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Incipient Sensor Fault Estimation and
Accommodation for Inverter Devices In
Electric Railway Traction Systems

Kangkang Zhant?, Bin Jiang-**, Xing-Gang Yan, Zehui Mad-?

Abstract

This paper proposes an incipient sensor fault estimatiah astommodation method for three-
phase PWM inverter devices in electric railway tractiontsgss. First, the dynamics of inverters and
incipient voltage sensor faults are modelled. Then, forathgmented system formed by original inverter
system and incipient sensor faults, an optimal adaptivenowk input observer is proposed to estimate
the inverter voltages, currents and the incipient senadtsfaThe designed observer guarantees that the
estimation errors converge to the minimal invariant etligdsMoreover, based on the output regulator via
internal model principle, the fault accommodation coriéois proposed to ensure that thg; andwv,,
voltages track the desired reference voltages with th&itrgerror converging to the minimal invariant
ellipsoid. Finally, simulations based on the traction eystin CRH2 (China Railway High-speed) are
presented to verify the effectiveness of the proposed ndetho

keywords: Incipient sensor faults, fault estimation and accommaodatinverter devices,
railway traction system.

I. INTRODUCTION

Safety is the first concern in high-speed railway operatamich is greatly dependent on the
reliability of information control systems of high-speadihs. The traction drive subsystem is
the core of information control systems in high-speed tsistems, which plays an important

1College of Automation Engineering, Nanjing University oernautics and Astronautics, Nanjing 210016, China, (#-:ma
KangZhang359@163.com; binjiang@nuaa.edu.cn; zehuimaa@edu.cn).

2Jiangsu Key Laboratory of Internet of Things and ControlHFedogies (Nanjing Univ. of Aeronautics and Astronautics)

3School of Engineering and Digital Arts, University of KerGanterbury, Kent CT2 7NT, United Kingdom, (e-mail:
x.yan@kent.ac.uk).
* Corresponding author. Email: binjiang@nuaa.edu.cn

September 27, 2016 DRAFT



role in electric railway running safety. Therefore, the Ifadiagnosis and FTC (fault-tolerant
control) mechanism are necessary for modern high-speégayasystems, especially for the
traction subsystems.

Modern railway traction power systems are fed by 25KV/50Hz single phase ac current
sources in [1] or by 1500V dc voltage from electric railwaypstations in [2]. A typical ac/dc/ac
power system used for electrical traction drives is showhig 1 (see, e.g. [3]), which includes
a catenary, a voltage transformer, a single phase PWM ggctéi three-phase PWM inverter
and driving motors. In the traction systems, the electriwgrois transmitted to the drive motors
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Fig. 1. Railway traction circuit schematic diagram.

through catenaries, voltage transformers, single phas&l R¥¢tifiers and three-phase PWM
inverters. The inverter is driven by the dc link voltage,\pded by the rectifier, while the driving
motors are driven directly by the three-phase PWM invertactvaffects the motion performance
of the driving motors greatly.Over a long period of time,ragcomponents, such as electrolyte
loss effectiveness of electrolytic capacitors, in the entrsensors and voltage sensors, may
deduce incipient faults, and further develop to seriodsifas, which would degrade performance
of the total traction systems seriously. Therefore, eartypient sensor fault diagnosis and FTC
should be designed and achieved to improve the reliabifitthe electric traction system.
Typically, abrupt faults affect safety-relevant systenteve hard-failures have to be detected
early enough so that catastrophic consequences can besdvwmydearly system reconfiguration.
On the other end, incipient faults are closely related toeaiance problems and early detection
of worn equipment is necessary. In this case, the incipeuitd are typically small and not easy
to be detected (see, e.g. [4] and [5]). In order to well plamteaance in advance, it is necessary
to estimate the incipient faults as accurately as posdibladdition, fault estimation (FE) is one
of the most important components in active fault-toleraomtol (AFTC), and work on FE is
discussed extensively in literature: see for example [, [7], [16], [19], [22] and [30]. Most
of AFTC schemes require ‘precise’ fault estimation as ind8H [10]. Nevertheless, ‘precise’
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estimation of incipient faults is very challenging sinceipient faults are so small that can be
drowned by disturbances and uncertainties. Therefors, significant to minimize the effect of
disturbances and uncertainties on incipient fault estonat

During the past several decades, there are many results #f@incipient fault estimation,
such as [11], [12] [13], [14], [15], [16] and [17]. Differergdaptive fault estimation modules
are proposed to estimate the fault parameters in [14], [b8] [22]. However, it is still very
challenging to apply these adaptive approaches to estimafgient faults, especially in the
presence of disturbances and uncertainties. In [18], tlaptad approach and@(,, theory are
combined together such that the estimated parameterdystites optimal performance index
under theL, disturbances. In [31], an invariant ellipsoid method isgmeed to deal withC,
disturbances, which motivates us to combine the adaptipeoaph and invariant ellipsoid method
to estimate incipient fault parameters. In terms of sensbC,Hault estimation can be used
directly to ‘correct’ the sensor measurement before thenewus information is used by the
controller [23]. However, in inverter systems, there arenatched unknown inputs which cannot
be compensated through input channels directly. The ouggutlator [24] via adaptive internal
model principle proposed in [25] provides an efficient metho reject the unmatched unknown
inputs in the output channels. Therefore, this work will elep an adaptive fault estimation
module and a fault-tolerant controller to ensure that thanegion errors and voltage tracking
errors converge into minimal invariant ellipsoids in thegence of disturbances.

