D; are known, the nominal control law

F(t) =k, (t)x1(t) + kg, (t)z2(t) + K (t)r(t)

F(t) =ko, (t)1(t) + ko, (H)22(t) + ke (t)r(2)
+a(t) + é(t)x2(t) + gd(t) + 0.004D(t), (24)
2o (¢

wherer(t) is a reference input signak,, (), k., (t), k(t), . . * *
a(t), é(t), 9(t), andD(t) are time-varying parameters defined a™(t) + e (B3 (1) + g97(t) + 0.004D" (¢), (37)
as leads to the tracking erroes () = 1 (t) — 241 (t) andes(t) =
! ! x2(t) — xq2(t) satisfy
t)= Z oy (O)Xi(t), Koy (t) = Z Ko (1) xi(1),(25) é1(t) = ea(t) (38)
=1 ’

éa(t) = —aare1(t) — aazea(t), (39)

which implies that; (¢) andes(t) approach zero exponentially
ast — oo, due to the choice aiy; > 0 andage > 0 to make

e(t) :Z S (U)xi(t), 19 = Zqé )X (t (27) Ay stable.

C. Adaptive Laws

t):ZDi(t)Xi (1), (28) To develop adaptive laws for updating the parameter esti-
= matesk,,, (t), ke, (1), knilt), ai(t), &(t), 94(t), and Dy(t),
with x;(t) being defined in (7)ks,, (t), kay, (1), kri(t), ai(t),  an error equation in terms of (t), ea(t), ke, (t), Koy, (1),
¢i(t), ¥i(t), andD;(t) being the time-varying estimates of theg, (1), a,(¢), &(t), J:(t), Ds(t) is needed. In view of (23)

l
Z k'm XL d(t) = Z (t)Xi (t) (26)
l

nominal controller parameters: and (35)-(36), we have
l .
kal ilt), kL0 =3 k), (29) “l)=cald) (40)
i=1 é2(t) =—ag1e1(t) — agzea(t)
l l
1 ~ -
Z k(). o' =Y aia(t), (30 + 37 ba (e (0 (D210 + iy (DX (D2(1)
i=1 i=1 T
! i ()X (07 (E) + @i (£)xi (£) + & ()xa (t)a3(¢)
= Z cxilt), 0T = (), (31) - -
gl (Hx:(0) + 0.004D: (i (1)) (41)
l
_ x With e(t) = [e1(t), e2(t)], the following parameter adaptive
)= Dvi(t), 32 ’ :
) Z alt) (32) laws are used to update the controller parameters in (24):
with k3 ., k.., k::z, a;, c;, and¥;, D} being constants and l'cxh.(t):fl“m1 z1(t)e” (t)PaBax:(t), (42)
satistying: s, () = ~Topaa (e’ (O PaBaxs(t),  (43)
aq1 = mzkxl , Qd2 = bz - mik;%, bd = mik:ia (33) km(t) = _F'r Lr( ( )PdBdX ( )a (44)
a;=m;a;, ¢ =mc;, v, =m9;, D;= miﬁ;‘.(34) a; (t)=—Tase’ (t)PyBax:(t), (45)
With (24) in (9)-(10) under (33)-(34), we have the closed- éi(t)=—T a3 (t)e” (t)PaBax(t), (46)
loop system 9i(t) = ~Toige” () PaBaxa(t), (47)
?l(z):@(ﬂ’ . - (35) Di(t)=—T p;0.004e” (t) P4 Baxi(t), (48)
=— - +
£2(t) adm( )~ aaaa(t) + bar(t) where Ty, Tus., Dvis Teis Taiy Tpis and Tp; are positive
n Zm (t)a (1) constants and’; > 0, satisfying AT Py + PyAq = —Qg, for
e someQy > 0.
l l
+ Zmi;;m (t)xi(t)za(t) + Zmi];'ri(t)Xi(t)r(t) Remark 5: It should be noted that there is a sign function

et = sign-], for examples [18] and [19], in adaptive laws. However,



~

the adaptive laws (42)-(48) do not involve the sign funciion x10°
due to sigfik’;] being positive. This can be obtained directly
from the equatiorb, = m;k;,, asby is chosen as positive

constant andn; is always positive. O

o
T

al
T

IN
T

w
T

D. Stability Analysis

Based on the adaptive laws (42)-(48), the following stabili
and tracking properties can be obtained: ]
Theorem 1: For the piecewise constant system (9)-(10) and ‘ ‘
the reference model system (23), the controller (24) wih it 500 tl(ggg) 1500 2000
parameters updated by the adaptive laws (42)-(48) ensures
the boundedness of all closed-loop signals, and the asyimpto
state tracking:lim;_, - e(t) = 0. 70 : : - :
Proof: The values of the parametetsg;, a4 andb,; ensure 6ol ,
the stability of (23), i.e.4(t) € Loo.
Consider the following continuous Lyapunov function

distances (m)

