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Adaptive Fault-Tolerant Sliding-Mode Control for
High-Speed Trains with Actuator Faults and
Uncertainties

Zehui Mao, Xing-Gang Yan, Bin Jiangenior Member, IEEEMou Chen,Member, IEEE

Abstract—In this paper, a novel adaptive fault-tolerant sliding-
mode control scheme is proposed for high-speed trains, wheithe
longitudinal dynamical model is focused, and the disturbaces
and actuator faults are considered. Considering the distunances
in traction force generated by the traction system, a dynant
model with actuator uncertainties modelled as input distrbution
matrix uncertainty is established. Then, a new sliding-moé
controller with design conditions is proposed for the healhy train
system, which can drive the tracking error dynamical system
to a pre-designed sliding surface in finite time and maintain
the sliding motion on it thereafter. In order to deal with the
actuator uncertainties and unknown faults simultaneously the
adaptive technique is combined with the fault-tolerant slding-
mode control design together to guarantee that the asymptatal
convergence of the tracking errors is achieved. Furthermoe, the
proposed adaptive fault-tolerant sliding-mode control sheme is
extended to the cases of the actuator uncertainties with urfown
bounds and the unparameterized actuator faults. Finally, ase
studies on a real train dynamic model are presented to explai
the developed fault-tolerant control scheme. Simulation esults
show the effectiveness and feasibility of the proposed meth.

Index Terms—Actuator faults, fault-tolerant sliding-mode con-
trol, adaptive control, actuator uncertainty, high-speedtrain.

such as modelling uncertainties from the electric equipsen
and mechanical installations, and disturbances from #ektr
irregularities, tunnels and slopes. It should be noted tihat
external disturbances can be modelled as an additionahlsign
for the system model, while the internal uncertainties &hou
be modelled as state or input/actuator uncertainties in the
system differential dynamical equation.

It is well known that the input saturation, deadzone and
hysteresis are popular problems for actuator uncertaingiee
[10]- [11], for which the input signals are limited and bowad
It should be noted that the internal uncertainties cannot be
considered as the external uncertainties in system modelli
since the boundedness of the system states should be ensured
by the controller design, which are always used in the design
controller and cannot be assumed to be boundegdriori.
Actually, the complex coupling between the input distribnt
uncertainties and the control signal makes the controlgdesi
full of challenges. Among the existing results for the cohiér
or fault-tolerant controller design of high-speed traitise
external disturbances, which are modelled as an additional
signal for the system model, are widely investigated [12]-

[15]. However, the internal uncertainties, which are mbsdel

he i . . ¢ th liabil nas state or input/actuator distribution matrix uncertamin
Due to the increasing requirements of the reliability anfye gysiem differential dynamical equation, are rarelyetak

safety of the modem control systems, fault detection ang, considerations. Thus, the fault-tolerant control figh-

fault-tolerant control design have attracted more and MOLfaqy train with actuator uncertainties is of both thecati
researchers and engineers (see [1]- [5]). High-speedstvaih challenge and practical importance.

their high loading capacities, fast and on schedule, haea be For the faulty system, the fault-tolerant control is an es-

one of the most important transportation means. Similar {1 - q effective technique to guarantee system iabil
the other large-scale and complex control systems, faldts a

I. INTRODUCTION

exist in high-speed trains, which motivates the studieshef t

fault detection and fault-tolerant control design for higteed
trains (see [6]- [9]).

Uncertainty, including modelling uncertainty and distur
bance, widely exists in real physical systems, and thusasis

sential to consider various uncertainties in control desigult

detection and fault-tolerant control design. For highespe
trains, there exist some internal and external uncer&snti
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and/or some performances (such as asymptotic tracking), in
the presence of faults. Due to the unknown fault, adaptive
techniques are always used to deal with this case to achieve
the desired tracking performance (see [16]- [20]). As the
position/speed tracking is the main task for trains to goi@e
the on-time schedule, the adaptive technique is pertinent t
high-speed trains with unknown faults. Moreover, the rssul
about the adaptive fault-tolerant sliding-mode contrel ieare,
although there are some works for the aircrafts [21], [22].
This paper is focused on the fault-tolerant control problem
for the longitudinal dynamical model of high-speed trains
with traction system actuator faults and uncertaintieshBloe
traction system actuator uncertainties and externaliiahces
are considered, which are modelled as the input distributio
matrix uncertainties and additional disturbances in thghhi
speed train. For the healthy and different faulty casesadag-
tive fault-tolerant sliding-mode control schemes are psgul



with the controller structure, design conditions, and diglap (1). In China, a plenty of bridges are built to make the rajlwa
laws being derived. The main contributions of this paper astraight. On the other hand, the suspension system model is
summarized as follows: always used to describe the lateral and roll dynamics, which
() Considering the traction system actuator uncertasnti€an be decoupled from the longitudinal dynamic model (1).
and external disturbances, a model with input distriodFhus, the considering that train moves in a one-dimensional
tion matrix uncertainty and additional disturbances igpace and modelled as a rigid body, is reasonable. O

m_troduced to _descnbe the dynamic properties of the Actuator uncertainty . According to [6], the mass of a train
- high-speed trains. can be considered as varying with respect to the stations and

(i) A set of conditions and the controlier structure Age ps constants between two consecutive stations. Theyefo
develop(_aq for the healthy case such _that the desgq? reasonable to express the mass of train in the dynarhjcs (
novel shdmg-mode controller can .drlve thel trackin SM(t) = M+ A (1), wherelT is a constant determined by
error Qyngmmal system fo a pre-des.|g_ned slld!ng Surf‘f"ﬁ‘?e loadings of trainA, (t) is also a constant during the two
in finite time and_ maintains the Sl'd'ng motion on Ty4iions and only changed at the stopping stations. Accgrdi
there_after, even n the presence of input distributiog, ye mayimum loading of a traimd\ s (¢) is bounded and its

matn)_( uncertainty. bound can be estimated in reality.

