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with Time Petri Nets
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Abstract; The fault diagnosis of gas path system in integral bipropellant propulsion is investigated. Aiming
at the problems that the failure rate of gas path system is relatively high and some key information can’t be
obtained through the sensors, a method of building Modified State Class Graph ( MSCG) based on Partially
Observed Time Petri Nets ( POTPN) and State Class Graph (SCG) is presented. Firstly, the transitions are
divided into observable and unobservable transitions according to the observability of the actuators, and the
time intervals are modified based on the different relationships of the transitions ( synchronous and
asynchronous ) . The MSCG is then built with time Petri nets. Based on the proposed fault diagnosis method,
all the effective paths that satisfy the observable transition triggering time and sequence information are
found out, and it is determined whether the effective paths have fault transitions. Finally, taking the gas path
system in integral bipropellant propulsion as an example, and based on the observability of the actuators, a
Petri net is built for making fault diagnosis to the unobservable part of the system, which verifies the
effectiveness of the algorithm.
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HETHESHHEN T IEBARRNTEWE RGBT
(B NG MR R BB R RSN
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RYBRS, , SRS TR o Wi . 2T R
ERTETHROTE, EFAREATR N IR
PR BT R G5 , E ML R AT R,
W5 LBRRGEAT AREAT H A, K R G2 H B
R, SRS R AR R

DAAEE T MR Y A K 12 W vk R B B X T
TS RYBE S W, X AN T T A5 RGBS i AN 1 5
2%, B — Fp 2 T3R5 W UL B B] Petri (9 ) T [ 12
WA, R AT S5 A5 A B A BV AR T I s AT
WIS o B i) ) R b 7 s B 2 LA R Y R RE T
R b BEBE R WL & A AR 1, LB R R & A
RORTRRIE" " o BFIR) Petri A AT DATSAR 525 1R SR |
HEEZHELR, O] LU LS4t R 2R E R, 2
A Petri MEHEITIREY 1™ 0 ASOBBIR—FRT
TR PTWREE] Petri XA IREI2 T 7 8k, FE 5B 53 7T WL Pe-
tri X Rk 2525 (State Class Graph, SCG) ™" gy 4
Bib 45 A EEE B VBN BT TR L, S
ST S AE T SRR LI AR S, # B T (R Y 8 IR
252K E( Modified State Class Graph,MSCG) , {i& Z=A4
TR SR R R B AR AR EREE, TR
AR IEARE B R R G0 R  R A

1 FREZWHE] Petri (5 45 FE 48 M (5] 38

1.1 #RZHt1E Petri K

TEM 1 Petri B (Petri Nets,PN) £ X H— M PYI0EH
N=(P,T,P_,P,),P & m NPT (Place) BEH,T 2
n 25 1E ( Transition) fZES,P :Px TN M P_ . P x
TN 735 25 A IR IR &R o LA C =
P, -P 2 NBRERARE, SCHRAERE C #R AT — 11T
X Jig — R , KR R LR LIRS

FERT P BB R M. P—N B8R BE— R
BB BRI BA BRI BGE M(p) o HEALS
M=P_ (- ,0)785T ¢ BERERE, BT ¢ MREIRA M =
M+C( - 1) i M RRRGEHIRAI LI FR,
RBIEM C 1 —NEZETE. M ALK ERRYEIT
EENAM) ={teTIM=P,( - )},

TEN 2  B}[E] Petri B ( Time Petri Nets, TPN) & XK
N,=(N,Q) , K+ :N=(P,T,P,,P,,) &2 Petri MEIIIT
H,0:T—Q x (QU { oo | ) JEALIEH 43 i IA] 244 AR BB
B IAIEE G, BT 1, e T XY Q HIPI™ B B
Q) =(L,u,) 1, =0,u,=1,,1, # o X4 H A4 7ERT A X