N
T

[
T

o

o

(@) zq1

50
401

301

velocity (m/s)

(Fa_:ll;, kfﬁu + F;;l kim + F’Ttl k?z 201

1
1

_T
V=e Pde+;k:i

L2 4 T8 4 102 + Tl DY) . (49)

With the estimation error in (40)-(41) and the adaptive laws 105 500 1000 1500 2000
in (42)-(48), the time derivative o becomes t(sec)

V =—eT (t)Que(t) < 0, (50) ) az

o . Fig. 1: Desired distance and velocity trajectories.
which indicates that the closed-loop system consistinglof-( g y e

(41) and (42)-(48) is uniformly stable and its solutions is
uniformly bounded, that is;(t), z1(t), z2(t), kx., (t), ks, (1),
kri(t), @i(t), ¢i(t), Vi(t), Di(t), andé(t) are all bounded. 4nqyelocity trajectories in Fig. 1, the train does not stopry
Then, with the structure of the failure compensation cdleIo e trayel. So the mass of the train does not change, which
(24), the boundedness @f(t) is ensured. Further, (50) impliesis chosen as\l; = M = 400 ton. We consider the train

e(t) € Ly and solim; . e(t) = 0. consisting of 8 vehicles (4 locomotives and 4 carriages), in

which the number of the actuators are 16. Due to the tunnel,

lTh% IpropOfegll.?dapgvte Cﬁ.ntml scf:heme canf iphleve ggpe and curvature which lead to the changes of the resistan
closed-loop stability and tracking performance of higleesp coefficients in the travel, 4 modes will be considered for the

trains with its time—varyin_g parame_ter_s modeled as piesew'healthy systemd(, bi, c;, ¥:, and D; are defined as equations
constants. Compared with the existing results [2], [3]sth|(11)_(13) anda;, bi, ¢;, 0, are expressed in kN, kN s/m, kN
method can relax the condition that the general resistange ", | degrle’ez)' v ’ ’

F, f th k houl
() of the unknown parameters(t), b(t) andc(t) should (i) For t < 400 s, the train bakes up. In this case, the

have a known bound. . .
coefficients are chosen as = 3.25 x 102, b; = 26.75,
c1 =048,60; =0, anle =0.

Simulation conditions. According to the tracking distance

E. Simulation Study (i) During 400 < ¢ < 800 s, the train enters the tunnel.
To demonstrate the effectiveness of the proposed adaptive Then the coefficients are chosen @s= 3.25 x 10,

controller, simulation study on a high-speed train is pnésse. by =26.75, c = 0.78, 62 = 0, and D, = 0.

The system parameters are borrowed from a CRH type tra(ii) At 800 s, the train leaves the tunnel and travels in the

([2], [24]), in which 4 motors are considered. slope and curvature track. E@ﬂo <t < 1200 s, the
Tracking performance and reference modelTo verify the coefficients arei; = 3.25 x 10%, by = 26.75, ¢3 = 0.48,

control scheme well and according to [2], [25], [26], severa 05 = 10, and D3 = 0.34.

operating conditions including acceleration, reaccéiema (Iv) After 1200 s, the train moves in the open air and
constant speed, deceleration, constant speed, redeiceiera horizontal track to slow down until fully stop. For
and slowing down until fully stop, as shown in Fig. 1, are 1200 < ¢ < 2000 s, the coefficients are chosen as
considered during the train operation. Choose the parasiete a4 = 3.25 x 10°, by = 26.75, cs = 0.48, 4 = 0,

of the reference model as;; = 0.12, a2 = 1.9 and andD, = 0.

ba = 1/(500 x 10%). In the simulation, the reference inpufThese 4 modes are used to construct the controller system, in
is calculated based on the distance and the velocity givenvitnich the parameters are unknown for the adaptive controlle
Fig. 1. design.
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Fig. 2: Distance and velocity trajectories for the piecewis (se0)
constant healthy model. (b) e2
Fig. 3: Tracking errors for the piecewise constant healthy
. . I model.
For simulation purpose, the initial sates are chosen as
z(0) = [-0.5 0]7, and the initial parameter estimates are
chosen as00% of their nominal values. The gains of thethe lant-model matching and is capable of dealing with an
adaptive laws in (42)-(48) are chosen2as P 9 p 9 y