(i) qu d|fferent cases (the bound of .the actuator UNCEI" The traction system generates the traction force, which is
tainty is unknown; the actuator fault is unparameterlzedeonsidered as the actuators in high-speed trains, andstonsi
the fault-tolerant sliding-mode gont_rollers With_ adaptivtraction motors, inverters, PWMs (pulse width ,modulat)ons
Iaw; are developed for the Ior_lg|tud|na| dynamical mOdWectifiers, and related mechanical drives, etc. The uniogiga
of high-speed trains, respectively. widely exist in these equipments. In this paper, considerin

The rest of this paper is organized as follows: In Section e actuator uncertainties, a dynamics model is introduced
the longitudinal dynamical model of high-speed trains WIIBXpreSS the taction forcg(t) as follows:
actuator uncertainties is presented, and the actuatot- faul
tolerant control problem is formulated. In Section Ill, @lBig- Fi(t)=(14 Ap(t)F(t) + AF(t), (2)
mode controller with the design condition is developed for : . .
the healthy system with actuator uncertainties and eﬂterr\{\éhere As(t) and AF(t) are time-varying functions to rep-

. . . resent the uncertainties in the traction systéfit) is the
disturbances, to achieve the displacement and speedrtgackllorce that the motors provide. The traction force model (2)

In Section IV, a new fault-tolerant sliding-mode controleith contains both additive and multiplicative uncertaintiefjch
adaptive laws is proposed for the faulty system with the kmow P ’

bound of fault. In Section V and VI, the proposed fault-taler ﬁ/lrgr;;f’:r t?h:;é)rte;j ttzremgo(S:) o;ntglzgﬁga;?er Egiigz'dm'es'
sliding-mode controller is extended to the cases of theadotu ' !

o . . vyith their bounds obtained from the maximum traction force
uncertainties with unknown bound and unparameterized,fau o .

. . : . and mechanical installation.
respectively. In Section VII, simulations for four casesdlth
and faulty cases) are presented, and the effectivenessof thRemark 2: For high-speed trains, both the input saturation
fault-tolerant control scheme is verified. Finally, SentMlll and deadzone exist in the actuators. Because the breaking

concludes the paper. system is working when the traction system starts, the input
deadzone can be avoided, as traction force is applied to the

Il. PROBLEM FORMULATION train when the motors in the traction system work normally.

For high-speed trains, the general dynamical model bforeover, the allowed maximin speed decides the maximin
longitudinal motion can be described as [6], [23], [24] traction forces and the redundances of the traction system.

. ) Then, the high-speed train cannot be operated under the
M{(8)#(t) = Fi(t) — M(t)(a + bo(t) + cv™(t)) +d(t), (1) input saturation. Thus, the presented traction force m¢@jel
where z(t) is the displacement of the train\/(¢) is the can mainly display the uncertainties in the high-speechtrai
mass of the trainF;(t) is the traction force generated by thexctuator. =
tracti_on system, the payameter;b and ¢ are resistive force Dynamic model of high-speed trains Let z; =
cpefﬂments of the Davis equatlp_ld(t) modgls the_ _external @y = @, m = L/M, Am(t) = (1 + Ag(t)/M(t) — 1/M
disturbances from weather conditions or rail conditioasr(p, andd(t) = (d(t) + AF(t))/M(t). Due to the known bounds
tunnel, curvature, etc.). of A(t), AF(t) and M(t), the bounds ofAm(t) and d(t)
Remark 1: It should be noted that the slope and curvatugan be calculated easily. The longitudinal motion dynamics
rails can induce additional resistances. In order to aehie{) with (2) can be expressed as
a high speed for a high-speed train, the railway should be
smooth, and the slope angle and the degree of curvatufd () =72(t), B (3)
should be as small as possible. According to [29], under théz2(t) = (m + Am(t))F(t) — a — bea(t) — cai(t) + d(t),(4)
speed 300km/h, the minimum curve radius is 4500m, amwerem, a, b and ¢ are known system parametersyn (i)
the maximum slop is 12%.. In connection with this, the traigndd(t) satisfy the following conditions:
moves in a one-dimensional space, with slope and curvature
resistances considered as disturbances, which are moaeled 0<Am(t)<my <m, |d(t)] < dp, (5)



with m; andd, > 0 being known constants. For actuator fault-tolerant control design of high-speed

Actuator faults. The general faults for traction system arérams,ﬂ:hefasﬁsumptlon tfortfaul%[s.:s g':j/etp] a?: (lf‘l) thereges n
motor faults, IGBT faults in rectifier and inverter, mechaadi more tham: (n < n) actuators fail, an € Taull parameter

faults, and so on. In modelling, most of these faults cdR bounded and satisfigg||> < o, whered, > 0 is a known

be equivalent to the effectiveness loss of the motor, and %nithant. ltt |nt1plles thatt_”fonh—_ & Sthaydé " éhe r(;:trc:z;m_ng
traction force can be considered as the sum of the motorgorc ealthy actuators can still achieve the desired contraaiive.

The parametric fault model for one motor can be expressed a®bjective. The objective of this paper is to develop an

(see, e.g. [9] and [20]) adaptive fault-tolerant sliding-mode control scheme foe t
L high-speed trains described by (3) and (4), to guarantee the
Fi(t)=Fi(t) = fio + Zfipsip(ﬁ), t >t (6) stability and asymptotic tracking properties, in the pressf
=1 the actuator uncertainttm(t) and actuator faults modeled in
(7)-(9).

for some: € {1,2,...,n}, wheren is the number of motors.
Here,t; is the fault occurring time instant,is the fault index,
fio and f;, are constants, which are all unknown. The basid!l- SLIDING-MODE CONTROLLER DESIGN FOR HEALTHY
signalss;,(t) are known, and; are the number of the basis CASE

signals of theith actuator fault. In this section, a controller is to be designed to make

This fault model (6) covers several practical fault cordii  the close-loop system (3)-(4) stable and achieve the imgcki
of the high-speed train actuators, which is shown as followperformance. For high-speed trains, the Curve-To-Go iaydw

1) Totaly fault. The motor stopping fault is a total faultachieved through speed tracking. Let the desired speegtiraj
Then, Eq. (6) can be written d§(t) = F;(t) = fio = 0, with  tory be z4(t), and the desired displacement trajectgpyt).
fip=0,forp=1,...,1. Then,yq(t) = za(t).