[ELL,u, JAZEEE ¢, A RBAA

o =(ty,75) (t,,7) (1;,7,) -+ (1,,7,) e (TxRG)H
AT B} ) Ff 31 824 ( Transition Time Sequence, TTS),
WA i BT 1, e TXPRE P ARA @ B ZSIT Rl A B8] A 7,
1A M, [t (7) )M [t (7)) )M, [1,(7,) ) M, 1, <t <
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BRI A AT A B Kl (] P o
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NN, M, R) SRR R T—LU | &} RGN
— M L RERT oo ATMREM#ILIREEES N
T,,T,={teTIZ() =}, TWMIREEREHT,,
T,=1{teTI¥(¢) =L},

VR EREER & 1, e T, B(s;) =y,yel;
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B ] F1 2% P 526G ( Time Label Sequence,TLS)§, =
(Yo sT) (Y sTa) (Vs 7a) € (L XR; ) 2 A LI AR i
ARV fih & F 1) B4 PP B0 ER 5,2, (8, ) B i R Y RT0L
WASIERS ], ¢, (8y) =7, 4E R 8, ZAFE TS, 0
SFHX
1.2 SR )3

Bi%1 BT, e THERRIZARXE Q) =
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HE,
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O,=1{ 1l <O,<u,l:,eAM)} . (3)
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o BAEEHMERIT ¢,

2) do e 3(8,7),3t, e T, Wik t,elg o, X
do'e3(8,,7), A, e T, W t, ¢ lg o W I'(8,,7,
T;) = U, {IARTT ¢, W BBl 2 BT BB b %, FEAE
BT, ) TISER o, WAFEA L EHEDIT
I TTS &5 o'

) Voe3(8,,7),3t, € T;, R t,elg o, N
r(s,,r,17;) = F, Wl & @Mz, T TISEE
o A AT ¢

SR P75 o e e £ 8 B T S BERR M BLAE BE L F
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2.1 #J#& MSCG &

TE SCG k™ RUBERl_E 7St ) 25 B ARl 415,
Py R T HR I ] Petri Y f) 48 TE RS 1B (MSCG) .
MSCG 4k T SCG, X Jl| F 2 & MSCG 5| AT B [a] AE &
B EZRE R, TEMETRSEES(S, 1) B
2.1.1 MEBERA XM (MSCT)

¥ MSCG BIE BZREED: | MERBIERSE
# ( Modified State Class Tree, MSCT) .,

F, =

EiE1 g MSCT,

B ARZERHE Petri B R4

i W RLAE IEARZS SR MSCT

Step 1 WIERAL: R & Co XERARIR M, 1] =1,
! =u, MV EARIC B(C) = E, AR &R A% R4
H:0,={1'<0,<ul} .1, A(M,),

while Z27E—MRic B(C) = E BT 41 do

Step 2 HFE—NF T E C, FRi B(C) =E
Step 3 for {FE ¢, € A(M,)do

Step 4 if max{0,l} <min;,, 4, {uf} then
Step 5 ¢, TEFRIR M, R M, =M, +C( - ,1,)

Step 6 forVe, eA(Mq)do

if t, cA(M) A M, - P_(:,t,) =P, (:,1,)then

IP=1f - A, ul =u) - A,

else

=1 ,u=u,

Step 7 EESIRIH A C, BN M, LA N

0,={max{0,l'} <6,<ul}, Vi cA(M,)

Step 8 C, M C, i H:1,,8(1,) 4, €

[max{O,lik} ,minj:tl_EA(Mk) {ujk} ]

if FE4ERI C, AHIFIS 45 then

C, ¥ HHHE B(C) =7

else
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AM) ={teTIM=P, (- ,0)} AR L bk
(Step 4) ,max {0, 1] | FRUE T B F AIEHEL. Step 6 11,
#HRE L, eAM) TRt e AM,)BE M, -P (:,1,)=
P (:,t,) b AERT—DRIR C, EALATERE, B AR &
1 =1 - A ul = - A B =1 ul =u) A, H B
—ABiE e A(M,) il K BT ARIT ¢, e A(M,) il R
P i (8] 7248 RSB (MSCT) H & Hl 4538 K
B(C) = ZKyF7 il , 1 MSCG [,