In this paper, the incipient voltage sensor faults in inmedevices are considered. The invariant
ellipsoid method, adaptive unknown input observer and wutggulator are combined to develop
an optimal sensor fault estimation module and incipienssefault accommodation method for
the inverter devices. The main contribution of this papesusmarized as follows.

1) An optimal adaptive unknown input observer is designechdhat the estimation errors

converge to the minimal invariant ellipsoid.

2) A novel optimal fault-tolerant controller is proposed‘torrect” faulty sensor outputs such

that the tracking errors converge to the minimal invaridhpoid.

3) The designed optimal fault estimation method and optifaalt accommodation (FA)

method are applied to the practical three-phase PWM inveygtem successfully.

The rest parts of this paper are organized as follows. Ini@edt, the dynamics of three-
phase PWM inverters with incipient sensor faults are medelPreliminaries and assumptions
are presented. In Section Ill, an optimal adaptive unknawui observer is designed based on
the system decomposition. The incipient sensor fault isneséd in Section IV. In Section V,
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the optimal fault-tolerant controller based on the outmgulator and internal model principle
is proposed. In section VI, the designed adaptive unknowputirobserver and fault-tolerant
controller are applied to the three-phase PWM inverter eftthction system in China Railway
High-speed to verify the effectiveness of the obtainedltesBection VII concludes this paper.

Il. PROBLEM FORMULATION
A. Dynamic Modeling of Inverter

The topology structure of the inverter device used in the €RHiraction system is shown in
Fig. 2, whereL,, C'; andr are the filter inductor, capacitor and equivalent resisarespectively,
Vi is the dc voltage source,,,, j = a, b, c are the inverter bridge voltages,; andi,;, j = a, b, c
are the load voltages and currents, respectively. Fron2 Amased on the Kirchhoff current and

Inverter

+ L lia Voa
r v —{ > Load
] .

Fig. 2. Three-phase PWM inverter topology

voltage principles, the currents and voltages:df, c phases satisfy

ipa +iry +iLe = 0, 1)
Lf%+riLj+Uoj = UjN + Vjn, (2)
where
Vin = SV, (4)
UjN = —% Zb SpVae, J=a,b,c, (5)
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with S; being IGBT’s switching control signals. Then the invertgstem is expressed by

Doy _ Uy oy (©)
di o, Cf
diLj TiLj Voj Vie .
= &9 =a,b 7
Cyr = Vo — Yr (8)

whereu = | S; —3 > S, |, U = c0l(Voq, Uap, Voc) @Ndy, is output voltage reference signal.
r=a,b,c

By introducing the Clarke and Park coordinate transforamati,, = 7y,x.. Where the
expression ofl;, refers to [26], Eqgs. (6), (7) and (8) become

T = Ax + Bu + Fi,,

)
Cyr = Cx — Yr
wherez = col(Vod, Vogs i1.d; iLq)s 0 = COL(Zod; Tog),
_ ) _ _ _ _ ) _
—wy 0 0o A 0 0 0o -+
A= “ | B= }  E= Cr
1 T c
and
1 0 00
C =
01 00

with w,y being constant operation frequency of the inverter device.

Remark 1. It should be pointed out that the outpus j = a,b,c of PWM producer in (4)
and (5) are measurable, which implies thanh (9) are measurable. Also, the load curreits
inverter system (9) are measurable. Therefore, both th&alasignalsu and the load currents
1o In (9) can be used in observer design and will not affect faigihal estimation. \Y

B. Incipient Sensor Fault Modeling

Since incipient faults are small in amplitude, piecewisatocwous and develop slowly, they
can be modeled based on the following lemma.

Lemma 1. [21] For any piecewise continuous vector functipn R+ — R?, and a stable x ¢
matrix Ay, there always exists an input vectoe R? such thatf = Arf + €.
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From Lemma 1, incipient faultg(¢) can be modeled by

f=Arf+¢& f(0)=0 (10)

where A; is a stable matrix with appropriate dimensions, &net [¢],--- . ¢I]7 € R is an
unknown vector. Taking the Laplace transformation on E@),(it is clear to see that in the
frequency domainyf(s) = (sI — Ay)~'&, which shows that the fault signdl is determined by

¢ completely. It should be noted thal; is not the designed parameter and that only the fault
modeled by (10) is considered in this paper, which may litné application of the developed
results. However, such a class of faults widely exists iditieauch as flight control systems
and electric motor systems, and it has been well studied]ian8 [27].

