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Abstract:

This paper is concerned with the stochastic stability and passivity analysis for a class of Lur’e singular systems with

time-varying delay and Markovian switching. By using the free-weighting matrices approach, a delay-dependent stability criterion,
which guarantees that the system is stochastically stable and robustly passive, is derived in terms of linear matrix inequality (LMI).
Two numerical examples are provided to illustrate the effectiveness of the proposed method.
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1 Introduction

The problem of stability analysis for Lur’e control sys-
tems has been a topic of recurring interest over the past
decades due to the fact that a large class of nonlinear
systems in engineering can be modeled as this class of
systems. A great number of results related to such sys-
tems have been reported in the literatures [1-3]. Recently,
much attention has been paid to the study of Lur’e sin-
gular systems. The control problem for singular systems
of such class is more complicated than for regular ones,
because the singular systems usually have three types of
mode, namely, finite-dynamic mode, impulse mode and
non-dynamic mode, while the latter two do not appear
in state space. The results related to Lur’e singular sys-
tems can be classified into two types: delay-independent
cases!® % and delay-dependent cases®~1%. Tt should be
pointed out that the delay-dependent results are less conser-
vative than the delay-independent ones, especially when the
time delays are small. Till now, some results have been re-
ported related to singular/regular systems with Markovian
switching[“*ls]. However, to the best of our knowledge,
the delay-dependent stability analysis for Lur’e singular sys-
tems with Markovian switching has not been investigated.

On the other hand, the notion of passivity has played
an important role in analysis and control design of linear
and nonlinear systems. Passivity is part of a broader and
more general theory of dissipativity, and it can maintain the
internal stability of the system% 7. So it is necessary to
investigate the passivity of systems. However, the passivity
analysis for Lur’e systems has been paid little attention.

Motivated by the aforementioned factors, the problem
of delay-dependent stability and passivity for Lur’e singu-
lar systems with Markovian switching is considered in this
paper. The free-weighting matrices approach is employed
to derive the delay-dependent criterion, which guarantees
that the system is regular, impulse free, stochastically sta-
ble, and robustly passive. T'wo numerical examples are pro-
vided to illustrate the effectiveness of the proposed method.
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2 Problem formulation

Consider a class of Lur’e singular systems with Marko-
vian switching and time-varying delay described as

Ex(t) = A(ry)x(t) + Aa(ry)z(t — d(t))+
D(re)f(o(re),re) + B(re)w(t)
2(t)=C.(re)x(t)+Caz (re)x (t—d(t) B (1) w(t)
o(r) = Clralt)
z(t)=9¢(t), Vt € [—d,0]

(1)

where z(t) € R" is the state vector, z(t) € R’ is the con-
trolled output, w(t) € RP is the disturbance input which
belongs to Lo [0,00), E € R™™™ may be singular, which is
assumed that rank (E) = r < n, ¢(t) € C,, 7 is a compat-
ible vector valued initial function, A (r:), A4 (r¢), B (r¢),
D (r:), C; (r¢), Caz (r¢), B(r:), B (r:) and C (1) are real
constant matrices of appropriate dimensions, and {r:} is
a continuous-time Markov process with a right continuous
trajectory taking values finite set S = {1,2,--- , N} with
transition probabilities as

ﬂi‘jA‘FO(A), ifj 752

P = dlry =] =
[’f’t+At ]|Tt Z] { 1+7TUA+O(A)7 ifj=1

where limA_,UOTA) =0, m; > 0,5 # i and m =

—Zj# mi; for each @ € S, o(rt) = (0re1, Ore2, - - 7Urtq)Ta
friloi) = (fra(on), frez(oi2), -+, frig(0ig))". The time
delay d(t) is a time-varying continuous function that satis-
fies

0<d(t)<d, 0<dit)<p<1l, Vie$S (2)

where d and p are constants.

For notational simplicity, in the sequel, for each possible
re € 4, i € S, a matrix M(r¢) will be denoted by M;. For
example, A (r¢) is denoted by A;, Aq (r¢) is denoted by Ag;,
etc.

The nonlinear feedback path is formulated as

fi(oi) = (fa(on), fiz(oia), -, fim(oim))"
0i = (0i1, 042, -+, Oim) "
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with each f;;(-) satisfying the finite sector condition:
fii(-) € K; [0, k)] =

{£ii()£i5(0) = 0,0 < 03, fij(0i;) < kjoij, 065 # 0}
j=1,2,---,m, Vi€S. (3)

The nominal unforced system of (1) can be written as
Ex(t) = Aix(t) + Agiz (t — d(1)) . (4)

Throughout this paper, we shall use the following con-
cepts and introduce the following useful lemmas.

