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Here we investigate the fault detection filter de-
sign problems of the dynamics of the high speed
train (HST). Some of the researches have been ad-
dressed the modeling problems of HST [1,2], but
for handling convenience the nonlinear dynamic
characters of the couplers are ignored, which is
inevitably introducing some uncertainty factors to
the dynamic model of HST. The fault diagnosis
technology has been gaining great development re-
cent years [3-6], but few researches have been con-
ducted to extend its application to the dynamics
of HST. In this article, the nonlinear characters of
couplers are considered. And the disturbance at-
tenuation conditions are considered as H., norm
formulation, while the fault sensitivity conditions
are expressed as H_ index. We divide the design
process of the fault detection filter into three major
steps, which are respectively addressed as follows.

Dynamics of HST. Consider the dynamics of
HST that are subject to rolling mechanical resis-
tance, aerodynamic drag and wind gust in lon-
gitudinal motion as a cascade of cars connected
with flexible couplers. The stiffness coefficient is
defined as k, k € [k, k™|, where k~, k™ represent
the minimal value and the maximal value of stiff-
ness coefficient of the coupler, respectively. The
dynamic equation of the motion of n-cars HST can
be formulated as
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pi:vi—vﬂ_l, 1= 1,2,...,’[7,—1,
mi01 = u1 — kp1 — (co + crv1)ma + wy
—C2 (22;1 mi) 012,

m;0; = u; + kpi—1 — kp; — (co + c1v1)mi,

My Uy = Uy + kpn—l - (CO + Cl'Ul)mna
where p; is the relative displacement between two
adjacent cars i and i + 1, m; is the mass of the ¢
car, v; and u; is the speed and effort of the i car
respectively. wy is the wind gust. Apply lineariza-
tion technique at a desired cruising speed where
V] = Vg = +++ = Uy = Up andf)i = 0,p; = 0.
Define the control efforts in the equilibrium state
as U; and let p; = p; — pi, 0 = v; — U3, Uy =
Uq — ﬂian(t) A: [ﬁlvﬁ%; e af)nflvf)la ﬁQa s aﬁn]Ta
u(t) = [“;1—(1”, u;—g), e “;:T(:)]T and the faults f(t)
are supposed to occur in the actuators, then we
attain the following linearized equations of the
dynamics of HST:

#() = Aa(t) + Buu(t) + Buw(t) + Faf (1),
y(t) = Cx(t) + Dyw(t),

A B, B z A; Bui Bui
w u c a; 1 w,t U, aEI‘ 7
Fa C D'w =1 Fa,i Cz Dw,i

.= {(O&l,...7az)zzai:1)ai 20}-
i=1
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r e RN, ue RN, ye R, feR, ny = ny.
F, is the distribution matrix of faults f(¢) and T’
is the unitary simplex.

Robustness and sensitivity conditions. We in-
troduce a deconvolution filter based residual gen-
erator having the form of

5. JEr(t) = Apze(t) + Ben(),
"\ r(t) = Lrzp(t) + Hen(t),

and zp(t) € R"F, r(t) € RP, n(t) = [y@t)T,
u(t)T]T € R™e+nv. Define weighting system W
which has a low pass property in the following
form: W : {5” S Em® and X, £ 2T 28T €

(1)

n(t) = Cray

Rr»T1e then the system in the augment space is

Xy = Aw Xy + Bryw(t)
+Bluu(t) + Blff(t)a (2)
m (t) = CupXu,

A 0

Ay 2|
B, C A

A
aBlw:

A
7Blu:

Define X = [XF 2%]T, then the composite sys-
tem dynamics satisfies

Ay O
BpC, Ap

By, By

X, =
! 0

Xcl+ u+

+ E’Zf] for(t) = [Hch LF} X

Theorem 1. Consider systems (1) and (2), for
given 1, > 0, r, > 0, the following conditions are
equivalent:

(1) rggf}&weﬂl(Frw(jw)) < Tw, Two >0,

maxdue0, (Fro(Jw)) < ry, 1 > 0.
aecl

(2) There exist symmetric matrices X, ; > 0,
Xy, > 0, such that the following matrix inequali-
ties hold:

[N;t]3><3 <0,1=1,...,z, (3)
4 <0,i=1,...,z 4
N <0, 2 (4)
A - Ay; 0 o CrHE
" |BrC, Ap|’ Lt |’
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Ny = Af Xy i+ X iAi, Njy=—rul,

Blw 7

Nis = .

—rwl, Niy=X,,

N%,S = Ca Nig - 0
Ni = AT Xy + XupAiy Nb o = =11,
Blu,i

N = :

—ry 1, Nh =X

Y

R A
1,3 — C, N2’3 =0.