C. Préliminaries and Assumptions
Consider a class of linear systems described by

t = Ax + Bu + Fiy + Ed,
(11)
eyr =Co+Ff—uy,
wherez € R" is state vectory € R™ is control,i, € R" is the real value of currents and
d € R" is the current noises. The signél € RY represents the incipient sensor fault. It is
assumed throughout this paper that p > ¢q. MatricesA, B, C', E and F' are known constant
with C' being full row rank andF' full column rank.
Let z, := col(x, f). System (11) and incipient sensor faults (10) can be repteden an

augmented form
Ty = Aaxa + Bau + Eqig + Ead + Da§7

(12)
eyr = Coq — Yy
where
A By By
Aa = c R(”+Q)X(N+Q)’ B, = c R(n+q)><m’ E, = c R(n—f—q)xh’
Ay 0 0
0
D, = € Ritaxa O = [ C F } € Rp*(+9) Suppose thaF in (11) has the form
Iq
Oy
r— (p—q)xq ' (13)
I
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Then rankC,D,) = ¢ and rankD,) = ¢, which implies the relative degree of the triple
(Aq, Dy, C,) is inherently one.

Assumption 1. The invariant zeros of the tripled,, D,, C,) (if any) lie in the left half plane.

Assumption 2. All the incipient fault parameters, ¢ and disturbance satisfy that

'Qel < &, 'Qe <&, d"Qad < dy (14)

where the positive definite matricég; ¢ R, Q; € R, Q, € R™" and the positive
constantsy, &, dy are known.

Remark 2. Assumption 1 is necessary for the unknown input obseresigd (see, e.g. [9],
[29] and [28]). It has proved in [20] that the unobservablede® of the pain A, C) are the
invariant zeros of the tripl¢ A,, D,, C,). Therefore, in order to check Assumption 1, it only
requires to check whether all the unobservable modes of #ire(d, C) lie in the left-half
plane. Assumption 2 meargs ¢ andd are bounded. Therefore, both the fault sigfiand its
developing rate are assumed to be bounded, which are instense with the practical case.

To reject the bounded exogenous disturbances, the invaiigpsoid concept is introduced.

Definition 1. The ellipsoid
e(P)={z:2"Pr<1},P >0 (15)

with the center in the origin and a radius matftx is said to be an invariant ellipsoid for the
systems: = Az + Dw with respect to the bounded disturbances

o if 2(0) € e(P), thenx(t) € ¢(P) for all t > 0;

. and if x(0) ¢ ¢(P), thenxz(t) — e(P) for t — oc.

From definition 1, it follows that any trajectory of the sysistarting in the invariant ellipsoid
will stay in it for all ¢ > 0, while a trajectory starting outside of the invariant edtyd will
converge to this ellipsoid (asymptotically or in finite tijne

The tasks of fault detection and isolation (FDI) are to datee the occurrence of a fault
in the functional units of the process, and to determine tloatlon and fault type. The fault
estimation (FE) is used to estimate the size and behaviorfadilaor parameters. In this paper,
an optimal adaptive FE is developed to estimate the parametancipient sensor faults, and
then an optimal fault-tolerant controller is proposed tmptete the tracking task, which is able
to tolerate the incipient sensor faults.
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[Il. ADAPTIVE UNKNOWN INPUT OBSERVERDESIGN

In this section, an adaptive unknown input observer will lesigned to estimate the system
statesr and the unknown inputsin (12) such that the estimation errors converge to an ianari
ellipsoid.

Based on [28], since the relative degree of the trigle, D,,C,) is one, there exists a
coordinate transformation for augmented system (12) shah the triple(A,, D,,C,) in the
new coordinates can be described by

Aain Aai2 7 O(nJrCI*p)Xq | Opx(nﬂ_p) ., ] Dy — O(pfq)Xq (16)
A1 Az Das Dazo
where A,,; € Rvta—p)x(nta—p) ¢, ¢ RP*P is orthogonal and),., € R9*9 is nonsingular.
Under Assumption 1, it follows from [30] that there exists atnix L € R("+7-P)xP described
by
L = [L4,0] a7
with L, € R(nta—p)x(r=9) sych thatd,;; + LA, IS stable.
Denotex, = col(xy,xz3) with z; € R""? and x, € RP. It is assumed without loss of
generality, that the system (12) has the form
11 = Ag171 + Ag1272 + Baru + Eaig + Ead,
B9 = Ag2171 + Aa22%2 + Bagu + Eyotg + Eaad + D€, (18)

Cyr = La2T2 — Yr,
where B,; and B,, can be obtained from [30].
Then there exits a linear coordinate transformatioa 7'z, where

Invqg—p L
T — +q-p (19)
0 CaQ

with L given in (17) such that the system (12) can be described by
2 = Anz + Az + Biu+ Evig + Eyd,
2y = Agiz1 + Aggzy + Bou + Eyig + Exd + Ds€, (20)
Cyr = 22 — Yr,

where z := col(z, 29) with z; € R"™? and z, € R?, Ay = Ay + LAy, is stable, A}y =

—(Aa1 + LAan)LC;gl + (Aa12 + LAa22)C;211 A21 = CuoAa, 12122 = Coa(Auz2 — Aa21L>C;21;
Bl = B, + LBy, é2 = C;ngaz, El = E, + LE,», EQ = C;glEaQ and DQ = C,;QlDaQ-