Definition 1.

1) System (4) is said to be regular and impulse free for
any time delay d(t) satisfying (2), if the pairs (E, 4;) and
(B, A; + Aqg;) are regular and impulse free for every i € S.

2) System (4) is said to be stochastically stable for any
fi; () ( = 1,2, ,q) satisfying (3), if there exists a con-
stant T (ro, ¢(:)) such that

E[ / () dfro, #(s) = 6(s), s € [d, o}] <T (10, 8()).

3) System (4) is said to be stochastically admissible, if it
is regular, impulse free and stochastically stable.

Definition 2. The Lur’e singular system (1) is said to
be robustly passive, if there exists a scalar v > 0 such that

E{Q/Ot* wT(s)z(s)dS} >y /Ot* w(s)w(s)ds  (5)

for all t* > 0 under zero initial conditions, w(t) € L2 [0, 00).

Lemma 1 (S-procedure)®. Let F; € R"™*" i =
0,1,2,---,p, the following statement is true: (T Fo( > 0
for any ¢ € R"™ satisfying (TF;¢ > 0, if there exist real
scalars 7; > 0,¢=0,1,2,---,p, such that

p
Fo — ZTiFi > 0.

i=1

For p = 1, these two statements are equivalent.

3 Main results

In this section, we shall focus on the delay-dependent
stability and passivity for system (1).

Theorem 1. For given scalars d, v > 0 and 0 < p < 1,
then, for any delay d(t) satisfying (2), system (1) is stochas-
tically stable and robustly passive, if there exist symmetric
positive-definite matrices Q, Z, A;, a scalar £; and matrices
Pi, Yii, Yai, Y3, Yai, Vi, Vo, and V3; such that for each
i €S,

E'P,=P'E>0 (6a)

Vi B; — C

O,
Ei1 Bir2 Zits dYas Zi1s
*  Hi2a Hi23 JYQi ngDz — Va; V2€Bi
* % sy dYy Eiss —Cilzi
x % % —dZ dY} 0 <0
x ok % * * —~I — BL, — B.;

(6b)

where
N
i11 = Z TFijETPj + V{EAi + AiTVIi + Y, E + ETY{E +Q

Bno =P = Vi; + A Vai + E'Yo;

Eis = —YuE + Vij Agi + ET Y,

Sis = AT CT A + ETYS, + ViiDi + A Vai + e, CT KT
Bioe = —Vay — Vo +dZ

Bizs = —Yoi B + Vi Aai

Eigz = —(1—p)Q — Y3, E — E"Yy;

Biss = AuCi i — ETY5; + Agi Vs

Eiss = NiCiD; + D CF Ay + Vii Di + D} Vi — 2e41.

Proof. First, we shall show system (1) is regular and
impulse free.

Define
_ E 0 ~ 0 1
E = i = I
0 0 :| ’ A, =T
e 0 0 — P; 0
A i — 3 Pl =
d |: Agi 0 :| Vie Vo
Yll 0 < YSL O
Yi i = Yz - )
! { Yai 0 ? 0 0
- Q 0 A | @=wQ 0
@ { 0 dz | @7 0 az
From (6), it is easy to see that
E'P,=P'E>0 (7a)

[

Pl Ay — VisE + BTV
¢ —Qu— BV{ —YuE

Since rank(E) = r < n, there exist nonsingular matrices

G and H, such that GEH = ér ((J) :|
Denote
- A Aire
GA;H =

Ai21 Aioo }

G TBH - P11 Pio

P21 P22
- Yi11 Yiie

H'Y.G™ ' =

' Yio1 Yiz

for every ¢ € S. From (7a), we can deduce that Pia2 = 0
for each i € S. Pre-multiplying and post-multiplying (7b)
by HT and H, respectively, we have

Ao Pioa + PihyAjza < 0. (8)
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According to the proof of Theorem 1 in [7], we have from
(8) that the pair (E, A;) is regular and impulse free for each
i € S. Pre-multiplying and post-multiplying (7¢) by [I I]
and [I I ]T, respectively, we get

muET P+ (Ai + Adi)T P+ P’ (Ai +Ag) <0. (9)

Using the above approach, from (7a) and (9), we can get
that the pair (F, A; + Ag;) is regular and impulse free for
each i € S. From Definition 1, system (1) with u(¢) =0 is
regular and impulse free for any delay d(t) satisfying (2).