2) Constant fault. The mechanical drives locked fault can Sliding-surf desian Denote the tracki =
lead the constant torque, which is a constant actuator. fault iding-surface design Denote the tracking erroes (t) =
Then, Eq. (6) can be written aB;(t) = Fi(t) = fio = z1(t) — ya(t) and ea(t) = z2(t) — zq(t). From (3)'_(4)’ the
non-zero constant, witlf;, = 0, for p =, ... L. tracking error dynamic equation can be written as:

3) I;’efrio;jic(ffault. The I)GBT (:nsglathed GatedBip;)Ialr Trar;]— é1(t) =ea(t), (10)
sistor) fault (from PWM) can lead the periodic fault wit . _ 2
approximately known frequency, which could be a sine func- é2(t) = (m + Am(¢)) F(t) —a —baz(t) — caz(t)

tion. Then, Eq. (6) can be written aBj(t) = Fi(t) = +d(t) = Za(t). (11)
fisin(wt) for some knownw, with fix = 0, fi = For error dynamical system (10)-(11), design a sliding
non-zero unknown constant arfg, = 0, for p = 2,...,1;. function:

In some cases, a completely parameterized fault model
may be an ideal model for some time-varying actuator faults, d(e1,e2) =ker(t) + ea(t), (12)

as the knowledge of the basis functiolis(t) may not be
available for some applications. In such cases, approiomst
of the basis functionsf;,(t) can be employed to achieve
approximate compensation of actuator faults. Some commonl ea(t) = —key (). (13)
used approximation methods, such as Taylor series andlneura . )
networks, are employed to approximate the unknown actuatof oM the structure of system (10)-(11), it is straight foriva
faults. The approximation for the actuator fault, usualiyi w © S€€ that system (10) dominates the sliding motion of the
result in a bounded approximation error, the whose mageitulyStem (10)-(11) with respect to the sliding surface (18ni-
can be very small by proper choices of the basis functiofis?) and (13), the corresponding sliding mode dynamics can
used in approximation. be described by

Consider that there are motors. From (6), the input of é1(t) = —kei(t), (14)
system (3)-(4) can be rewritten as

F(t)=o,v(t) +97¢(1),

wherek > 0 is a design parameter. The sliding surface =
0 can be described by

which implies

0=[0T 97, .. . 977, ei(t)=e"e1(0), e1(0) = x(0) —ya(0).  (15)
9i=fio, fir,-.., fu,]T € RV i=1,...,n, (8) Due tok > 0, it is clear to see thalim;_,.. e1(t) = 0.
CH)=[1,511(),. .., 80, (t),...,1, The analysis above shows that the sliding motion of the error

T dynamical system (10)-(11) associated with the slidindeser
sit(t), oo su () Lsna(®), - s, (B 9) (13) is asymptotically stable. Therefore, after slidingtioo
where v(t) is the control input,o, is the number of the occurs, it haslim;_,.(x1(t) — ya(t)) = 0, which implies
remaining healthy actuators, and((t) are the actuator fault thatz;(¢) tracks the desired signal;(¢) asymptotically. The
pattern parameters describing the types of faults. Theovecbbjective now is to design a sliding-mode controller sucdt th
¥ could change with the fault evolution, but is fixed in a tim¢he error system (10)-(11) can be driven to the sliding serfa
interval. (13) in finite time and maintains the sliding motion thereaft



Sliding-mode controller design For train dynamic system  Substituting (25) into (21), yields

(3)-(4), consider the controller 5(1)4(t) < —n|8(t)|. (26)
F(t):leo(t) — idb - @sgn<k(x1(t) —ya4(t)) Therefore, the reachability condition holds and hence the
m m m result follows. v

The proposed sliding-mode controller (16) witly defined
in (17), can drive the error dynamics (10)-(11) to the skigin
surface (13) in finite time. Since the sliding motion has
been asymptotically stable as analysed earlier, it follthves
Fo(t) =k(x2(t) — z4(t)) — a — baa(t) lim;, o0 €1(t) = 0 andlim;_,~ e2(t) = 0. Thus, the proposed
(17) controller (16) can guarantee the tracking errors of hetediin

—CI%(ﬁ) - xd(f’)a )
r(t) is a nonnegative time varying gain to be designed Iatésl),/Stem (3)-(4) converge to zero asymptotically.
Remark 3: In Theorem 1, the right hand side of the

andd, satisfies (5). ] - . .
Then, the following result is ready to be presented. inequality (18) is a function dependent on the system state

Theorem 1: The sliding-mode control in (16) drives thez2(t) and desired signaty(t). It is not reasonable to assume
error dynamical system (10)-(11) to the sliding surface)(13:2(¢) is boundeda priori. Thus, ther(t) is designed to be
in finite time and maintains a sliding motion on it thereaftef positive function dependent on the system statg¢) and

+xo(t) — xq (t)> , (16)

where

if m, < m and the control gain-(¢) in (16) satisfies

02 (04 R0+ ) ),

—m—my

(18)

for n > 0.

desired trajectory:,(t) and 4(t). For different faulty cases
discussed in the following sections, the controller par@me
r(t) is also a function dependent on the system states, desired
trajectory, basic function of fault, etc. O

Remark 4. The sliding-mode control has been used ex-

Proof: From (12) and (10)-(11), the dynamic equation of(ensively to deal with fault-tolerant control (see, e.gl]f2

sliding surface can be given by

d(t)=keér(t) + éa(t)
=k(x2(t) — za(t)) + (m + Am(t))F(t)

—a — bro(t) — caa(t) +d(t) — 2q4(t).