September 27, 2016 DRAFT



It should be pointed out that [28] has constructed the caimgti.yapunov matrix

Py P L
P = (1)
LTP, P+ LTPL

where L is given in (17), and
P
(' Pri=| (22)
Fy

where P, ¢ R(mta—p)x(n+a=p) and Py = Cpu P,CL, € RP*P.
For system (20), an adaptive unknown input observer is Eep@s

2y =Ans + Ay + Ki (20 — %) + Biu + Ehig, (23)
Zy =Agit + Apiy + Ky (22— 22) + Bou + Eyig + D¢ (t), (24)

£ =T'DIPy (2 — 2) — oT¢, (25)
éyr =Zy — Y (26)

where K, is chosen ask; = A, + G, with G; € R(T4=P)*P_ The matrix K, is chosen as
Ky = Agyy+Gy with G, € RP*P. The gain matrice&!;, G, the constant > 0 and the weighting
matrix ' = I'" > 0 are determined later. The update law (25) is the proposeptimddaw used
to estimate the unknown inpgt

Lete; =2 — 21, ey = 20 — 2 andeg = £ — ¢. Then by comparing (20) and (23)-(26), the
error dynamical system is given by

= 1211161 —Giey + Eld,
¢, = Agie; — Gaey + Eyd + Daeg, (27)
€ = TDIPy (2 — 5) — oTE.
Consider the ellipsoid
e(P) = {col(er, ey, €¢) : col(ey, ey, ec) Pcol(er, e, e¢) < 1} (28)

where &2 = diag{ P\, P,,T~'} > 0. Then the following theorem is ready to be presented.

Lemma 2. Under Assumptions 1 and 2, for certain ¢ > 0 and some a > 0, the set (&) is
an invariant ellipsoid for error system (27), if there exist SPD matrices P, € R(»ta—r)x(nta-p)
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10

Py € RP*?in (22) and I'~! € R9*? in (25), and matrices Y; € R»Ha—rxp 1}, ¢ Rvta—p)xp
and W, € RP*P such that

Py>0, P,>0,I'"'' >0, (29)
@11 + aP1 @12 0 0 0 @16
* @22 -+ OéP() 0 0 0 @26
* * —201 +al! ol r-! 0
<0 (30)
* * * —;Qg 0 0
* * * * —%Qg 0
I * * * * * —%Qd .

where ©1; = He (P1 A1 + Y1Au21), O12 = _Wl—l_(CaQAaZl)TPOl O = PE 1 +Y1E,, O =
—He (Ws), Oy = PyC.y Eqpe and v = max{&, &1, dy}. Then, the gain matrices L = P, '],
G1 - Pf1W1 and G2 - P071W2.

Proof: From (22), the functionV = ef Pie; + e] Foe, + ¢/ T 'ec can be chosen as the
Lyapunov candidate function. Note that = £ — 5 Then the time derivative oV along the
trajectory of system (27) is

V 26,{(P1A11 + A,{lpl)el — 26,{P1G16y + 26,{P1E1d
+ 265POA2161 - €§(POG2 -+ GgPo)ey + QGZPngeg -+ 2€§P0EA2d

— Qeg@gpoey — 206?65 + 206§T§ + 26?1“’15
- - T - -

€1 SITER=IT 0 0 0 ZE €1
€y * EQQ 0 0 0 EQG €y
€ * * —201 ol T71 0 ¢
= (31)
£ * ok * 0 0 O §
é’ * * * * 0 0 f
d * * * * * 0 d

Whel’eEll = He <P1A11>, Elg = —P1G1 —+ Aglpo, ElG = PlEl,EQQ = —He (PoGQ), EQG =
PyEs.
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11

Obviously, thes(#) is an invariant ellipsoid if and only iV < 0, for any ey, ¢, e¢) satisfying
(e1, ey, ee)" P(er, ey, ec) > 1 and forcol(€, €, d) satisfying Assumption 2.
From Assumption 2¢, £ andd satisfy

- _T - — — —
el 000 0O 0 0 el
ey *x 000 0 0 0 €y
1| ee * x 0 0 0 0 E¢
— <1. (32)
v 19 x % % Q¢ 0 0 19
£ * % ok x Qg 0 '3
d x ok ok ok ok Qy d
Define
=11 22 0 0 0 =i —-P 0 0 0 0 0
* =99 0 0 0 526 * —P() 0 0 0 0
* x =20l of T7' 0 * * -t 00 0
AO = ,Al = )
* * * 0 0 0 * * * 0 00
* * * * 0 0 * * * * 0 0
* * * * * 0 * * * x x 0
(000 0 0 0 |
*x 00 O 0 0
* x 0 0 0 0
AQ =

1
***;ng 0

% ok k% %Qg 0

Xk ok X * %Qd

and f;(¢) := ¢TA;¢ where¢ = col(ey, ey, e¢, €, €, d).