Next, we shall prove the stochastic stability of the system
(1) with w(t) = 0. Define a new process {(z¢,r:),t > 0} by
xi(s) = x(t +8), —2d < s < 0, then {(z¢,7¢),t >0} is a
Markov process with initial state (¢(-),70). Now, for t > d,
choose a stochastic Lyapunov functional candidate as

V(e re,t) =" ()BT P(re) Ba(t)+

| s@sayar

—d(t)

0 t
/ / i () ET ZEi(a)dad S+
—d Jt+p

m oij
2Z>\z‘j/0 fij(oi;)doi;. (10)
=1

Let L be the weak infinitesimal generator of the random
process{x, r:}. Then, for each i € S, we have

N
LV (z4,i,t) < 267 () ET Pac(t) + 2™ (¢) (Z m]-ETP]) o(t)+

2t (H)Qu(t) — (1 — " (¢t —d(t) Qu (t —d(t)) +
diT})ETZEz(t) — '
(1) (1) / i
2f5 (o) NiCi [Aix(t) + Aai (t — d(t)) + D fi(0:)] +
2 [axT (O)Y1s+(Ei(t)" Yai+a™ (t—d(t)) Yai+ [ (ai)yh] x

" (@) ET ZE#(a)da+

t

[Em(t) — Ez(t—d(t)) — / Ei(a)da| +

t—d(t)

2 [ OV} + (B(®)" Vil + £ (00 Vst x
[—Ea(t) + A(t) + Agi (t — d(t)) + Difi(01)].
It follows from Jensen integral inequality*®) that
_ / td( )a‘tT(a)ETZEab(a)da <C)(—dz)C(t) (1)
e

where ((t) = — f:ﬁd(t) 1FEi(a)do.
From (11), we have that, for each i € S

LV (z,i,t) < X 00X (12)
where
X = [ (t) ¢"E 2" (¢t~ d(t) (1) 70|

= = = 3 = T T
i1 B2 iz dYa; Hias — &0 K,

¥ Eioo Bios dYa; Vi Di — Vs

Dio=| % % Eizz3dYs; ALCTA; — ETYE + AT Va,
* * x —dZ JYg
* * * * Ei55 + 28z1

In addition, from (3), we have

£ (00) [KiCia(t) — filow)] > 0. (13)

By applying S-procedure[w], we can see that

LV (x4,4,t) < 0 for X # 0 is implied by the existence
of a scalar ¢; for each 7 € S such that

XT(I)iQX + 261f,;r(0'7,) [chlli(t) - fz(az)} < O,

That is

VX # 0.

LV (24,i,t) < X"®3X <0, VX #0 (14)

where

0

0

0
—2el

Di1 = Dy +

*¥ ¥ ¥ ¥ O
* ¥ ¥ O O
* ¥ O O O

*¥ O O O

From (14), there exists a small scalar p > 0 such that for
each i € S, LV (z4,4,t) < jp||a:(t)||2.
Therefore, for any t > d, by Dynkin’s formula, we obtain

EV(xt,i,t) — EV(zg,rq,d) < —pE /: |z(s)||? ds
which yields
E/; lz(s)||>ds < p” 'EV (2,73, d). (15)
From [18], the regularity and the absence of impulses of

pair (E, A;) for each ¢ € S implies there exist two invertible
matrices M; and N; such that

M;EN; = L 0
00

Ail 0
0 In_r

Aidl Aid2

M;Ag;N; =
pd Aidz Asaa

Dy
D;2
Ci = C;N; .