2.1.2 $BIERAEE(MSCE) ¥ K447

MSCG B W E , Wi E&Etnil Me R (N, M) Hl
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Cotooy My21y 0,1y ) st s 2 (b yy)
AP e [max{0,11* "1 SN i ) {u}l(kfl) H1C,
(5)

G B m, B L o, () HHXRLHFF, K (5)
05, () =Rt 5085, 080) o

EE2 HeElBEXOS)BETRT N CL4RT
Coo MIEMRIFFIE S, = (vt s 7)) (Y2, m2) = (yiroi) €
(LxRg) i RLR

5

ZA”) <7

=1

k

- > AY <minrit e0,(C,,) {u}

=1
A? = max{0,11°"} [ =1,k

AY <minjit; € AMy ) (w1 =1,k
9

> AY =7

=1

Vi, € lgé,

(6)

Hifi10, (C,) WIREHE C, BT HR; TR AWM

Ve, elg 8 BFME T, %REHE 7 AR
(6) , % BH AR T A .

R (M,,0,) REJEH 5 C SR, b

@k:{liqkseisu(i]k}:tiEA(Mk) (7)
n(m,,0,)ess,,n)iHex(6). H
0/ =11,<8,<ul:t,cA(M,) (8)

- k
;= max{O,quk -(r- zA(l))}
) g . )

k
u; = max{O,ujk -(r- ZA(Z))}
=1

Bik2 T MSCC pREMITSLWHE.

WA TPN A% X R MSCG [, TLS £4 8, =
(Yasm) = Cyasm) B 74

Wi BRSWER T(8,,7,T;)

Step 1 #1H81L:8, = £,5(8,,0) =3

Step 2 FTAI L o, () =& BARMIEEST .

Step3 FiH we ll B =0 RR(6) 1R
LEEET .

Step 4 for JFE e Il 42 do

S(£,0) =S(£,0) U (M,0)},(M,0) ¥R =
BJ5 1

Step 5

Step 6 S(e,7) =@, well ,7>0 AiRER
(6) LS, o

Step 7 for fiG me I ,do

S(e,7) =S(e,7) UI(M,0")},0" —MRIFEX(6)
=(8) 2 (9) 15 M W5 17 s B IR 2438

Step 8  £57E AT WL AETE (e, 7) o

Step 9 8, =8,,8,=6,(e,7) II' =l1,5(8,,7) =T,

Step 10 i 7 ell',o0,(7) =1g 8, BRINTELE
Al

Step 11 fi# we T ,7= P RAHRR(6) KB
B REES o

Step 12 for we ]I do

S(8,,7) =8(8,, T)U{(M,0)}
Step 13 if 447%€ S(&,0),7> 7 then

Step 14 4 S(8,,7) = @, A me [T, 7> 7
RH(6) MEBEREES I,.

Step 15 for fiH we ll, do

S(8,,7) =8(8,,7) U{(M,0")}

Step 16 fori=1,-,rdo

If Vrell AVt eT;,t ¢ then

F(SO,T,T;) =N

elseif 3 mell , 7' e ll,(1) I, e Tfi,tfeﬂ'(Z)
Vi eT/, t;¢nw' then

r,,r,T;) =U

elseif Voell ,Vie Tfi,tfew

F(SO,T,T;) =F

k2 SRR TLS &5 6, a2 128 1T
FHEFS o 46 1, MR ER RS I'(8,,7,T;) -

Y53 ¥ Step 2 ~ Step 4 F IR UL W] 7 =0, 3
JEF(6) (HEA TN & (y,0) KB m, G4 HIER
TR A O M2 SRR B i R B8R o S TH

if 5% S(&,0),7>0 then
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REFR >0 HHER(6) MEBE 7, BFEEATR
WE(y,0) WEZE 7,7 = TR ETRASE (y, 7) iR
FRRAL, 5 1 ARTA RN RARNEE 7