1possible failuresF(t) = k,vo(t) + £Tw(t), with k, and ¢

Simulation results. Figs. 2-3 show the simulation results of" ™ } .
pgemg unknown piecewise constants.

the healthy traction system modeled by piecewise model. F
2 shows the distances (a) and velocities (b) of the train and

the reference model, in which the distance and velocity ef th o
train are represented by solid lines, while the desirechdegt A System Description

and velocity are used the dashed lines. Fig. 3 shows the stat@ihout loss of generality, assume that the train is opegati

tracking errors including the distance (a) and velocity. (b)nger theith dynamic model with the presence of actuator

From the simulation results, it can be seen that the propoq;ggures_ From (18)-(21), the system (9)-(10) is given by
adaptive controller can achieve the close-loop stabilitg a ’

asymptotic tracking properties of the train even in the @nes

of parameters changes (1) = (t), 1)
' 3.3'2 (t) :mi(kyl/()(t> -+ STTD(t» — a; — bil'g (t)
—c;z3(t) — gv; — 0.004D;, (52)

IV. ADAPTIVE FAILURE COMPENSATIONDESIGN FOR

SINGLE OPERATING CONDITION
wherem;, a;, b;, ¢;, ¥;, and D; are unknown constantsy(t)

In this section, an adaptive failure compensation schensethe known functionk, = n and¢ = 0, before failures
is proposed to guarantee the system stability and asyraptaccur, and are unknown constants, after failures oceyis
tracking properties in the presence of uncertain actuatibr f the applied control signal to be designed with failure compe
ures, for the single operating condition when train is ofiega sation to guarantee the closed-loop stability and asyneptot
under a certain rail condition, i.e., the parameters of ttetate tracking properties. Note that if an actuator of antrai
train dynamic model are unknown constants but uncertdails, its failure time and failure value are unknown. Thdér
actuator failures may occur. The key task is to design“@’ is fixed to represent that the train is running in a certain
failure compensation controller structure which can gos@ operating condition, i.e., the train is on a certain rail.



B. Failure Compensation Controller Structure Substituting (23) into (57)-(58) and with the matching

We construct the adaptive failure compensation controlléPndition by = mik, kr;, it follows that the tracking error
structure as: dynamics are described by

Vo(t) = kg, ()21 (t) + ki, ()22 () + kpi(E)r(t) + E7 (t)(t) é1(t) =ea(t), (62)
+&i(t) + ¢ (t)lﬂg(t) + gﬁi(t) + 0004D2(t), (53) éQ(t) = *adlel(t) — a,d262(t) + k;i*bd (’I;xh (t);pl(t)
wherer(t) is a reference input signat,.,, (t), k., (t), ki(t), s (Da(t) + Eri(t)r(t)rl €T (Hw(t)

£(t), as(t), é(t), D4(t), and D;(t) are are the time-varying
estimates of the nominal controller parametefs, &}, , k.

Fai(t) + &)a2() + gOs(t) + 0.004[71-@)) (63)
& al, ¢, 97, Dy, defined to satisfy

Similar to the healthy case and from the marching condi-
v Qa2 = b —mik ky (54) tions (54)-(56) , the sign of the paramet€r can be obtained
€= ko€, a; = mikyal, (55) as positive. Withe(t) = [e1(t), e2(t)]T and sigiik?;] being
positive, the following parameter adaptive laws are apipice
update the controller parameters in (53):

Use the control law (53) and the system (51)-(52) under the

aq1 = 7mikl,k
bd :mzkuk:za

C; :mik:l,cf, 191 = m,-k:l,ﬁf, Di = Tnlk/’l,l):K (56)

conditions (54)-(56), to obtain l:%u(t) - *%uxl(t)ez (t)PaBa, (64)
. kﬂﬂzi (t) = " Yzo; L2 (t € (t)PdBda (65)
mf?:““*() o) s f? Fri(8) = =it (D)7 (£) PaBa, (66)
To(t)=—aq121(t) — agexa(t) + bar(t +miky kg, (T)x1(t 2 - T

ik B, (622 (0) + ik (1) (1) ;ﬁi'keﬁg;fgﬁBm o
+mik;l,§T (t)w(t) + m;k,a; (t) + m,-k:l,éi(t)xg (t) éZ (t) B 7’7&% 2(t) jii(t)d]; . (69)
Fgmik,D;(t) + 0.004mk, D;(t). (58) él t B ’V”"CQT :P . a2 -

where i, (1) = K2, = Fay,(0), R (1) = Koy — b, (0), éi( ):_W"‘Z 6054) S (71)

kri(t) = kyy — kri(t), §(8) = £ — £(t), ai(t) = aj — ai(t), i(t)=—7pi0.004e" (t) Py By, (71)