M;D; = [

Then, for each i € S, system (1) is decomposed as

&(t) = An&i(t) + Aim& (t —d(t) +
Ajaze (t —d(t)) + Di fi(n:)
—&2(t) = Asaséa (t — d(1)) + Asaala (t — d(t)) + Dizfi(n:)
E(t) = () = Ny '¢(t),t € [~d,0] (16)
_ | &@®
&a(t)
Expression (3) can be equivalently described as
0ij fij(0i3) (i fis(0ij) — kjos;) <0 =1,2,--+ ,m) =
fii(oi) < Koty = || fi(o)||? < IKiCiz(t)||” . (17)

where n; = Ci£(t), (1) = N '2(t).
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Therefore,
F 1 < EECT K K CiE(t). (18)

From (17), we can deduce that

1D fs(m)lI* < || D K:Cig(®)||* =

(
[ Dar fi(ma) | < V1 (€1(t) + &2(1))
IDi1 fi(mo)||* < || DK Ci (t)||* =
[ Diz fi(ni)|l < V2 (£1(2) + &2(1)) -
where
Fi = Amaxiies |CF KT DADuKiCy| > 0
k2 = Amaxies |CF K DhDiKiCy] > 0,

For any 0 < t < d, it follows from (16) that

[0 < (1€ (0)]] + ks/o ()l + 11€1(s — d(®)) I+
[€2(s)]l + [I€2(s — d(#))[[]ds <

(2hksd + )||$]l7 + ks / € (s)ds

where ks = maxies {||Aa || + Vk1, || Aiar], [[Aiaz]|} > 0.
By applying the Gronwall-Bellman Lemma, we obtain
from (18) that for any 0 < ¢t < d,

sup [|€1(0)]] < (2kad + 1)[| ge™. (19)

o<t<d

Consider (16) and (19), it can be deduced that
SUPoc < ql1€2(t)| is bounded. We assume 0 < vk2 < 1,
then for any 0 < t < d, we have

sup llea(t)|< (1-vEz) K ((2kod + 1R +2) "

o<t<d
where ks = maxics {||Aiasl| , || Aiaal| , vVk2}. Hence,

sup [l€()]1* < sup [l&x()]* + SUPJH&(UHQ < ks [lvll3

0<t<d o<t<d 0<t<
where
- - -2
ks = (2ksd + 1)%e2sd 4 (1 - \/k2> k2 x
_ - 2
((2k3d F1)esd 4 2) .
Therefore,
— 2
sup [lz(t)]1” < ks | Nl* | N ol (20)
o<t<d

Expressions (15) and (20) imply the existence of a scalar
ke > 0 such that

E/Ot z(s)||* ds =

od t
B [ fas)|fds+ B / ()| ds < ko ||6)]2.
JO d

From Definition 1, we get that system (1) with w(t) =0
is stochastically stable.

Now we shall show the passivity property of system (1)
for each 7 € S.
Under zero initial condition, it is easy to see that
LV (t,i,t) — 2w (£)2(t) — yw™ (H)w(t) =
LV (24,i,t) — yw" (H)w(t)—
2w (1) [Ca(re)2(t) + Caz (re)a (t — d(t)) + B (re)w(t)] <
X" (5)0:X(s)
where
T

X = [2" (03" E"2" (t = d) <" (1) £ (o) w" (1))
From (6b), we get
LV (z¢,i,t) — 2w™ (£)2(t) — yw™ (t)w(t) < 0. (21)

Integrating both sides of (21) with respect to ¢t over the
time period [0, t*] gives rise to

V(ze=,i,t") — V(zo,1,0) — E {2/0 wT(s)z(s)ds} -

’y/ot* w” (s)w(s)ds < 0.

Then, from Definition 2, system (1) is robustly passive. 0O

Remark 1. Theorem 1 gives a delay-dependent suffi-
cient condition of the stochastic stability with passivity for
Lur’e singular system with Markovian switching (1). In
the derivation of the delay-dependent result in Theorem
1, no model transformation is performed onto system (1).
Moreover, we have introduced some free-weighting matri-
ces, (this approach is also known as the slack matrix ap-
proach), which may help to reduce conservatism.

4 Numerical examples

In this section, two numerical examples are presented to
illustrate the effectiveness of the proposed method.
Example 1. Consider system (1) with one mode and
the system parameters are described as
-05 0

11 1
A =
0o —1 | " [0 0.5]’

Dy — 0.2  Bi= 0.1 ’
0.1 0.2

C1 =[0.60.8], Ca.1 =1[0.60.8],
Caz1 = [0.10.1], B.y =0.3,
Ki=04.

A=

When w(t) is not considered, the maximum allowable
delay bound d for different y is shown in Table 1. For com-
parison, the upper bounds obtained for the criteria in [9]
are also listed in Table 1. It can be seen that our method
is less conservative than those in [9].