According to the S-procedure, the inequalitig$() < —1 and f»(¢) < 1 imply fo(¢) < 0
if and only if there existr;, 5 > 0 such that4, < 1 4; + A, and0 > —7; + 7. Since the
minimal ellipsoid is concernedy = 7,00 = 71-

Hence, by lettingr; = «, the result follows. [ |
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Remark 3. In fact, if the adaptive law in (27) is constructed é& —FDQTPQ(ZQ — %), then
e; ande, can be constructed accurately in steady stage case. Hoviegeunknown inputs
cannot be estimated because of “parameter drift”. #henodification adaptive law in (27) is
used to reject the “parameter drift”. \Y

It follows from Lemma 2 that the estimation errey (e, ec) converges to an invariant ellipsoid.
From a qualitative point of view, a “big” radius matriZ provides a “small” ellipsoid. Hence,
an optimal problem will be proposed to minimize the estimgrror to reconstruct states more
accurately.

Given the ellipsoid

£(27Y) = {col(er, ey, e¢) : col(ey, ey, ec)T 27 col(en, ey, ec) < 1}, 2 € RIFOx(nta)
(33)
The following results are obtained.

Theorem 1. Under Assumptions 1 and 2, for certain o > 0 and some a > 0, the ellipsoid ¢(271)
is the minimal invariant ellipsoid with respect to col(es, e, e¢), if there exist SPD matrices P,
Py, T-' and 2 € R"t9x(+9) matrices Y;, W, and W, such that

tr (£2) — min (34)
subject to (29), (30) and
Z 1
>0, 2>0. (35)
I 2

Proof: From Lemma 2, the sef(.%?) is an invariant ellipsoid with respect tol(e;, e,, e¢).
Hence, if £ satisfies
271 < 2, (36)

thene(271) is an invariant ellipsoid with respect tel(ey, e, ¢¢). Finally, the Schur component
provides the inequality (35). [ |

It should be pointed out that(%?) and¢(2~!) are both invariant ellipsoid with respect to
col(e, e, e¢) ande(P) C e(271).

IV. INCIPIENT FAULT ESTIMATION
In this section, the incipient fault will be estimated. Fram= col(z, f), it follows that

f=Caq (37)
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whereCy = [0, ,], and
f=CT 1z (38)

whereT is given in (19). Further partitiod’,' in (16) as

CaQ 1

Col = (39)

Ca22

whereC,y, € RP-9*P andC,., € R?*P. Then the incipient faulf is constructed ag = C02o.
Based on the proposed observer (23)-(26), it follows fhat C22C5c0l(z, €) and the estimation
error ey is expressed by

er = CupC,col(eq, ey, €) (40)

whereC, = [Opx(nJrqu)v Iy, Opxg)-
Define an ellipsoid as
e(Z7) =A{ep:efZ7 ey < 1} (41)

whereZ € R™1 7 > (.
The objective here is to choose appropriate gaing, G; and G, to minimize the invariant
ellipsoid(Z~1) to further minimizee;. The following theorem is ready to be presented.

Theorem 2. Under Assumptions 1 and 2, for certain o > 0 and some « > 0, the ellipsoid ¢(Z)
is the minimal invariant ellipsoid with respect to e; given in (40), if there exist SPD matrices
Py, P,, Tt and Z € R4, and matrices Y;, W, W5 such that

tr (Z) — min (42)
subject to (29), (30) and

P (CanCsy)’
>0, Z>0. (43)

Ca22C, Z
Proof: The ellipsoids(Z~!) defined in (41) can be presented by
e?Z’lef = (col(eq, ey, €)) (CunzCly) ' Z 7 CagaCrycol(ey, €y, €) < 1. (44)
From Lemma 1¢(2) is an invariant ellipsoid with respect tol(e;, e,, e¢). Thus, if Z satisfies
(CazC,)" Z7 1 ConaCey < 2, (45)

thene(Z~1) is an invariant ellipsoid with respect tg. Finally, the Schur component provides
inequality (43). [ |
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V. FAULT-TOLERANT CONTROLLER DESIGN

In this section, an output feedback fault-tolerant cotegroWill be designed based on the
observer (23)-(26), which would ensure that the voltagekiry errors converge to the minimal
invariant ellipsoid.

Let® = col(€, y,,iy) € RUTPH" be the estimation af = col(¢, ., iy). Then the tracking error
ey iN (12) can be written as

eyr = 22 — Yp = Coz + Dow = Cyoz + Dyw (46)

whereCy = [0px (ntq—p), Ip) @NA Do = [0, g, =1, Opxn]-
Note thate, =y — y = 2, — 2, = ¢, — €,,. Based on the designed observer (23)-(26), the
regulator is designed as

i = (A= HiCy) 2~ HiDow + Nis + Bu+ Hyeyy,
£ = —TDIP,Cyz — oTE — T DI PyDoi> + T DY Pye,,, (47)
i = Myeyr, io = Miyio

where M;, and M, are matrices dependent on theandy,, and

~

12111 12112 By — K,

A= T |.B=| |, H= ,N:pﬁj]
A21 A22 BQ _KQ
with .
A 0 R E;
D=| |, EBE=|"
D, E,

Let z. = col(2,w). Then it follows from (47) that

2o = Awi. + Bau+ He,, (48)
where
o' 0 0
Aot Acorz B H,
Ao = , B. = , H= and M = 0 M, 0
Acoo1 Acoz By H,
0 0 M,

with Hy = COI(FDQTP27O, 0), A1 = A - H1007Ac012 =N — H1D07A0021 = _H2007 Aco22 =
M — HyDy, B,y = B, B = 0.
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Let F, = [F,, F,] with F, € R™™ and I, ¢ R™*(@P+h)_ The fault-tolerant controller is
designed as
w=—F,5— F,o=—Fz2 (49)

where F,, is the related to stabilization of the original system (28) &, is the disturbance
compensation gain. Then it follows that the output requlé4®) is described by