Substituting (16) into equation (19) yields
r(t)

m

(19)

§(t) = Am(t) <%Fo(t) - %db -

—dy, + d(t) — r(t)sgr(a(1)),

whered(t) is the sliding function defined in (12).
From (20) andj(t)sgn(é(t)) = |4(t)|, it follows that

5(1)d(t)
5(t)Am< - %Fo(t) - %db -
—r(t)|8(t)] — 8(t)(dy — d(t)).
From (5), (21) and-(¢) > 0,
3(£)d(t)
r(t)

< |6(t)|mb(%|F0(ﬁ)| + %db + W) —r()[6(t)]

sgria(0)
(20)

r(t)

m

sgrw(t)))
(21)

- _( - %(|Fo(t)| +dy+7(t) + r(t)) 6@@)l. (22)

From (18), it has

m—m m
Sr(t) 20+ ([Fo(t)] + ). (23)
The inequality (23) can be rewritten as
my mp
(t) — —r(t) — —(|Fo(t dy) > 24
r(t) = ——r(t) = = (1Fo(t)] + dv) 2, (24)
which implies that
m
r(t) = —2(r(t) + [Fo(t)| + ds) 2. (25)

[22], [25]- [27]). However, the uncertainty existing in the
input distribution matrix are rarely considered in the &ri3
work, and specifically, the associate result for high-spesd

has not been available. It should be emphasized that such a
class of uncertainties is interacted with control signal #rs

the traditional design method cannot be applied. This paper
provides the contribution for high-speed train in this mega
for the first time. O

IV. FAULT-TOLERANT SLIDING-MODE CONTROLLER
DESIGN

In this section, a fault-tolerant controller will be desagh
for the train dynamic model (3)-(4) with the actuator fault
described by (7). For the actuator fault model (7), the fault
parameter) could be changed, and be a constant during a
certain time instant. According to Assumption (Al) that the
remaining healthy actuators can achieve the control perfor
mance, the fault parametércan be assumed to be bounded.

Faulty system From (3)-(4) and (7), the dynamics of the
faulty system can be rewritten as:
.fl (t) =2 (t),
io(t) = (m + Am(t)) (o, v(t) + 97 C(t)) — a — bxo(t)
—cx3(t) + d(t), —caa(t) + d(t), (28)
wherev(t) is system inputg, is the number of the remaining
health actuators and satisfies- n < o, < n, ¥ and((t) are
defined in (8) and (9), andd||> < ¥ with ¥y being a known
constant.

With the tracking errorg; (t) = x1(t) — ya(t) andes(t) =
x2(t) — z4(t), The error dynamic equation can be written as:
él(l‘,) — €2 (f,), (29)
éa(t) = (m 4+ Am(t)) (o, v(t) + 97 ¢(t) — a — bry(t)

—ca3(t) +d(t) — @a(t).

(27)

(30)



The objective now is to design a fault-tolerant sliding-
mode controller for the error system (29)-(30), such that th
close-loop signal is bounded and the tracking errors gatisf
lim; o €1(t) = 0 andlim;_,~ e2(t) = 0, in the presence of
the unknown actuator fauit and actuator uncertaintm(¢).

Fault-tolerant sliding-mode controller design The mod-
ified control law is proposed to be

(t) = —ﬂT( 0e) - <>{
() +al0) ~2a(0)) b3D)

whered,, (¢ ) andp, (t) are the estimates af; = % andp? =
L, respectively[y () is defined in (17)r(t) is a nonnegative
time varying gain, andn andd, are given in (5).

For arbitrary initial estimate’,, (0) and the initial estimate
pv(0) € [L,-L], the adaptive terms,,(¢) and p,(t) are
updated by the following adaptive laws:

Fo(t) + db

sgn k(x

Dy (1) =TyC(D)8(1), (32)
A =T, (%Fo() Ly Wegra ))) 5()
+9u(t), (33)

where the adaptive law gaidyy = I'} > 0, I', is a positive
constant, and, (¢) is given as

whered, (t) = 0%
For system (27)-(28) with adaptive laws in (32)-(33), cl®os
a Lyapunov function candidate as

Let (75, T+
intervals, and the actuators only fail at tiffg. Then, the
actuator fault pattern is fixed during these time intervatsich
means that) is a constant fot € (7}, 7}1), and discontinues
fort € [0,00). Fort € (T}, Tj+
derivative ofV:

=6(t)0(t) + mo,
=0(t)Am

= ma, 0 (0C(0) + Am(t) (~o, 0 (1)C(0) +07¢(1))

—l—mauﬁu(t)(;F()—f' —dy + r(t) ——=sgr(o(t )))
—Am(t)o,py(t) (EFO(H —dp + ()sgr(é( )))
—dy, + d(t) — r(t)sgn(s(t)), (37)

- 1§.u(ﬁ)v andp, = p;, — pu(t).

mo,

p Puv

N, with T, = 0, be time

i12
V=28 +

1), =0,1,...,

(38)

1),7=1,...,N, take the time

-
;07 ()0, (t )+ mo, T, b, (t)pu (t)
(t) (=97 t)c(t) +97C >)

r(t)

~80Am(0,,0) (1 Falt) + s+ Dsarta(n) )

0, it p()e(d L) or —r(O15(0)] — 5(0)(dy — A1) + ma, T, 5 (Dgu (1), (39)
if p,(t)=21 > . N
() = '; ffv(? =y 9®) - 0< gr (34) Wheremo,T'515, (t)g, () < 0, due to(p% — pu(£))gu(t) <0
it pu(t) =525, 9(t) <0, with g, (¢) defined in (34).
—g(t), otherwise Consider thats,, the number of the remaining healthy

with g(t) =T, @Fo(t) + Ly + "Lsgr(a(1))) a(t).
Then, the following result is ready to be presented.

ing the sliding-mode control in (31) and the adaptive laws
given in (32)-(33) to the faulty system (27)-(28),
bounded and its tracking errors satistym; ... e1(t) = 0
and limy_,, e2(t) = 0, if my, < m, the number of the failed
actuatorsn in Assumption (Al) and the control gairit) in
(31) satisfies

a< Mm =) , (35)

my AT
1) > (1 22 [l 1)

m — mpn|p,(t

Fmdol CW)l]2 + 15 (1)) (Eo(t)] + db>)), (36)

for n > 0.