(3) There exist V,Ap, Bp, Hp, Lp, symmetric
matrices Xy, Xy, and g > 0, where the first n,
columns of matrix Br are zero vectors and

[M! ]sx5 <0, i=1,...,z, (5)

[ngthxs <0,i=1,...,2 (6)

F=0C HE+~LF, E=VT0A,6"+TTK, D =

u(V+ VT, M{, =D, M{,= wz+5 Mf =
V0B, Mis=puV?T, Mi, = —Xu,, M24 =
F, M§’3 = —ryul, M474 = —rul, M55 = —Xwﬂ,
Mi, =D, Mj, = Xuit+é€, M373 =—ryd, M , =
—rod, Mlu = VT0B., M?LE) = MV M22 =
7XU,ia M%A = F, M%,s = *Xuyi, [M;taMzs,t] =
0, otherwise. ~And N = n, + ne, I

> 1>

[In In), K 2 [Br Ap],0 £ [N} o {‘;]ﬂ’f/
[vl V2i| and Ap = AFV; ,Bp = BFC,I,HF _

Vg V-
Hp,Lp = LpVy T,
matrix of C,.
(4) There exist matrices L,Ly,C,Cy and sym-
metric matrices X,,; > 0, Xyo,; > 0, Xy >
0, XuO,'L' > 0 and

C;} is the generalized inverse

[H;,t]4><4 <0,2=1,...,z, (7)
[Hi7thx4<0, i=1,...,z 8)
A’w,’i £ A%Jl z ) Bw £ {Blw K

[Bl;'i}’é’w £ {7?” 701 7i’ 2 [BOF AF} é [HF LF]7
qui = (Xq,iAw,i + A57in ) + (XqO zXqO,i -

XqiXq0i — Xqo.i q,z) + ~g(AoTIA/O - LfL -
LTLO)Cw,q = wyu. Hi; = Ju1i Hj; =
Tur,is Hi o = X B, Hf, = Xu,iBui, His =
jgécw) ) HZIB = (C’C:w}Tv Hi4 = (Xw,i -
LCW)T, Hi, = (Xus — LCW)T, Hiy = —1ol,
HQQ = —rul, H§73 = —7rul, Hé,:ﬁ = —rl, HiA =
I, Hy,=—I, H,, =0, H., = 0, otherwise.

Multiply the filter F,,(s) = diag{(s + r)/r,
., (s +1)/r} to y to attain a modified output
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ym (1) = (OA+O)2(0)+5. CFaf () +(GOBu)u(t) +
(OB, + D Jw(t). Define a weighting system Wy
Wthh has a high pass property with the form of

W, - {th =Apep+ Bpnm et X} 2 {:h} then the
TR

np = Cpep + Dpnm

composite system dynamic satisfies

“ BrChs Ap BrDyy )
+P(w, u),

F = HFthf + ’Pd(w,u).

(1>

Af |:B,Lfny(§CA+C) th:|7 Bhf £ [%B}L;:,:CFG})
Chy & [Pain,©+Loa o), Dpy £ LDy, CF,.
Theorem 2. Assume Eq. (9) is asymptotically
stable, then the following conditions are equiva-
lent:

(1) ming e o, (Fys (jw)) > 7y, 7 > 0.

(2) There exists matrix P, that P = PT, such
that the following matrix inequalities hold

[Gi,t]QXQ >0,1=1,...,z. (10)

Ag; 0

T
Guig 2 Prilpfot o)+ [afst 0] Pra+

BrChyt,i AF

[ :|HFC}Lf'L LF G12,i £ Pfyi[B?ﬁa;J —+
T T

[0% | HrDigis Gozs 2 Dugps " HEHRDngi —

2

Tf'

(3) There exist matrices L,Ly,C,Cy and sym-
metric matrices Py, ;, Pro ; such that

Wisxs >0, i=1,...,z (11)

Af = [A } Bhfz = [Bhf’l}a C 4 [#r Lr], Of,i

|:7cgf1i 701:|7 va'i = |:D’t)f77:| L = |:BF AOF:| Zi,l
(PriAfq+ A}Lipf,iA) +A(2PfA,z'PfO,i +A2P{0,i-Pf,i -
2Pj0.iPro.i) +2C7,(Cq C + CTCo — Cq Co)Cri +
égigiTip *|: .i/gA_i/ j iaio)éfiw GE,Q éA i,r?‘[
+2D7T (CTC+CTCo—CF Co)Dyi+ DF (LT Lo+
L{L — L{Lo)Dyi, Gi, = PriBugi, Gig =
(Pri+ LCJ;iZTa Gzi,4l = Ppi, Gi5 = (Cnyz-.)T,
b4 = —(LDy). Giy = (CDy)T, diag{Gly,
G4, Gy 5} = diag{l,I,I}; G, , = 0, otherwise.

(1>

lI>
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Algorithm design of fault detection filter. Let
w1 >0,9>0,1=0.
Step 1. Choose a proper large g > 0; Minimize
QT + Ty, subject to (5) and (6). The solutions
are denoted as AP, BoP', LP' HP".
Step 2. (a) Substitute A%, B L¥®", HYP" into
(3), (4) and (10), minimize ouyry + oyry. De-

note the solution as P;ft,Xgp:, Xff;t, i=1,...,2,
roPt roPt - And LOPth’Opt can be attained. De-
fine 7“0 = ot 00 = (ot [0 = [Pt
P, = P;’P;t,XO = X7, XO. = X&' i =
L...,z.. (b) Put I = 1+ 1 with 7l =
l L + 1, éo = Cl- 1, LO = L1 ,Proi =
P};l, Xuwos =X}, Xuoi =X\ i=1,.

maximize ry subject to (7), (8) and (11) and
store rf,rf/rw,Ll C! , XL z,Xf”,PfZ,i =1,...,2
(c) If r;/riu < 4, repeat Step 2(b); Else, exit.
Step 3. Derive Ap, By, Ly, Hp from L', C!; With
Ap,Bp, Lr, Hp, minimize r, subject to (4); 7y =
r;,rw =7l
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