Ze= Ade+ Hey, (50)

where X X R
A—H,Cy— BF, N—H,Dy,— BF,
A, =
—H,Cy M — HyD,

Denotee, = z — Z, e, = w — w. Substituting the output regulator (50) and controller) (4o
system (20) yields the closed-loop system

3 A—BF, 0 z N — BE, BF., e. E d
= + w + +
Ze HCy A, Ze HD, 0 Cos 0 0
~ ~ o ~ ~~ - ~ ~ N—— Y
ZL AL ZL NL RL €r, EL dL
(51)
Eyr :CLZL + DLUJ (52)

wheree, = 2 — 2, ¢, = w — w, Cp, = [Cy, 0] and Dy, = Dy. It should be noted thaf';, DY = 0.
Define the ellipsoid

e(#") = {ey: e;%”leyr <1}, Z e R, % > 0. (53)
Then the following theorem is ready to be presented.

Theorem 3. For the closed-loop systems (51) and (52), the ellipsoid (% ') given in (53) is
the minimal invariant ellipsoid with respect to the tracking error e,, if there exist matrices .J
and () such that

AJ —JM + BQ =N, (54)
A.S — SM =0, (55)
Cy.J =Dy, (56)
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I P
Po|T J]< , (57)
Jr Qu
there exist SPD matrices X € R(t0x(n+9) 7 ¢ RP*P and matirx Y, € R™*("+9) sych that
tr (#) — min (58)
subject to
(P) ' <X, (59)
X v ]
>0, (60)
x il
[ AX + XA" - BY,-Y'B"+aX B BQ E |
* —% 0 0
<0, (61)
* * —a@), 0
* * * —aQ)y
Qu Df X XCj
>0, >0, #>0. (62)
874 * 874

where S = [JT,—IT, Q = —F.S, 2 is determined by Theorem 1 and @, can be obtained
through Assumption 2, ()., is determined later. Then P, = X, F, =Y, P and F,, = Q+ F,J.

Proof: There are four disturbances in system (54w, Rrer, Erd;, and D;w. Based
on linear superposition property, the effects of the disnces ore,, can be divided as,, =

Cyr1 + Cyr2 Whereey,q =Crzr1 +Drw and Cyr2 = Crzro with 2, = 211+ 212, 211 and 212 will

be given later.

In the presence oN,w and D;w, the equations (51) and (52) are written as

a) :
P A—DBF, 0 2 N — BF,
= —'— w’
Zc HCO Ac Ze HDO (63)
Zr1 AL Zr1 Np,
Cyr1 = CLZL1 + DLw.
DRAFT
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Let W = [J7, ST]T. Then it follows that

J
CLW:[CQ 0] :COJ:DO
S
and
A—BFE, 0 J J AJ — BF,J —JM
AW —WM = — M = = N;.
HCy A, S S HCyJ + A5 —SM

Hence, based on Lemma 1.4 in [24], i, is designed such thal — BF, is Hurwitz and
F,=Q+ F,J, then in the presence df,w and D w, e, = 0.

b) : Inthe presence oR;e; and Ed;, the tracking erroe,,, depends entirely om which
can be obtained from (51) and expressed by

5= (21 — BFu> z+ BF,e, + BF,e, + Ed, (64)
eyr2 =Co2 (65)

where( is given in (46). FromF, = F,J + @, the equation (64) can be written as
5= (/1 - BFu> 2+ BF,e.., + BQe,, + Ed. (66)

e
wheree,,, = [ I J }

€w
In fact, from (47),e, = [eg, 0,417 According to the invariant ellipsoid(#?) in Theorem 1,
the radius matrix of the invariant ellipsoid with respectetois expressed by
Ffl
Qu = (67)

| NS
wherel', ., is a diagonal matrix with appropriate dimension and its mgéies tend totooc.
Also, the radius matrix is expressed Giang{Z, Q. } of col(e., e,). Then it follows from (57)
and (66) that

et [ =

Based on [31], the control input,z is constrained by|F, z|| < p? if

zTFuTFuz < ,uQ, Vz:2TP2 <1, (69)
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which holds if and only if (60) holds. It follows from (59) th&.,, > P,. Thus, it yields that

eT FTFuezw S ,u27 vezw : ezwpzwezw S 17 Pzw Z PL- (70)

ZWT U

Therefore, the inequality (59) and (60) can guarantee bgatontrol inputF, z and disturbance
F,e.,, are bounded. Based on [31] and [32], it can be inferred tleasdhution of the optimization
problem (58) subject to (59)- (61) provides a minimal ingatiellipsoids(%2~!) of e,,».