Git) = cf — &(t), Vi(l) = 07 —0i(t), Di(t) = D7 = Di(t).  wheren,,,, Yau. Yris Ve Yeir Yais 0i2 andyp; are positive
Similar to the healthy case, the_gquatlons in (54)'(5@3nstants and®; > 0, satisfying AT Py + PyAq = —Qy, for

are the plant-model matching conditions. The tracking &omeQ, > 0.

rors 61(t) = Zl(t) — Zdl(t) and 62(t) = ZQ(t) — l‘dg(t)

under the nominal failure compensation controligi(z) = .

K xy () + kL, wo(t) + kLr(t) + €T ow(t) + af + cfa3(t) + D. Performance Analysis

gU; +0.004D7 (t), satisfy (38) and (39), which implies that we obtain the following stability and tracking properties:

ex(t) andes(t) approach zero exponentially as- oo. Theorem 2: The adaptive failure compensation controller

~Asin [18], let(Ty, Tpy1), p = 0,1,..., M, with Ty, = 0, be  (53) updated by the adaptive laws (64)-(71), applied to the

time mte_rvgls. Durmg these time intervals, the actuaaﬂufe_ faulty system (51)-(52), ensures that all closed-loop aign

pattern is fixed, which means that the actuators only fail gtare bounded and the state tracking erreft) satisfies

time T}, for p = 0,1,..., M. Under Assumption (A1), we |im,_, ., e(t) = 0.

have M < n andTr(41 = oo. Attime T, , p=0,1,..., M, Proof: Consider the following candidate Lyapunov function

similar to that in [19], it is obtained that the unknown plant

model matching parameteks, , k5, , k%, €, af, ¢i, U7, Df,  V=¢TPge + N (VglngJr Ty LI R LSRR e Yk

change their values as: ki T e
A . g a2 4y R 02 +7’3D?) . (72)
kl‘u_ z1:(p)? k:czi = Maai(p)’ ki = k'ri(p)7 (59) v D
& =8 @i =aigy =gy V=i 60 Fort e (T, Tpu) andp = 0,1, M, Fuy, () = iy, (8),
Di=Dig). O s (8) = =i (8), Fri(t) = —Frilt), £(8) = =&(1), as(t) =
for t € (T, Tp+1), p = 0,1,..., M, that is, the plant-model —a;(t), ¢i(t) = —¢i(t), Vi(t) = —di(t), Di(t) = —Di(t),
matching parameters; , k}, ., k%, &, af, ¢f, 07, Dy are giventhatky =k ki, =ki okl =k, & =
piecewise constants, since under different failure camt &(,). ai = aj,, ¢ = ¢y, U7 = Vi, Df = Dy, are
the system has different characteristics. constant fort € (T}, T,41). It should be noted thdt'(-) as a

function of¢ is not continuous becaugg , k.,
ci, 9%, Df, are piecewise constant parameters.
With the estimation errors in (62)-(63) and the adaptiveslaw
When the constant parameters, ky, &, ai, bi, ¢i, Ui, ad i (54)(71), the time derivative oF for ¢ € (T}, Typi1), p =
D; are unknown, it is required to use the adaptive failurg ; M. becomes
compensation controller (53) to ensure the stability of the =~~~ '

closed-loop system. V=—eT(t)Qqe(t) <0, (73)

kX, €, al

71

C. Adaptive Laws



Due to the finite number of failures in the systeW(T»() is
finite. From

V: 7€T(t)Qd€(t) < 0; te (TMv OO), (74)
the closed-loop system consisting of (62)-(63) and (64)-(7
is uniformly stable and its solutions is uniformly bounded.
Therefore, all the variablest), x1(t), x2(t), kzy, (t), kx, (t),
Epi(t), £(t), ai(t), &(t), 9:(t), Dy(t), andé(t) are bounded.
Then, with the structure of the failure compensation cdlero
(53), the boundedness &f(t) is ensured. Further, (74) implies
e(t) € Lo and solim;_,, e(t) = 0. \Y

In this section, the adaptive failure compensation metisod i
proposed for the constant case with unknown actuator &sjur
which can achieve the tracking errors convergent to zezq, i.
the distance and velocity of the train can track the desired
trajectories.

E. Simulation Study

In this section, a simulation study result is given to demon-
strate the effectiveness of the proposed failures comtiensa
scheme. Consider the plant the same as that of the health
case in Part E of Section lll.