Proof: Consider the sliding function (12). From (29)-(30),
by direct calculation, it follows that the time derivative &(t)
is given by

()= (m + Am(t)) (=, ] (£)C(t) + 97 ¢(t))
—mauﬁu(t)(;F()—i—;d - r(®) —-sgni( )))

—Am(t)o,pu(t) (EFO(H —dy + r(t) ——=sgr(o(t )))

+Fy(t) +d(t)

actuators, satisfies, h
[|9]]2 < o, it follows from (39) and|d(t)| < dp, in (5) that

Theorem 2: The closed-loop system formed by apply- V<

is state

< n. With the bounded condition

< Iems (I3 OGO + Gl (Ol

+npu(t)] (%IF()(t)I + %db + %) ) —r(t)[6(t)]
— (= 22 (el 0]+ maal (Ol

Falp O] +do-+r0) ) +0) ) 500 (40)

According to Assumption (Al)p — n < 0, < n implies
1
Egpl’g n— n'le _<Pu()_
lead to —
m — mynlp,
Usingm — mpnl|p,(t)| > 0 and (36), it has
|

, which means

7 < oo, so thaty: < pu(t) g o
(®)] > 0.

m — myn|py(t)
m

Lol [C(®)]]2 + nlpy (8)||Fol)] +n|/3u(t)|db), (41)

(02 0+ 2 (el 0(0)

which implies that

r(0) - 2L ) 2 (g 0c0)

m

+miol[C(#)]|2 + nlpn ()| Fo(t)] + nlﬁu(t)ldb> =1.(42)



Due to the discontinuous parametgrV () is not contin-

error dynamics (29)-(30) to be driven to the sliding surface

uous with respect to time. With (40) and (42), the time (12), in finite time; while the controller (16) for the heajth

N, becomes
(43)

derivative of V for t € (T;,7}+1), 7 =0,1,...,
V< —n|é(t)].

system (3)-(4) can drive the error dynamics (10)-(11) to the
sliding surface (12) in finite time. The reason is that for
the fault-tolerant controller (31), the adaptive law (33%)

Since the number of faults occurring in the system is finité¢§ required to deal with the unknown fault parameter

it has
V <—nls(t)| <0, € (Ty,00). (44)

Therefore, all the variableX(t), 7, = 9}, —1,,(t) and, =
ps — pu(t), are bounded, and so atk (¢t) and p,(t). From
(44), we have a finite energy sliding functioft):

AmWMﬁ

< E(V(5(0), 9,(0), 5,(0)) = V(8(00), 9, (50), s (0)))
<00, (45)
which impliesé(t) € Ly.
Furthermore, from (12) and (29), it follows that
é1(t)=—key(t) + 0(¢),
ie., ei(t)= [0](t), k> 0. (46)

s+k

Becausek > 0 andd(¢) is boundede;(t) and é;(t) are
bounded, and so are;(t) and z2(t). According to [28],

d(t) € Ly results iney(t) € Ly. Then, with the structure

of the fault-tolerant controller (31), the boundedness @
is ensured. Based on Barbalat Lemma, ithas_, ., §(t) = 0
andlim;_,« e1(¢) = 0. Then,lim;_, » e2(t) = 0. \Y

]

£y ()

parameters

desired distance,
a,b,c,m,m,

speed Y, X,

distance x,
>

Train

A 4

speed X,

v(t) | Fault-tolerant

Controller

0,(1)
AG)

Adaptive
law

<

Fig. 1: The adaptive fault-tolerant sliding-mode controller

The inputs of the controller are the desired and actual

distance and speed, and the parameigrs, ¢, m, my, dp,

the signal((t) are also needed to construct the adaptive laws.
Then, the output of the controller is the traction force aign

Although the fault-tolerant controller (31) cannot drivieet
error dynamics (29)-(30) to the sliding surface (12) in énit
time, but the tracking errors can be guaranteed to converge
to zero, whent goes to infinity, while the tracking error
e1(t) exponentially converge to zero in the healthy case. The
proposed fault-tolerant controller (31) can handle theatcr
uncertaintyAm(t) and faultd simultaneously, to guarantee the
closed-loop states boundedness and tracking performances

Remark 5: There are many results about the fault-tolerant
sliding-mode control design (see for example [21]- [22h]f2
[27]). However, the considered faults are always assumed to
have known bounds or more information of faults, except the
contributions mentioned in Remark 4. We would like to point
out that the works of the adaptive technique combined with
the sliding-mode control are rarely founded, especially fo
the high-speed trains. Due to the unknown system faults, we
introduce the adaptive laws to estimate the faults, whike th
sliding-mode technique is used to deal with the input distri
bution matrix uncertainty and achieve the trajectory tinagk
Moreover, when the bounds of the actuator uncertainties are
unknown, a new adaptive law is employed to estimate the
bounds, which will be shown in the next section. O

V. CONTROLLER DESIGN FOR THE UNKNOWN BOUNDm,
CASE

For the healthy and faulty cases in the above sections,
the boundm, on the input distributiomAm(t) is known. In
this section, the case that the boumg is unknown, will be
discussed. The design procedure of the fault-toleraninghd
mode controller for the unknowm,, is similar to that of (31),
in which the unknown parameten,; should be replaced by
its estimationi, (¢).

For the initial estimaten,(0) € [0,m], the adaptive term
my(t) is updated by the following adaptive law:

Fro(t) =T (mn|ﬁ3<t><<t>| T+ |02

+ 0o (O([Fo(8)] + db + T(t))) 0()] + gm (t) (47)

v(1), which requires the traction system to provide. The detaiherel’, is a positive constant), () and , (1) are give in

process is shown in Fig. 1.

(32) and (33),Fy(t) is defined in (17),n andd, are given

Discussion Comparing with the results for the healthy cass,ven as

in Section Ill, an additional condition about the numberlud t

failed actuators is given as (35). From (44), we can see ltieat t

adaptive law given in (33) can make the estimaté) belong
to [rlz’ n—mn
proposed fault-tolerant sliding-mode controller can méie
faulty system (27)-(28) with the actuator uncertainties:(¢)

and fault (7) to achieve the displacement tracking.