Combining VOa and Vb, it infers thate,, will converge to the minimal invariant ellipsoid
e(Z7).

Hence, the result follows. [ |

Remark 4. In (51), the undesired tertR; e, comes from the estimation errool(e;, e,, e¢) Of
the designed observer (23)-(26) and the estimation eulde, , e, e¢) iS guaranteed to converge
to the minimal invariant ellipsoid(2~!). In the presence ok ey, the parameters, andF,, in
Theorem 3 are optimized such that the tracking errors cgeveerthe minimal invariant ellipsoid
e(Z7). \Y

VI. SIMULATION

To verify the effectiveness of the designed adaptive unknimput observer and fault-tolerant
controller for inverter device used in traction system, idation one the case that only one
incipient sensor fault occurs, is considered first and thencase that two incipient sensor faults
occurs simultaneously, follows. The practical parametdr¢he three-phase PWM inverter in
CRH2 from CRRC ZHUZHOU INSTITUTECO., LTD are provided in thalowing table.

TABLE |
PARAMETERS OF THE INVERTER INCRH2.

Parameter Value Unit
r 0.144 Q
Ly 1.417 x 1073 H
Cy 6000 x 10~° F
Vie 3600 \%
wo 314 rad/s
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A. One Incipient fault on v,, voltage sensor

When only one incipient fault occurs in thg, voltage sensor, the fault distribution matrix
is described by” = [0, 1]7. As in [21], the incipient sensor fault considered here suased to
be generated by = —100f + ¢, f(0) = 0 where

0, 0<t<ls,

§= (71)
2000sin(3t), 1s <t.

The bounded noise is given by

1.5sin (10¢)

d= : (72)

2.0sin (10¢)
Thus, from (71) and (72)Q¢, Q¢, Qa, &0, & anddp in Assumption 2 can be obtained, and
the augmented system can be established as (12). It can ifiedvénat the augmented system
satisfies Assumption 1. Let = 0.1 and« = 0.5 in Theorem 1. It is calculated that the optimal
value min{trace(2)} = 2243.783328. Furthermore, the designed parameters in the proposed
observer (23)-(26) are given by

0.2006 —0.0010 —0.0584 -

1.0575 —0.0003
[' =489.1435, P, = | —0.0010 0.2265 —0.0175 |, Py =

—0.0003  1.0579
—0.0584 —0.0175 0.0844 )

—0.4180 0 —13.0 —-2674 -
6387.8 —442.4
L=1-01691 0 |, G = 5.7 706.3 and Gy =
—442.4  6291.3
—2.1364 0 —57.5 —6978.0 )

Since only 3D curve can be plotted by Matlab toolbox, the ougstimation error, and
unknown input estimation errar; are selected to be shown in Fig. 3.

It can be seen from Fig. 3 that in the presence of disturba(it®s the estimation error
col(ey, e¢) is bounded and converges to the invariant ellipsdic?—!).
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[ Jinvariant ellipsoid
coley, eg)

Fig. 3. Invariant ellipsoict(:2~") and estimation erroeol(ey, e¢).

With the calculated observer parameters, the matricasad () are calculated as

Q=

[ —0.1033 101.8857, 5.2779 —1.0000  0.0000
—0.0057  6.3047 0.0000 0 —1.0000
—0.0277 27.3004  1.4142  0.0000  0.0000

0 —1.0000 0 0.0000 0
0 —0.0000 —1.0000 0 0

0.0000 —0.0014 —0.0002 0.0000 —0.0003
0.0000 —0.0304 —0.0015 0.0003 0.0000

Let a =53, = 10 and

September 27, 2016

0.0833 —0.0013 —0.0252 0.0000  0.0000

—0.0013 0.1132 —0.0086 0.0000 —0.0000

—0.0252 —0.0086 0.0413 —0.0000 —0.0000

0.0000  0.0000 —0.0000 0.5288 —0.0001

0.0000  —0.0000 —0.0000 -0.0001 0.5290

20
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Then the fault-tolerant controller parameters are catedldased on Theorem 3 as follows

[ 0.0048 —0.0027 —0.0166 0.9079 —0.8161 |
Et - y
| -0.0013  0.0020 00027 —0.4232 04727 |
~0.0000 —0.8885 0.8181 —0.0048 0.0030
F, = .
0.0000 04087 —04744 0.0010 —0.0029

The time responses are shown in Figs. 4 and 5. It can bee ssenFigs. 4 and 5 that even

100 -2200

- = - =12
80 — Y1 ] _2220} Yr2 ||
60 — -2240}
40 : , -22601
20 , -2280+
s s
T 0 T -2300
s 3
—24105 — —23738%9-5
" " -
_ (R ! ] _ N
40 1 \ h 2340 i A
of — -2300 b—— -
T u )
-60 v — -2360 N \
v . e
_glos i - 0.5.
e TP R 2388008
-100 i -2400
0 2 4 0 2 4
Time(s) Time(s)

Fig. 4. Time response of the output voltages andveq.