Step 17 R|ERTT A KR REQIHEE
T, e THRRGHERS, BB rell, BRFEL
T MRGEREHRE; FErell,iHR 1, em RINAEE
' ellR, em, RARBRERBILEAN, FE S
HibS 2B kit — S AW B e IR 1, e
T, RARERENE,
2.3 EEESH

B 1 #5% MSCG B ,Step 3 ~ Step 8 HRIEZF T 1,
A(M,) FEARIR M, ERRIRIL , B 1E H X RIAT R 43R, BN
R C, R BEZEN O(ITI), BERLH
A, BUERE 7, R 6, BRI AR, € X ...
A MSCG Hi# & 6, MR KBEZ, TABRE 6, B o &
LRI TV B 1 BB EZRERN O(ITI=),

RE2IRHBETIS £S5 6 WEE 7, RSN
IT1=, R(6) MW BRBKE = BEBEAME, XK E
ZEANO(LITH, G E,BE 2NHEEREN
S NTI==),

3 XBISTERIE

SHEBERRE SRS RER S, BIE LT
SEZREFREXA" " BERAESREHES
BE B ™, L SAST5000 PRV SEHRS
KEEF A BIBAEAR L Frif B
3.1 SHARGEIHE

AR WA TG —EHER G T BRI
BEW, B SBE R 4 Petri MR (WA 1 iy ) 28
Fr, M, EBERBESEOREST, B TEH
HARER RSB T EERER 284 THE
HFEHRSFE—EER, RBRIMTAKEKELE
WG & TAER Al R B 1E] , 103R 1 BT,

A1 SEERE Petri A
Fig.1 The Petri net model of the gas path system

B 1USBRAERIBPRET RNER, X

BFVENZR TR Petri IR ERISKBERERSIT
BB BTy Xk 2.8 3 Fim.
WATHEHEHRA AL E : BEURR
VI3, S E E SR BA B E R KRR =4 S
FE 2230 Wi in 2 50 3G , U B 4TI, KBS RSB R
FHEERA AN, AR R AR ENE T
A A N RTT R, SRS A B AEATE
fEFa RSB AR AL , B Rk Ay Hh R
x®1 SERGSHEMERE
Table 1 The triggering time of the devices in
gas path system
B #F fRETE/(10 7 s)

SHEBITH 0

1 37 B R TAE 3.5~5

1 SRR IR A 2~4

1 37 -0 o] R A (3R R IR LR 4~12

2 SR TAE 3~4.5

2 STBEER IR TAE 2~4.5

2 37 RS e R A (U R IR L) 4.5~12

FE AR B SR 4~5

Ay H 3T 2-~3.5

#2 Petri NEREGEERPEEG Y
Table 2 The implication of each place in Petri net model

3 B & X

Py BRSNS
Py A[BNE 1 BUERET
P, SA[BNE 2 BUERET
Ps A[BE 1 ERARE
P, AREL 1 ERAR
Ps A[BE2 ERARE
Ps AREL2 EAR
P R SEEN

&3 Petri MRBPZEIHES X R ATRNE
Table 3 The implication and observability of each

transition in Petfri net model
EERR ERra X A R4

T, SEERTITH AR

T 1 BT AEHR
T, 2 BUERTIT AEHR
I 1 ERRTH AEHR
T, 1 B RETH (1 B RaitR) AEHR
T 2 B RETIT AR
Ts 2 BT (2 B RatE) AEHR
T RWBAEERADSEEL AR