From (44), it can be seen that the proposed adaptive faul
tolerant sliding-mode controller (31) cannot guarantee t

]. Then, combining with the condition (35), the

n (5), 7(t) is a nonnegative time varying gain, agg,(t) is
0, if y(t) € (0,m) or
B if 7mp(t) =0, g(t) >0 or
gm(H) = it () =m, gty <o, 49
—g(t), otherwise

with g(t) = T, (mn|ﬁ5<t>c<t>| T mdollC(B)lla + 1l (®)

e (6)] + do + 7t >>>|6<t>|.



Then, the following theorem can be obtained. Further, from (53) and (54), it follows that
Theorem 3: The closed-loop system formed by applying .
the sliding-mode control in (31) and the adaptive laws given V<o) <0, te(Tn,o0), (55)
52152 and (1)l e [y Sy ()2 82 e et th v, ), () o
t—oo €1(1) = = it
limy_, oo €2(t) = 0, if the number of the failed actuatorsin my(t) are bounded, and(t) € L. From the definitions of

. DT . 9,(t), pu(t) andmy(t), ¥, (t), p.(t) andm,(t) are bounded.
Assumption (A1) and the control gairt) in (31) satisfy Furthermore, from (12) and (29); (¢) andé, (t) are bounded,

o n(m — myp(t)) 49 and so arees(t) and x2(t). According to [28],6(t) € Ly
n= m ’ (49) results ine;(t) € Ly. Then, with the structure of the fault-
m b(1) A tolerant controller (31), the boundednessuf) is ensured.
Nﬂzﬂv—mMﬂMm@HQ7# m <mm§*”“”| Based on Barblat Lemma, it hasn, ... 6(f) = 0 and
lim; o €1(t) = 0. Then,lim;_, e2(t) = 0. \Y4
+mo||C(t)||2 + n|p () (|Fo(t)| + d )), (50)
ol 2L @)IES(0)] + o) Discussion To handle the unknown bound of the input
for n > 0. uncertaintyAm(t), the adaptive law (47) is introduced to deal
Proof: The dynamics(t) is the same as (37). Choose gvith the unknown parameten,,, which is used to design the
Lyapunov function candidate modified from (38) as controller functionr(¢). It should be noted that the adaptive

) ) law (47) is a differential equation, and contains the fuocti
V=og2 4 Mo 519739, + moy 5152 + =Ty ki, (51) r_(t). Due tOr(1§) > 0, we can choo_s.e(t) as thg right hand
2 2 2 2 side of inequality (50) adding a positive constante.,r(t) =

Whereﬁu(t) = 19:; - 'lgu(t)r ﬁu = Pﬁ - /su(t)y mb(t) = mp — m—mb(gnlﬁu(t)l (77 + Thf”ft) (mn|1§f(t)§(t)| + mﬁollg(t)HQ—i_

m(t), 95 = 2 andp}, = - n|p (t)(|Fo(t)] + db))) + € with ¢ being a positive constant.
For the fault pattern fixed time intervats (T;,Tj+1), Then, r(t) can be substituted into (47). The fault-tolerant
j=1,...,N,usings, <n and (31), take the time derivativesliding-mode controller proposed in Theorem 3 guarantees
of V that the corresponding closed-loop system is uniformly

bounded and the tracking errors converge to zero.

vV <|8(t DT ()C(t)] + Yol |C(t
<108} ms (nl QRO ollc(®)llz Remark 6: For the controller design, we need the distance

R 1 1 r(t) and speed of the train, which are available in the real high-
+nlp,(t)] (E'FO(”' + Edb‘f’ 7)) speed train control systems. Since the distance and speed
_ —1~ < of the train are essential information, the train will stap t
mz((%'é(t)' Jirm s () (1) ensure the safety if these signals are not available undee so

=— (mn|ﬂf(t)§(t)| + mo||C(t)]]2 faulty cases. Thus, there are redundant sensors to measure
m these signals and guarantee their accuracies. If theredas on
0|y (O)|(|Fo ()] + dy +r(t))) 15(2)| sensor f_ailed, the remaining health sensors can provide the
information that the controller needs. If there are two orreno

sensors failed, perhaps the train will stop, and the cdetrol
will not work. For the sensor noise, the filter method has been
employed in the automatic train operating control system.

+<@mb_(t>

) (mnmf(t)c(tn +mdollC(t)]»

+nlpy (O Fo ()] + db + 7"(lt))) 16(2)]

—r()[6(t)] + T g () (t). (52) VI. EXTENSION TO THE UNPARAMETERIZED FAULT CASE
From (47), (52) can be rewritten as In this section, the fault-tolerant control problem for the
’ X unparameterized time-varying fault will be investigatedthis
. _( B m:ét) (mnlﬁf(t)C(t)l +molIC(®)]la case, the faulty system (27)-(28) is rewritten as
R @1 (t) =z2(1), (56)
Flp IR0 + do 4 r(0) ) +1(0) ) 160 2(8) = (m 4 Am(0) (o) + 9(8)) — @ — bea(t)
+L5 () g (1), (53) —cx5(t) + d(t), (57)
whereT'; Y, (t) g (t) < 0, due to(my — mp(t))gm(t) < 0 Whered(t) is the bounded time-varying actuator fault, and
with g,,,(t) defined in (48). [9(¢)| <91 with 9, unknown.
According to (50), it has The fault-tolerant control law is proposed to be
T (¢ . . X 1 1 1
r(0) = P2 (nal G (0] + mel o) )= =3,10) = (0 3 Fo(0) + odh + ()

Falp IR0+ b +(0)) 2. 54) +Dgrioe). (58)



where ﬁu(zﬁ) and p,(t) are the estimates of’ = i—i and Then, from (65), (59) and (60), the time derivative6fis
p;; = 5, respectivelyFy (t) is defined in (17)y(t) is a design given by

signal, andr(t) is a nonnegative time varying gain. Vzé(t)m(—q?l F o) + (5(t)Am(t)(—al,1§l,(ﬁ) + ()