Table 1. Maximum allowable time delay d for different

o 0 0.3 0.6 0.7 1.0
a ([9)) 1.07 1.02 0.93 0.86 0.80
d (This paper) 2.09 1.71 1.36 1.24 0.91
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Taking disturbance w(t) into account, Table 2 provides
the maximum allowed time-delay d for different v > 0 when
u = 0.5 according to Theorem 1.

Table 2. Maximum allowable time delay d for different ~

o 0 0.2 0.5 0.8 1 1.2

d 4.12 3.92 2.86 2.85 1.74 1.18

Example 2. Consider the system (1) with two modes,
i.e., N =2, the system parameters are described as

A= | 03 0] [ 04 02 |
01 —1 0 —0.9
~1.4 05 1.3 0.6

Ag = Ay —

a [ 01 07| °% [ 0.0 0.9 } ’

g | 00t ] g |00 ]
0.02 0.02

Dy = Ds = 0.

The rate matrix II and singular matrix E is chosen as
follows:

II =

—-0.5 0.5
0.3 —0.3

E_“g}

The comparison of maximum time delay upper bound d
via different method is recorded in Table 3.
Table 3. Maximum allowable time delay d for different

m 0 0.4 0.7 1
d ([13]) 1.34 0.79 0.27 Infeasible
d (This paper) 1.95 1.23 0.86 0.31

It can be seen from Table 3 that our results have less
conservatism than the recent results for time-delay singular
Markovian jump systems in [13].

5 Conclusions

The problem of stochastic stability and passivity for a
class of Lur’e singular systems with time-varying delay and
Markovian switching has been investigated. The delay-
dependent condition has been derived in terms of LMI, in
which some free-weighting matrices have been employed to
express the relationship between the terms in the Leibniz-
Newton formula. Finally, numerical examples have been
presented to show the effectiveness and superiority of the
proposed method.

References

[1] Y. He, M. Wu, J. H. She, G. P. Liu. Robust stability for de-
lay Lure control systems with multiple nonlinearities. Jour-
nal of Computational and Applied Mathematics, vol. 176,
no. 2, pp. 371-380, 2005.

[2]

[4]

[6]

[7]

(8]

[9]

(10]

(11]

(12]

(13]

(14]

Q. L. Han. A new delay-dependent absolute stability crite-
rion for a class of nonlinear neutral systems. Automatica,
vol. 44, no. 1, pp. 272-277, 2008.

Q. L. Han, A. K. Xue, S. R. Liu, X. H. Yu. Robust abso-
lute stability criteria for uncertain Lur’e systems of neutral
type. International Journal of Robust and Nonlinear Con-
trol, vol. 18, no. 3, pp. 278-295, 2008.

R. Q. Lu, H. Y. Su, J. Chu. Robust H, control for a class of
uncertain Lur’e singular systems with time-delays. In Pro-
ceedings of the 42nd IEEE Conference on Decision and Con-
trol, IEEE, Hawaii, USA, pp. 5585-5590, 2003.

Q. S. Meng, A. K. Xue, D. Y. Li, R. Q. Lu. Robust stabil-
ity and stabilization for a class of uncertain Lur’e singular
delay systems based on non-direction robot. In Proceedings
of the 2006 IEEE International Conference on Control Ap-
plications, IEEE, Munich, Germany, pp. 3223-3228, 2006.
R. Q. Lu, X. Z. Dai, H. Y. Su, J. Chu, A. K. Xue. Delay-
dependent robust stability and stabilization conditions for
a class of Lur’e singular time-delay systems. Asian Journal
of Control, vol. 10, no. 4, pp. 462-469, 2008.

H. J. Wang, A. K. Xue, R. Q. Lu. Absolute stability crite-
ria for a class of nonlinear singular systems with time de-
lay. Nonlinear Analysis: Theory, Methods & Applications,
vol. 70, no. 2, pp.621-630, 2009.

C. Y. Yang, J. Xin, Q. L. Zhang, L. N. Zhou. Practical
stability analysis and synthesis of linear descriptor systems
with disturbances. International Journal of Automation and
Computing, vol. 5, no. 2, pp. 138-144, 2008.

H. J. Wang, A. K. Xue. Delay-dependent absolute stabil-
ity criteria for uncertain Lur’e singular systems with time-
varying delay. In Proceedings of 2009 American Control
Conference, IEEE, Piscataway, NJ, USA, pp.4079-4084,
2009.