Ty SR AT

3.2 SEAGHRELSE
3.2.1 EIARHF% MSCGCH

HIEE MSCG W E 2 Fin, BN AHREES
S(8,,7) R, BIEPRIR M R R B LR 0, BrAwl
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AEIE AT N 11, 0,885t , ot Tybstst, | Bolyt Batsty y EoE, B Est oL,
bobatstitsty bt botabsty sbobitatstyt, B
B2 RARTE ¢, S5TF ¢, AT BLAG MSCG (B, &1>17
RXFRLALEARRE R M e R, (N, ,M,) FIRE 217 O %JJ
TR Co XTRIAR IR My R E 215K @, , 7T WL A2
fil &AL RE; AL 1, 78 C, MR AFE] Y A CI,XTFW‘T%
M =[0110000 OJT_DUL&J ST 6, o, AR RE
Q(z,) =[3.5,51,0(2,) =[3,4.5]; % ¢, 7 C, il k1"

BNR G M RARIR M, =[001 1000 0] R ¢, fih
KR Ay < minfuy,u, |, B IE 1, BET[E] 24N
Q(t,) =[3-4,,4.5 - A I HEREATLA 1,,1,,1, ;8L ¢,
VR C, MARFIT R C JNARAM, =[001010
0 O 1AL ¢, fl R AW R A, <min{u,,u, -A, } MEIE
t, E"JHH‘I'ETJQ"J%% Q(t,) =[3-4A,-4,,45-A, -A, &
BEASIE N ¢, 20aE ¢, FAI ¢ NRERLA, AT 58 ¢ B
FIZPR. FRE#HETSE C, ~Cy, WK 2 iR,

C,110000000]] fwlA=0
8,=0

€, 101100000]
35<6,<53<0,<45

t,e.4,e[3.5,4.5)

t,8,4, & [4,minfd.5-A ,12]]

C,100110000]
4=6,<122=0,<4
3-4,<0,<4.5-4,

t,8A, € [2,min{4.5-4 4]

l 1,64, ¢ [max{3-4,,0},min{4.5-4 ,4}]

€,[00101000]
3-4-4,<6,<
4.5-4 -4,

€,[00010100]
2<0,<4545<6,<12

42A<0,<12-4,

z A<6<4-A

€, [00101000]
3-4,-4,<0,<
45-4 -4,

i,8,4,c[max|{3-4 -4 0}45-4-4]
18,4, € [max|{4-4A,,0},min {12-4,,4.5}]

A, e [max|{2-4,,0},{4~

4 1,84, €l[2,4-A]

1,6,4,[c[4.54-4)]

C,[00001100]
2-4,<0,<4.5-4,

€,[00010010]
4-A-A<0,<12-A-A,

C,[00010010]
4-A-A <6,<12-4,-4,

L8,
€,[00001100] €,[00001100]
— 256,545 2-A,<6,<45-A,
45<0,<12 45-A,<9,<12-4,

45— A<8<:12 A,

AA<9<4AA AA 9<4AA

‘ | 1,84, & [max{2-A,

|ona5-40
1,64, € [max{4.5-A,, 0},{12-4,)]
¥

o8l € [ma;lc{4.f?'~A4, 0L{12-4}]
1,64, € [max{2-4,, O},{4.5-4)]
R, R
1,6,4,e[2,4.5] R

1,8,4, e[4.5,12]

C,[00001010][%
4<0,<5

[ SA € [max{2—-4 WA
o84, e[max{4——A2—A
.84, [max{2-A -4,
‘tA,e,AA & [max{d-A-4,

0}, {4-4,-A)]
OL{12-4,-A)]
O}, {4-4,-4}]
0L{12-4 -4 }]

Lt LA €[4,5]

€,100000001]

1,84, & [max{0,3-4 -4}, [4.5-4 -A )]

&l 2

ARG MSCG A

Fig.2 The MSCG of gas path system
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Table 4 The fault diagnosis of gas path system
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Table 5 Diagnostic performance comparison between
algorithm in [17] and the proposed algorithm