Simulation conditions. The desired tracking performance
and reference model are taken the same as in Section lllhwhic
is shown in Fig. 1. In this section, only the constant paramet
case is considered. The coefficients are chosen as3.25 x
103 (KN), b; = 26.75 (KN s/m),¢; = 0.48 (KN s?/m?), 6; = 10
(degree),D; = 0.34, with M; = M = 400 ton, g = 9.8,

n = 16.

Due to the same type and control scheme applied for each
motor, if there are more than one motor failed, the effeetive
ness of the failed motors can be considered as the failune fro
one motor. Then, the left healthy motors provide the tractio
force. Here, one motor failure is taken into consideration,
which is expressed ad, fails for somea € {1,2, 3,4},

}éig. 4:

Fa(t)
2 x 105, for 400 <t < 600s;
=< 2x105(1 +sin(0.05t — 30)), for 600 < ¢ < 800s;
0, for 800 < ¢ < 2000s;

FB =g, 8#a,pe {1,2,3,4}.

The initial conditions are chosen ag(0) = z(0) = [0 0]7,
and the initial parameter estimates &@&% of their ideal
values. The gains of the adaptive laws in (64)-(71) are alhose
as?2.

Simulation results. Figs. 4-5 show the simulation results
of the traction system with actuator failures. Fig. 4 sholes t
distances (a) and velocities (b) including the plant disteaind
velocity (solid) and the desired distance and velocity liga3.
Fig. 5 shows the tracking errors including the distance (@) a i 5
velocity (b). From the simulation results, it can be seert tha
the proposed adaptive controller can achieve the cloge-loo
stability and asymptotic tracking properties of the trairere
in the presence of parameters changes.
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V. ADAPTIVE FAILURE COMPENSATIONDESIGN FOR Use the controller (77) and the system (75)-(76) under (78)-
MULTIPLE OPERATING CONDITIONS (80), to obtain

In the above section, we have proposed an adaptive failuirg(t) = z2(t), (81)
compensation scheme for the single operating conditien, i.;, (1) = —q 21 (t) — agows(t) + bar(t)
the parameters of the plant are constants. In this section, .
an adaptive failure compensation scheme will be developed +Zmikul~fzu (t)xs (t)z1 (t)

for the multiple (whole) operating conditions, in the case =1
where the parameters of the model are piecewise constants 1
with known jump time and the actuator failures are expressed Zm k km Zm Ky ks (8) xi ()7 (t)

as piecewise constants with unknown jump time (occurrence
time). The key task is to design a failure compensation
controller with its adaptive laws, which is suitable for ske Zm kuxa(t Zmzkﬁ a;(t)x:(t)

two kinds of piecewise models, simultaneously.
+ Z mik, & () xi(Ha3(t) + g Z mik, Ui (t)xi(t)
A. Faulty System Description i=1 i=1

With actuator failures modeled as in (18)-(21), the dynamic +0~004imikubi (®)xi(t). (82)
(9)-(10) becomes P
zl(t):@(t) (75) whereky,,(t) = ki, — Koy, (1), kas () = k; - kxm (1),
Fri(t) = kiy = kra(t), €() = é* £(t), ai(t) = aj — az(t)
Zszz )(kuro(t) + € (1)) ¢i(t) = ¢ fcz(t) 0i(t) = 97 — (1), D ( ) = Di = Di(t).

The equations in (78)- (80) are the plant model match-
ing conditions. Similar to the healthy and single operating
—Zaixi(t) - Zbixi(t)mz(ﬁ) — > exi(t)a3(t)  condition, the tracking errorsy(t) = 1 (t) — z41(t) and
J i i ea(t) = xo(t) —x42(t) under the nominal failure compensation
! controller v (t) = kj (t)x1(t) + kj, (t)xa(t) + ky(t)r(t) +
—92 Dixi(t) = 0.004 ) Dixi(t) (76)  gram(t) + a(t) + c* (1)a3(t) + g0* () + 0.004D*(t), satisfy
=1 (38) and (39), which implies that; (t) and ex(¢t) approach
where the piecewise constant parameters a;, b;, ¢;, ¥;, 2€r0 exponentially as— oco.
and D; are defined in (11)-(13)o(t) is the known function; ~ Let (T, T,41) be the time intervals fop = 0,1,..., M,
k, = n and ¢ = 0, before failures occur, and are unknowVith 7o = 0, on which the actuator failure pattern is fixed,
constants, after failures occur; is the applied control signal that is, the actuators only fail at timig,, p = 0,1,..., M.
to be designed with failure compensation to guarantee tN¥reover, M < n and T = oc. For the piecewise