For the initial estimatg, (0) € [+, —-], the design signal ) ) .
v(t) and the adaptive terms, (t) and j, (t) are designed as —d(t)Am(t)o, pu (1) (EFO(t) + Edb + Ev(t)
3,0 =Ta5(0) 69+ "Dsgra)) - aele) - rlso)
pu(t)=T, (%Fo(t) + %db + %v(t) —6(t)(dp — d(t)) + ma, T, b () gu (t). (67)
(t) Using (59)-(61), it follows that
) )30 00, (0 V< -mlo®)] + )] - WSOF.  (68)
o(t) =—pld(t)], (61)

wheren; = n+m(9¥1—9(t)). Becausgd(t)| < 9, andm > 0,

where the adaptive law gaiiy andT", are positive constants, it hasm(J; —9(t)) > 0, which meansn +m(d, —J(t)) > 0.
1> 0, andg, (¢) is given as The termmy1]6(¢)| — p|d(t)|? attains a maximum value

2,92 , R
ML at[o(1)| = ™ for t € [0, +00), ie.,

_ it pu(t) =5, g(t) =0 or V <—m|é(t)] + —2-L. (69)
5.8)= i put) =i g <0, © i
—g(t), otherwise Therefore, for any initial staté/(0), the solution of the

closed-loop system is uniformly ultimately bounded, iot,),
¥, andp, are uniformly ultimately bounded. From (46), it has
e1(t) is uniformly ultimately bounded. Then, sods(t). V

m m m

with g(t) =T, (iFo(t)Jr Ldy+Lo(t)+ %sgn(a(t))) 5(t).

Th he followi Iti . . . . :
en, the following result is ready to be presented Discussion To handle the unparameterized fad(t) with

Theorem 4: The sliding-mode control in (58) with the . o : .
adaptive laws (59)-(60) applied to the faulty system (56 Inknown bound);, the nonlinear damping is applied. With the

liding-mode technique, the proposed fault-tolerant ieaher
(57) guarantees that the sates of the closed-loop system ) . .
the tracking errors are uniformly ultimately bounded, ifeth{i\g ) can make the closed-loop system is uniformly bounded,

. . " in the presence of actuator uncertaidtyn(¢t) and unknown
number Of. the f"’?"ed actuaf[o@ in Assumption (A1) and the actuator fault). Compared with the tracking performances of
control gainr(¢) in (58) satisfies

controller (16) for healthy case and the fault-toleranttoalier
(31) for the case that the bound of fault parameter is known,

__n(m—mp) :
n< — (63) although the performance of the controller (58) is degraded
m m . the tracking errors can be smaller enough by choosing appro-
rt) > —— (n + — <mn|z9f )] priate controller parameters.
m = myn|py (£)] m For high-speed trains, the topic of the reliability and pafe
+nlpy ()| (Jv(E)] + [Fo(t)] + db))), (64) has attracted many researchers and engineers. Until now,
there are still some problems in the existing fault diagsosi

and fault-tolerant control scheme for high-speed trair®. F
example, the actuator uncertainties that are modelled &s th
input distribution matrix uncertainty, are not taken intxaunt
in the controller and fault-tolerant controller designisTpaper
. considers uncertainty in input matrix in high-speed trasimg
o(t) adaptive and sliding-mode techniques, for the first timdsTh
=mo, 0, (t) +m(—d +9(t)) + Am(t) (—ayéy(t) +9(t) ) is one of the main contributions in the area. Moreover, in the
1 1 1 r(t) future, the high-speed trains will have higher speeds, lwhic
+moy, Py (t) (—Fo(t) + —dy + —v(t) + —sgr(é(t))) require advanced control to achieve the high-accuracydspee
m m m m and position tracking to guarantee the safety of the trains.
_ Am(t)au,sy(t)(i Folt) + —dy + —o(t) Considering that the sliding-mode technique is wildly used
m m m in industrial systems, we propose the adaptive fault-toler
r(t)

+%Sgr(5(t))> —o(t) — dy + d(t) — r(£)sgNE(2)), (65)sliding-mode controller.

Remark 7: The controllers proposed in Theorems 1-4, show
the traction force that the traction system provides to thimt
for achieving the desired trajectory tacking, in the presen
of the actuator uncertainties and faults. From Theorems 1-4
Moy | it can be seen that the information (desired and actual speed

B) L, py. (66) distance and some parameters of the train) that the caentroll

for n > 0. .
Proof: With 4, (t) = 9% — 4,(t), andj, = p* — p,(t), the
dynamicd(t) is expressed as

whered(t) is the sliding function defined in (12).
Choose a Lyapunov function candidate as
1 moy,

_ 152
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design needs, are all available in practice. Then, the m@gpo The initial parameter estimates &@& of their ideal values,
control methods can be implemented in the automatic treémd the initial conditions are chosena@) = [0.5 0]7. The
operating control system. Moreover, perhaps there are sogaéns of the adaptive laws in (32)-(33) are chosef.dsand
delays in the information transfer. Due to the robustnegshef the parameter of sliding surface as= 8.

sliding-mode controller, the proposed adaptive fauléitaht Case 3 (Unknown fault bound mode)he fault is the
sliding-mode controller can handle some small delays.0 same as Case 2, while;, is unknown. The initial parameter
estimates aré)0% of their nominal values, and the initial

Remark 8: In train control, there are mainly two typesconditions are chosen as(0) — (0.1 0]. The gains of

of.models used in the literatures, nqmely, the single mass, adaptive laws in (32)-(33) are chosen @s, and the
point model and the cascade mass point model. The proposed
meters ak = 12 and u = 2.

method can be extended to the cascade mass point mddal ase 4 (Unparameterized fault moddj this case, an
with inputs acting on every car. Under the assumption th% arameterized time-varying fault is considered th’me c
the speeds of all cars are synchronous, the cascade mass p0|SR onding parameters are choserras= 15 and '

model can be considered as a single mass point model. fﬁep gp

high-speed trains require advanced control to achieveitie h 9(t) =2 x 10°sin(0.01¢ — 30), for ¢ > 600, (71)
accuracy speed and position tracking to guarantee th‘:‘ys""(ﬁl’lich implies a fault occurs in a motor after 600¥z¢) is
of the trains. For this case, the disturbances, uncertsiatnd unknown

faults should be considered and dealt with. So, it is meduing The ini.tial parameter estimates a96% of their nominal

to study the uncertainty existing in the input distributior\}alues’ and the initial conditions are set:d8) — [0.05 0]

matrix, which is rarely investigated in both train and Cafp o gains of the adaptive laws in (59)-(60) are chosef.2s
vehicles. and the parameters &s= 12 and u = 3.