R/ EREFEDIE TTEREEE
JCER[17] 4 5.27 x 10°
FIEE 2 3.87 x10°

X[ 17T ER A RARHENZH FH, 2
SEEE A MRS, T EE R ERN 5.27 x10°; 4
XEEASKERIITAEREADRE 2 EREE #
IS, R T AR E r] B RS W e,
I MSCG B EE 24 R 4.30 x 107, 7E MSCG #
FRFE R FARNBE » AN RFERE RAENE
HBEREN3.44x10°, R FAEXXEELE RS
BB R4 BN 3.87 x 10°%,

4 #ZHig

1) S ar ST RS RS M B IR E,
FICEETRERE (SCG) LW 7k, 5 AR R 23R
B R R —FF A AS LN [H] Petri PRS2 TR
%o MEREIRBIERSRE (MSCG) FH R\ T iR
FIERN RLPRER LT B R TRBFIIRE
8 S(8,,7) MEME 2 SRBPTA W R RLARFIIFHHA
W RE SRR HERART REHE,

2) BUMASTHEH B R R RS WTR R HE
A EEREIE T ACEENE MM, Bl 5 H by
ER BIERE AT 74,

3) BESEMA LT RE— PP RBEETSH

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

XX

KRISTIANSEN R, NICKLASSON P J. Spacecraft formation
flying:a review and new results on state feedback control
[J]. Acta Astronautica, 2009, 65(11/12) :1537-1552.
YANG H, JIANG B, COCQUEMPOT YV, et al. Spacecraft for-
mation stabilization and fault tolerance: a state-varying
switched system approach [ J]. Systems & Control Letters,
2013, 62(9) :715-722.

HWANG L KIM S,KIM Y, et al. A survey of fault detec-
tion, isolation, and reconfiguration methods[]]. IEEE Trans-
actions on Control Systems Technology, 2010, 18 (3 ) : 636-
653.

ZH A ETEITEEN REREPITIE K
B2 R T]. 6 53H],2016,23(10) :104-107,111.
RV, BIEF, TR, 5. B R G R EL R
[1]- s 541 ,2007,14(4) :19-22,26.

LEFEBVRE D. On-line fault diagnosis with partially ob-
served Petri nets [ J]. IEEE Transactions on Automatic
Control, 2013, 59(7) :1919-1924.

CABASINO M P, GIUA A, SEATZU C. Diagnosability of
discrete event systems using labeled Petri nets[]]. IEEE
Transactions on Automation Science & Engineering,
2014, 11(1) ;144-153.

DECLERCK P, BONHOMME P. State estimation of timed
labeled Petri nets with unobservable transitions[ J]. IEEE
Transactions on Automation Science & Engineering,



100

S

5 g

il $25 %

(9]

[10]

(11]

(12]

2014, 11(1) :103-110.
BERNARDI S, CAMPOS ], MERSEGUER J. Timing-failure
risk assessment of UML design using time Petri net bound
techniques [ J]. IEEE Transactions on Industrial Informat-
ies, 2011,7(1) :90-104.
CABASINO M P, LAFORTUNE S, SEATZU C. Optimal
sensor selection for ensuring diagnosability in labeled Pe-
tri nets[ J]. Automatica, 2013, 49(8) ;:2373-2383.
LIME D, ROUX O H. Model checking of time Petri nets
using the state class timed automaton[ J]. Discrete Event
Dynamic Systems, 2006, 16(2) :179-205.
XUH, B, IR, WK TBCC HUBREH
BB sh skt [J]. FATHR,2016,37(4)
461-469.

[13]

[14]

[15]

[16]

(17]

DARBY R. The dynamic response of pressure relief valves
in vapor or gas service[ J]. Journal of Loss Prevention in
the Process Industries, 2013, 26(6) :1262-1268.
&, e R, B, F. BT IRAMEAEMIERN
REW B R LW IR T i 22 4R, 2013,
34(11) :2529-2538.