system stability and asymptotic tracking properties. Nb@ constant model (75)-(76), I, }32, denote the known time
if an actuator of a train fails, its failure time and failuralwe instants at which (75)-(76) switches between modes. Itishou

are unknown. be noted that the actuator failure tim¥g is unknown, but
switching mode timely, is known. Then, for the matching
conditions, there are two possible cases depending on the
B. Failure Compensation Controller Structure actuator failure timel, and 7}, ;.
() Tq-r < Tp < Ty, Ty—1 < Tpy1 < T;: The actuator
failures occur before the system (75)-(76)switches mode.
Assume at the time interv@l,_, T, ), the system (75)-

We propose the adaptive failure compensation controller
structure as

Vo (t) _ kxl (t)l‘l (t) + kd?g (t):CQ (t) +k, (t)?”(t) + éT (t)w(t) (76) is under theth dynamics model. Then, at til’T%,.
SO0 - a2 (L S8 + 0 004D(t 77) p=0,1,....M, the unknown plant model matching
+a/( )+C( )mQ( )+g ( )+ . )a pal’ametersku , J(2 , 7“ é—* ;k C,ZK, 19:, D;k, Change

their values during the time intervald;,_,7;), such

wherer(t) is a reference input signaf{(t) is a time-varying that

parametersk,, (), ks, (t), k.(t), a(t), é(t), O(t), and D(t)

are time-varying parameters defined as (25)-(28), with(t), ki =K Ko = ki K = Ky, (83)
kay, (£), kri(t), £(8), as(t), &(t), 95(t), and D;(t) being the Lo e
=8y, a4 =aiy), &G =Cy), (84)

time- varying estimates of the nominal controller paramete .o . ;
kit €5 ar, cf, 9%, DY, i € I, satisfying Vi =95y Di = Dig), (85)

T14? J'27 z

(78) fort € (T,,Tp+1), p = 0,1,..., M. This means that
. the plant model matching parametegg Ky, kran &5,
ba=mikyky;, €= -k, a; =mik,a;, (79) al, c¢t, 9%, DF are piecewise constants, during the time

ci=miky,c;, V; =m;k, 07, D;=m;k,D;. (80) mterval( a—1,1y) (under theith dynamics model).

agr=—mik, ky ., aase = b; —mik,ky,



11

(i) T, < T, < Ty, Ty < Tpyq: The actuator failures  Similar to the above two cases and according to the match-
occur after the system (75)-(76) switches mode. Assurirgy conditions (78)-(80), the sign of the paramek€¢y can
at the time intervals(7,_1,7,) and (7,,7,+1), the be obtained to be positive. Sine¢t) = [e1(¢), e2(t)]” and
system (75)-(76) are under tlith and: + 1th dynamics signk};] is positive, the following parameter adaptive laws are
models, separately. Then, at tirig, ¢ = 0,1,...,00, applied to update the controller parameters in (77):
the unknown plant model matching parameters change

_ T _
their values during the time interval®,_1, 7},+1), such ko, (8) = —Yan,2()e” (t) PaBaxi(t), (95)
that k-’Em‘ (f’) = _,)/xmm(t)eT ("')PdBdXL (f')a (96)
k;u :k;u(p)’ k;m = ;21'(20)’ k:z = :i(p)’ (86) k;”A(ﬁ) ,y”r(f/)eT(f/)PdBdXL(f/), ®7
£ =80 ai =aip), € = ) (87) £ ==rem()e” (t)PaBa, (98)
0 =05y, Di = Dy, (88) @z‘(t) =—aie" (t)PsBaxi(t), (99)
and i) = =iz (t)e” () PaBaxi(b), (100)
. . . . 0i(t) = —9i9e” (t) PaBax(t), (101)
Koy = ka1 ) Kagipn = Kzis1(p) (89) D; (t) = —vpi0.004e” (t) PyBax(t), (102)

krivi =K € = &) (90) h d i
=a; . Gl =Crins 91) Wherevg ., Yaus Yris Ver Veir Yair Yoi» @Ndyp; are positive
Gt = itip) G T Citie) ( constants and’; > 0, satisfying A% P; + P;Aq = —Qq, for

Ui :19:+1(p)7 Diyy = Dz'*+1(p)v (92) someQ > 0.

that is, the plant-model matching parametefs, &, .,

kri & ai, ¢, U7, D} change their values according top. performance Analysis

the switching modes with known switching times. The performance of the adaptive controller is now analyzed