VIl. SIMULATION STUDY «10°

To demonstrate the effectiveness of the proposed adap!
fault-tolerant sliding-mode controllers, the simulatistudies

distance (m)
o N & o ®
T

on a high-speed train will be presented. The considered tri I ‘ ‘ ‘ ‘ ‘ ‘ ‘ ’

contains 8 vehicles (4 locomotives and 4 carriages), whi O 0 W0 0 w0 s 0 M w0 w0 20

means there are 16 motors in the considered system, and sof ‘ ‘,
60.1 --=--desired speed

simulation parameters are from a CRH type train in [29].
Simulation conditions. The parameters of the train are cho
sen as\/ = 380 (ton),a = 8.63x1072 (kN), b = 7.295x 1076
(KN s/m), c = 1.12 x 1076 (kN s?/m?), Aps(t) = 20 (ton),
Af(t) =1— e 99 and AF(t) = 10sin(0.03t) (KN).
Case 1 (Healthy modeYhe disturbance is set as

N
S
T

60

speed (m/s)

N
S
T

o

N

509
4998 500 5002 5004 5006

I
200

o

I
400

600

I
800

I
1000
t (sec)

I
1200

I
1400

L
1600

L
1800

2000

Fig. 2: Distances and speed trajectories for the healthy system

0, t €[0,200);
d(t)=<{ 200(1—e 10t € [200,500); (70) ‘ ‘ ‘ ‘

100sin(0.03t), ¢ € [500, 2000]. v% ]
which can represent that the train runs in a straight tra g°r = ] ]
during 0 <t < 200. During 200 <t < 500, as the train 2 200 200 500 - 11(0‘00) 200 10 10 100 2000
accelerates, the aerodynamic force increases, _then time t o \ ; : ——
enters a tunnel. From = 500, the train travels in a slope gor S
track, and has some time-varying disturbances, such asswir ‘;”Zm R B — 1
meeting another train, etc. We choose the parameter ohglid ‘

surface ag = 8 and the initial sates as(0) = [0.55 0]7.
Case 2 (Known fault bound moddjor the train with 4
locomotives, there are 16 motors with same type, ies 16.

I
0 200

Fig. 3: The tracking errors for the healthy system

I
400

I
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I
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I
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I
1400

I
1600

I
1800

2000

Because most faults can be considered as the effectivar®sss | gjmjation results. The simulate results for the four cases
of the traction force, the parameters of the fault expressio
(7) are chosen as, = 15 and

(i) for t € [400,600), & =2 x 10°, w(t) = 1;

(i) for t € [600,800), € =2 x 10°, w(t) = 1 + sin(0.05¢ —

above are shown in Figs. 1-5, respectively. The operating co
ditions including acceleration, reacceleration, constqeed,
deceleration, constant speed, redeceleration, and gjayavwn
until fully stop, are considered [8]. The total running tinse

30); 2000 seconds (about 34 minutes), which can describe a train
(i) for ¢ € [800,2000], £ =0, w(t) = 1; running from a station to another one.
which means at the beginning, a motor has a constant faulfThe simulation results of the healthy system including the
and after some time, the fault becomes a time-varying fautant distance (solid) and desired distance (dashed) amgrsh
The failed motor completely stops working, at last. Furtliter in Fig. 2, and the distance and speed tracking errors forscase
hasdy = 4 x 10°. 1-4 are shown in Figs. 3-6.
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. In fig. 3, there are some transit responses occurring at 1 [ ]
instants that the accelerations are abruptly changede Sivec

acceleration information is used to design the controlter, ] T N

is better to choose a smooth acceleration curve to avoid 1 T
transit responses. t(sec)
Figs. 4-6 demonstrate that, while the actuator fault occu E [—eeeimvimgen |
at the 400th or 600th second, the proposed adaptive fat ¥ .
tolerant sliding-mode controller can regulate the traieesp
and displacement states close to the desired trajectdiiss & T e e on e mn o imo oo
some transit responses, so that the tracking performameckes (e
the system stability is achieved, during the train operatio Fig. 6: The tracking errors for the unparameterized fault
It is visible from the simulation results that a little bit
chattering occurs in Figs. 3-6. This is caused by the dis-
continuous controllers (16), (31) and (58), due to the sign sliding-mode controller is designed to guarantee that the
function, which results in a discontinuous right hand side iracking error dynamics can asymptotically converge tmzer
the dynamical equations. The chattering has been reducedTiye cases that the bound of the actuator fault parameter is
using boundary layer method in which the discontinuous sigmown, the bound of the actuator uncertainty is unknown,
function is approximated by the continuous saturationfionc and the fault is modelled as an unparameterized time-vgryin
proposed in [30], [31] and [32]. To show the sliding-modéunction, have been considered as well. Combining with the
properties, the chattering is not completely removed ard thdaptive technique, an adaptive fault-tolerant slidingdm
small accepted amplitude of the chattering is retained. control scheme is proposed to handel the actuator unceesin
These simulation results show that the proposed adaptived faults, simultaneously. The simulation examples on a
fault-tolerant sliding-mode controller can achieve theset realistic train dynamic model are given to demonstrate the
loop stability and asymptotic tracking properties of thairir effectiveness of the proposed methods.
even in the presence of unknown actuator uncertainties and

distance (m)
B R Q
> & v o

S o 5

o

o o
o s
T

speed (m/s)
)
© o

T T
|

o ¢
Y
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