ZAFER N, LUECKE G R. Stability of gas pressure regula-
tors[ J]. Applied Mathematical Modeling, 2008,32 (1) .
61-82.

tRAHS, EEH, P IHE. WS RE R EEE R
SEUKEEELT]. IS E4R ,2009,30(5) :819-824.
MEPRPE, B k. 4 IR Petri 454015 B R T RS
Wi R A [ 1. 45 dh 298 55 18 A, 2015, 32 (3) - 366-
373.

(k4% 52 W)

[4]

[5]

[6]

(7]

(8]

(9]

(10]

[11]

(12]

KUBE C R, ZHANG H. The use of perceptual cues in
multi-robot box-pushing[ C]//Proceedings of IEEE Inter-
national Conference on Robotics and Automation, 1996 :
2085-2090.
CASBEER D W, KINGSTON D B, BEARD R W, et al.
Cooperative forest fire surveillance using a team of small
unmanned air vehicles[ J]. International Journal of Sys-
tems Sciences, 2006, 37(6) ;351-360.
BREAD R W, MCLAIN T W, GOODRICH M A, et al. Co-
ordinated target assignment and intercept for unmanned
air vehicles[ J ]. IEEE Transactions on Robotics and Auto-
mation, 2002, 18(6) ;911-922.
REY ARG, F e85 2TV X E8E 5
RERMUHET]. Bt 5 ,2016,23(1) :80-84.
BAYEZIT I, FIDAN B. Distributed cohesive motion con-
trol of flight vehicle formations[ J]. IEEE Transactions on
Industrial Electronics, 2013, 60(12) :5763-5772.
BELTA C, KUMAR V. Abstraction and control for groups
of robots[ J]. IEEE Transactions on Robotics and Automa-
tion, 2004, 20(5) :865-875.
LAWTON J R T, BEARD R W. A decentralized approach
to formation maneuvers[ J]. IEEE Transactions on Robo-
tics and Automation, 2003, 19(6) ;:933-941.
MASTELLONE S, STIPANOVIC D, GRAUNKE C R, et al.
Formation control and collision avoidance for multi-agent
non-holonomic systems ;theory and experiments[ J ]. Interna-
tional Journal of Robotics Research, 2008, 27(1) ;107-126.

REN W. Consensus strategies for cooperative control of

[13]

(14]

(15]

[16]

(17]

[18]

(19]

(20]

vehicle formations [ J]. IET Control Theory & Applica-
tions, 2007, 1(2) :505-512.

RS, Bl EE . BT AL 20
AHLA BT ] i B8 5 8, 2015,32(10)
1298-1304.

DONG X W, YU B C,SHI Z Y, et al. Time-varying for-
mation control for unmanned aerial vehicles: theories and
applications[ J ]. TEEE Transactions on Control System
Technology, 2015, 23 (1) :340-348.

DONG X W, ZHOU Y, REN Z, et al. Time-varying forma-
tion control for unmanned aerial vehicles with switching
interaction topologies [ J]. Control Engineering Practice,
2016(46) :26-36.

XU, SR A& AR, . A E BB SR T S0
AL s BA R 0 [T . # B8 5 51 A, 2015, 32
(10) :1422-1427.

CARPENTER ] R. Decentralized control of satellite for-
mations[ J ]. International Journal of Robust and Nonli-
near Control, 2002, 12(2/3) :141-161.

REN W. Second-order consensus algorithm with extensions
to switching topologies and reference models [ C ]//Pro-
ceedings of the American Control Conference, New York:
IEEE, 2007 ;1431-1436.

REN W. On consensus algorithms for double-integrator
dynamics[ J]. IEEE Transactions on Automatic Control,
2008, 53(6) :1503-1509.

REN W. Multi-vehicle consensus with a time-varying re-
ference state [ J ]. System and Control Letters, 2007, 56
(7/8) :474-483.