H. J. Wang, A. K. Xue. Absolute stability criteria for Lur’e
singular systems of neutral type. In Proceedings of the
29th Chinese Control Conference, IEEE, Beijing, China,
pp- 1879-1884, 2010.

Y. Q. Xia, E. K. Boukas, P. Shi, J. H. Zhang. Stability
and stabilization of continuous-time singular hybrid sys-
tems. Automatica, vol. 45, no. 6, pp. 1504—1509, 2009.

L. G. Wu, P. Shi, H. J. Gao. State estimation and sliding-
mode control of Markovian jump singular systems. IEEE
Transactions on Automatic Control, vol. 55, no. 5, pp. 1213—
1219, 2010.

Z. G. Wu, H. Y. Su, J. Chu. Delay-dependent H, filter-
ing for singular Markovian jump time-delay systems. Signal
Processing, vol. 90, no. 6, pp. 1815-1824, 2010.

X. D. Zhao, Q. S. Zeng. Delay-dependent stability analy-
sis for Markovian jump systems with interval time-varying-
delays. International Journal of Automation and Comput-
ing, vol. 7, no. 2, pp. 224-229, 2010.



84 International Journal of Automation and Computing 10(1), February 2013

[15] X. D. Zhao, Q. S. Zeng. H. output feedback control for
stochastic systems with mode-dependent time-varying de-
lays and Markovian jump parameters. International Journal
of Automation and Computing, vol.7, no.4, pp.447-454,
2010.

[16] B.T. Cui, M. G. Hua. Observer-based passive control of lin-
ear time-delay systems with parametric uncertainty. Chaos,
Solitons & Fractals, vol. 32, no. 1, pp. 160-167, 2007.

[17] L. P. Liu, Z. Z. Han, W. L. Li. Non-fragile observer-based
passive control for uncertain time delay systems subjected
to input nonlinearity. Nonlinear Analysis: Theory, Methods
& Applications, vol. 73, no. 8, pp. 2603-2610, 2010.

[18] S. Boyd, L. El Ghaoui. Linear Matrix Inequalities in System
and Control Theory, Philadelphia: STAM, 1994.

[19] K. Q. Gu, V. L. Kharitonov, J. Chen. Stability of Time-
delay Systems, Boston, Massachusetts, USA: Birkhauser,
2003.

received his B.Sc. de-

gree in automation from Zhengzhou Univer-

Ping-Fang Zhou

sity of Technology, China in 1999. He re-
ceived his M.Sc. degree in automation from
Central South University, China in 2002.
’A’ ', He received his Ph.D. degree in automation
4 from Shanghai Jiao Tong University, China

in 2006.

He is an associate professor in the School of Aeronautics and

Astronautics in Shanghai Jiao Tong University, China.
His research interests include robust control, nonlinear con-
trol, real-time control, and flight control system.

E-mail: zhoupf@sjtu.edu.cn (Corresponding author)

Yue-Ying Wang  received the B. Sc. de-
gree in mechanical engineering and automa-
tion from Beijing Institute of Technology,
China in 2006 and the M. Sc. degree in navi-
gation, guidance and control from Shanghai
Jiao Tong University, China in 2010. He is
VN now a Ph.D. candidate in instrument sci-
ence and technology at Shanghai Jiao Tong University, China.
His research interests include robust control, filtering, and
flight control system.

E-mail: wangyueyingsjtu@sjtu.edu.cn

Quan-Bao Wang  received his Ph. D. degree from Shang-
hai Jiao Tong University, Shanghai, China in 2010. He is an
associate professor in the School of Aeronautics and Astronau-
tics in Shanghai Jiao Tong University.

His research interests include measurement and control.

E-mail: quanbaowang@sjtu.edu.cn

Ji-An Chen
stitute of Technology, Harbin, China in 1998. He is a professor

received his Ph.D. degree from Harbin In-

at the School of Aeronautics and Astronautics in Shanghai Jiao
Tong University.

His research interests include aircraft design, advanced mate-
rials and structures, and measurement.

E-mail: ja-chen@sjtu.edu.cn

Deng-Ping Duan received his Ph.D. degree from Harbin
Institute of Technology, Harbin, China in 1996. He is a professor
at the School of Aeronautics and Astronautics in Shanghai Jiao
Tong University.

His research interests include aircraft design and integrated
control.

E-mail: ddp@sjtu.edu.cn