T T T
.= —invariant ellipsoid
yr

— ey,

eyrz(v)
o

i i i i i i i
-40 -30 -20 -10 0 10 20 30 40
eyrl(V)

Fig. 5. Invariant ellipsoict(%Z ") and the voltage tracking erre,. = col(eyr1, eyr2).

in the presence of disturbances and the incipigntoltage sensor fault, the output voltages of
the inverter track the given reference signals with theag®terrors converging to the invariant
ellipsoide(Z1).
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On the other hand, to estimate fault signals more accuragbther unknown input observer
is designed based on Theorem 2. By direct calculation thenmaptvalue, min{trace(Z)} =
997.237035. The actual incipient sensor fault signal (blue and dot)lised its estimation (red
an solid line) are given in Fig. 6, and the fault estimatiomers given in Fig. 7. It can be seen

20

= =
=) o 1S @
T T T

Incipient fault(V)

!
o
T

05 1 15 2 25 3 35 4
Time(s)

Fig. 6. Time response of the fault estimation curvefadnd actual fault curvef.

‘‘‘‘‘ invariant ellipsoid
JEE—p

Time(s)

-4 -3 -2 -1 0 1 2 3 4
Fault estimation error(V)

Fig. 7. Invariant ellipsoict(Z ") andw,, incipient sensor fault estimation errey.

from Figs. 6 and 7 that the fault estimation eregr also converges to the invariant ellipsoid
e(Z7h).

The simulation of a single incipient fault occurring ogy voltage sensor is similar to the case
that single incipient fault occurs on,, voltage sensor, which is omitted here. The next part will
provide simulation for the case when two incipient faultgwconv,, andv,,; voltage sensors
simultaneously.

September 27, 2016 DRAFT



23

B. Two incipient faults on v,, and v,, voltage sensors simultaneously

When two incipient faults occur on the,; andv,, voltage sensors simultaneously, the fault
distribution matrixF' is described by

10|
= . (73)
01

The incipient sensor faults are assumed to be generated by

: —100 &1
f= [+ ,f(0) =0 (74)
20 —100 &
where
0, 0<t<ls, 0, 0<t<ls,
2000sin(3t), 1s <t, 1000sin(3t), 1s <t.

The disturbances are described by (72).
Sincep = ¢, it follows that . = 0 in Theorem 1. Giving appropriate parameters in Theorems
1 and 3, and calculating designed parameters, the simuleggults are shown in Figs. 8-12.

T T T
.= —invariant ellipsoid
y

1%

e,(V)

Fig. 8. Invariant ellipsoict(2~!) and estimation erroe, = col(ey, , ey,).

Fig. 8 confirms that the designed unknown input observerressihat the estimation error
col(ey, ey, e¢) converges to the invariant ellipsoid2-') even in the presence of disturbante
and time varyings. It is verified from Figs. 9 and 10 that the proposed fauletaht controller
guarantees that the output voltages andwv,, track the given voltage values with the tracking
errors converging to the invariant ellipsai®Z—!) given by Theorem 3. Moreover, after incipient
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100 -2200

-_ V- g/l - ;}2
80 — il oo} Yr2 ||
60 {1 -2240f
40 : {1 2260}
20 1 -2280f
s S
> 2
g8 ° ~_ .- ~<] § 70 o o~
> - >
-20 : 1 -2320f
-40 : 1 -2s40)
-60 {1 -2360f
-80 1 2380}
-100 i -2400 i
0 2 4 0 2 4
Time(s) Time(s)

Fig. 9. Time response of the output voltages andv..

40 T T T
‘‘‘‘‘ invariant ellipsoid
Cyr

30+

eyrz(v)
o

i i i i i i
-40 -30 -20 -10 0 10 20 30 40
eyrl(V)

Fig. 10. Invariant ellipsoict(% ') and the voltage tracking erras,, = col(eyr, eyry ).

sensor faults occur, the tracking errors will stay in theamant ellipsoid. It can be seen from
Figs. 11 and 12 that the incipient fault signals are estithaiethe proposed adaptive laws, and
the estimation error converges to the invariant ellipsdid—").

VIlI. CONCLUSIONS

An incipient sensor fault estimation and accommodationhmeéthas been proposed for the
three-phase PWM inverters used in the electric railwaytivacsystems. An adaptive unknown
input observer has been designed to estimate the inveraiges, currents and incipient sensor
faults. The inverter incipient sensor fault accommodatimethod also been developed to guar-
antee that the output voltages of the inverter system traekréference voltages irrespective
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1V

20 ‘\/\__;

i i i i i i i
0.5 1 15 2 25 3 35 4

Time(s)
20 T T T T T T
f2
10 == h
2 0 4
=
—10} ]
20 i i i i i i i
0 05 1 15 2 25 3 35 4
Time(s)

Fig. 11. Time response of the incipient sensor fault curfes col(f, f1) and fault estimation curveg = col(fi, f1).

T
‘‘‘‘‘ invariant ellipsoid

Fig. 12. Invariant ellipsoict(Z ™) andv.q, veq incipient sensor fault estimation erref = col(ey, , ey, ).

of sensor faults occurrence. In the presence of disturlsaribe invariant ellipsoid has been
introduced such that the estimation errors and the voltegeking errors converge to the corre-
sponding invariant ellipsoid.
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