. o to obtain the following stability and tracking properties:
Re_mark_6. Fpr syst_em operapon n th's_ case, there are two Theorem 3: For the faulty system (75)-(76) with actuator
p055|_ble situations: (i) some different failures oceur emnd failures (18)-(21), the adaptive failure compensationtcolier
certain system mode and (ii) the system mode switches un ) updated the adaptive scheme (95)-(102), ensures the

a certain fa"l.”e patten. The situation.(i) s e.quivalentthe closed-loop signals boundedness and the state trackiray err
single operating condition addressed in Section IV. Whgn e(t) satisfyinglim;_, .. e(t) = 0
—00 — U.

and ¢ change, for the certaiith dynamic system model, the Proof: Th | fth
parameters of the faulty system defined in (75) and (76) algo roof: The values of the parameters,, aq> andb, ensure

. N e stability of (23), i.e.z4(t) € Loo.
change, and so do the matching parametgys k;,,, k7, £, For the tracking error dynamic equation (93)-(94), it sldoul

f" 'tﬁ“ Vi Di\,;lr;”:e ttrﬁatme?tr;orrrtlhz S'tt:latt'or? (i) |séc'jsr|mllar e noted that there are two kinds of the unknown switching
0 e case where e syste ode switches, addresseg ithmeters: one piecewise constant with the known swigchin
Section lll, with a fixed actuator failure uncertainty. Thenti

" b that th ; ¢ tail d i mes representing by;(¢), and the other from the actuator
! hcan eb seen tarlf N paraTe _er_od al udp ¢ ofetsh NOL tailures with unknown parameters § whose switching rep-
;a?;]g;e;gau;e b 'i pgragﬁn%eDr ISTIr?e Sv%ir;eesr;s?em (e75$)y Sllggénting the failure changes is determined by failureepatt

o T T T T v . . _changes. A desirable Lyapunov function should be chosen to
(76) switches between these two modes, in which the syst ges S! yapunov function shou >

R e et the characteristics of these two piecewise models. For
mode switching time is known, and the parameter swﬂchmgi P

) er the healthy system case or the single operating ttondi
causeq by system mode change_s are dealt via the plant-m% failures, only one of these characteristics is taketo in
matching and controller adaptation.

account, and now for both cases, two kinds of charactesistic
are taken into account.
C. Adaptive Laws We choose the following candidate Lyapunov function:

Using the controller (77) and the system (75)-(76) and from Lo
the matching conditioh; = m;k,k;, we have the tracking V=e"Pje+ Z =
error equations i=1 T

—17.2 —1~2 —1~2 —132 —-1712
ér(t) =eal(t), (93) Vi ki + Vai @7 + Ve G+ 9 U7 VD Di) , (103)

l
N T
e €Y o (iR, iR,
=1

*
T

where the term (containing) about the failures is different
from the term (last term, containing,,,, ku,,, ki, a:, ¢, U;,
Loy and D;,) about the model parameters, because the switches of
+ A (,;m Oyt (t) + ks ()xi(t)za(t the faill_Jres are achieved viq the matching condition irdspa‘a

Z kr, o\ B (8) u (Oxilt)za(t) the indicator functions;(¢) in (7). Also, V(-) as a function

i—=1 T
s (O ()7 (1) + @ () (1) + & (£)xs (1) 22 of t is not continuous, becaugg, ., k;,., . i

~( Pa)r(t) +a (N)X () + &tz D}, are piecewise constant parameters. With the estimation
+g0;(t)xi(t) +O-004Di(ﬁ)Xi(t))v (94)  errors in (93)-(94) and the adaptive laws in (95)-(102), the

l
éa(t) = —aner(t) — amea(®) + Y b= (O (0)

kX, €%, ar, et 9,

7
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time derivative ofV for ¢t € (T),,Tpt+1), p = 0,1,..., M, coefficients arer; = 3.25 x 103, by = 26.75, ¢3 = 0.48,

becomes 03 = 10, and D3 = 0.34.
) - (iv) After 1400 s, the train moves in the open air and
Vi=—e (t)Qae(t) < 0. (104) horizontal track to slow down until fully stop. For

1400 < ¢ < 2000 s, the coefficients are chosen as

Since there are only a finite number of failures in the system, 3
ay = 3.25 x 10°, by = 26.75, ¢4 = 0.48, 04 = 0,

V(Tr) is finite, and, from

and Dy = 0.
V=—el(t)Qque(t) <0, te (Th,o0), (105) These 4 modes are used to construct the controller system, in
- hich the parameters are unknown for the adaptive controlle
the closed-loop system consisting of (81)-(82), (93)-(24dl \(;veéign P S . W pav

(95)-(102) is uniformly stable and its solutions is unifdym idering the fail . he falil f
ultimatgly bounded. Thgt i5(1), 21(1), 7 (1), wn. (1), K (1) Considering the failure modes, i.e., the failure occuretee

. " A . or after the system mode switching, the following failures a
%}Z (£), g(lt?] t‘;:(t)’tci (?' Vi (?t'hDif(t')l’ ande(t) are all_bour:j?aerd. chosen, with whose modes and patterns are the same as that of
en, wi € structure ot the tarlure compensation ¢ 0 the signal-model case but the occurrence times are differen

(77), the boundedness of(t) is ensured. Further, equation.l.he failure is expressed ag,, fails for somea € {1,2, 3,4},

(105) impliese(t) € Lo and solim;_,« e(t) = 0. \%
Fu(t)
Recall that for the case considered in this section, there ( o, 15 for 600 <t < 1000s,
are two kinds of parameter variations (see Remark 6), }J o 105,(1+sin(0.05t—30)) for 1000 < ¢ < 1200s;
caused by either actuator failure changes or system mode| 7 for 1200 <t < 2000s;

changes. Our adaptive failure compensation controlley &7
so parametrized that both parameter variations can be hép-= vg, 8 # o, 8 € {1,2,3,4}.

dled, resulting in a complete system parametrization (94) a The initial conditions are chosen ag(0) = z(0) = [0 0]%,
enabling the design of the stable adaptive laws (95)-(1D2). and the values of the initial parameter estimates%ig of
handle unknown and switching parameters, those (frommsystéheir ideal values. The gains of the adaptive laws in (982]1
modes) with know switching time instants are parametrired &re chosen as.
the controller structure and those (from actuator failuveih

unknown switching time instants are both parametrized én th ,x10°
controller and dealt with via the use of a piecewise Lyapunov
function V.

We should also note that, compared with the existing results
about the failure compensation for high-speed trains @, [
our proposed adaptive method does not require the knowr
bounds of the failures, whose knowledge may not be obtainec
for some failures. Moreover, the proposed failure compensa
tion scheme can guarantee the tracking errors (distance an
velocity tracking errors) convergent to zero with the unkno — actual distances |
actuator failures and is effective for the more generalfas - - ~desired distances

which can be expressed as the form (15). 500 1000 1500 2000
t (sec)

w H (S [<2)
T T T T

distance (m)

N
T

[y
T

o

o

. . (@) z1 and x4
E. Simulation Study

In this section, simulation study on the plant the same as 0

that of the healthy plant will be presented. 60r
Simulation conditions. Similar to Part E in Section Ill, 4 sol
modes will be considered. Considering the failure modess, th
switching times between modes are different from that of the
healthy case in Section Ill. The system parametgrd;, c;,
¥;, and D; are defined as equations (11)-(13), andb;, c¢;,
9; are expressed in kN, kN s/m, kN/m? and degree.
(i) For ¢t < 400 s, the train bakes up. In this case, the
coefficients are chosen as = 3.25 x 103, b; = 26.75,
c1 =048, 60, =0, andD; = 0. 1% 500 1000 1500 2000
(i) During 400 < t < 800 s, the train enters the tunnel. t(sec)
Then the coefficients are chosen @s = 3.25 x 102, (b) 2 and 4o
bo = 26.75, co = 0.78, 62 = 0, and Dy = 0. . . . . . . .
(iii) At 800 s, the train leaves the tunnel and travels in the 19 6: Distances and velocity trajectories for the piecewi
slope and curvature track. F800 < t < 1400 s, the constant model with actuator failures.

—actual velocity
- - -desired velocity [

40

301

velocity (m/s)

201

10
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Simulation results. Figs. 6-7 show the simulation resultsfailures. Simulation results demonstrate the effectigsnef
of the traction system with actuator failures. Fig. 6 sholes t the obtained theoretical results.

distances (a) and velocities (b) including the plant disteand
velocity (solid) and the desired distance and velocity liea3.
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Fig. 7: The tracking errors for the piecewise constant model
with actuator failures [13]
[14]

VI. CONCLUSIONS

In this paper, the adaptive failure compensation problem is
addressed for high-speed trains with the longitudinal dyioa [15]
and traction system actuator failures, which are unceiitain
time instants, values, and patterns. A new piecewise consta

; S 6]
model with unknown parameters is introduced to represerlujt
the longitudinal dynamics with variable parameters. Anpada
tive failure compensation scheme, together with the adapti a7
controller for healthy system, are developed to deal with th
unknown parameters in the plant and traction system actuato
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