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Time-varying formation nonlinear control of distributed multiple UAVs

XIAN Bin', LI Hong-tu
(School of Electrical and Information Engineering, Tianjin University, Tianjin 300072, China)

Abstract: In this paper, the time-varying formation control of multiple UAVs based on distributed communication
networks is investigated. Considering the effects of unknown disturbances on the cooperative formation system of
multiple UAVs, a new continuous nonlinear robust control scheme is proposed. Firstly, a distributed formation error
system is constructed based on the consistency method, which reduces the dependence of global formation information
for the formation controller. Secondly, a robust control algorithm based on the integration of error sign function (RISE)
is employed to compensate the effects of unknown external disturbances and improve the robustness of the closed-loop
system. Thirdly, the semi-global asymptotic convergence of the formation error is proved via Lyapunov based stability
analysis. Finally, real-time flight experiments are performed on the multiple quadrotor UAVs testbed to validate the
proposed formation control scheme. The experimental results show that the distributed formation control algorithm
proposed in this paper can achieve good time-varying formation control performance under the effects of external
disturbances.

Keywords: multiple UAVs; time-varing formation; distributed control; robust control; cooperative control; experimental
verification
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{1, 25 - o u } BARTBANAMEES,AREE C
{(@i,q5) : 4 q5 € QY RART AN KR, INALLS
AR Q = [w; ;] € RV RAT AW IAELE 1)
ATEERRPE. FE i = 0,4 (s, q5) € Elﬁ,wz’hj’ > 0,

B,y = 0. 5 L4 2 g 0 degin(a) = 3wy,

=1

BRI FER N A J = diag{deg;, (¢;)}- @]E@Ljaplacian
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X — N T E G A — A R ALAS R go 13
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1=1,2,...,n.
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[Vigs Vig, viz]T € R34FHIRIRTCAHNLIAT B 7] AN
ST RS R (1) € RV BRI ZIT KL LSS
JEEEAE M es = [0,0,1]T; T, (1) € Ry RoamTEANL
fie B = A ST T3 di(t) € RP RS Fa A
ML R &N my; B TINIEFEN g. 2B TE AWLIESS
BENENES, 2 SURHEGE 5 wi(t) = [wie(t), uy(t),
u.(t))T € R A

u; = _ I Rie3 + ges. 2)
m;
(1) BN R A S N
{pl = Vi, (3)

Big1  REBhd (1) EST T, A2 di(t) €
Lo, di(t) € Loo,d;(t) € Loo.
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1.3 T3S gRBA O ftA HAA = diagOias - Ao Mgs s Ao Ao
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RS, %KAM RGN BRSO =
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132 ZELRANLRSG(3) LI AR REA, 24 HAL
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1,2,...,n. Hie )?ﬁ%/\ﬁﬁly\qj Lo

center function).

SE TG AL 3008 R R R 22 ) i 6, (t) =
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c(t) B i R 0;(t) € Lo, 0i(t) € Lo, 05(t) €
Ly, 0i(t) € Loo,c(t) € Lo, ¢(t) € L, E(t) €
Lo, ¢(t) € Leo.
2 fmBAEEIER BT
21 FHERNENRERSR

X5 T IE AL i, 78 SIS A 2 AR g DA R 22 7]
eip(t) N

ezp

Zw” —6;—(p

/\EPfizjjﬁﬁl@EP%AFULZ'E"J*B@B%ﬁﬁ%.
T Z TN RS IRZE TR, € X
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ep(t) = ec[epl (), epa(t), ... epm(t)] € R*™,
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(t) = vecl0: (1), 05(1). ..., 6, (1)]T € B,
C(t) = Vec[c(t), c(t),...,c(t)" € R®",
H=1I1;®(L+B).

HATFFS “vec” NHEFE A S AL T (vec operator)!®
Xﬁﬂ:%ﬁﬁiA = [alj] S Rmxn vecA = [au,...,aln,

Ve ™= {1 » h—
a217--'7a2n7am17-”7amn] € Rmn TR %%ﬂ—\‘

PR % (formation

i —0;)) +bi(pi —0; —¢c), (5)

B2 e Fe 1 (Kronecker products), 37 444 7] LA
Z WCHR [16]; 1, T m 4E B AR FE. v 15
v ) ©)
E SR E R (t) € R, IR Z M & rot)
€ RO [Hra(t) € R UIF:
T = 61,,
ro =11 + Ay, @

7’3:7’.24-0(7'2.

iy Q) € RS IGREFRIE 52 18 25 56 B, X
75 (t) RIS TA) ¢ PR — B 3 2, 45 B UE R 22 ra () HIBDZS
JitsE
¥3 = —ro — HU + N. (®)
HApd R B R N (t) € RO e LI R:
N=H@-D-0C)+(\+a)rs—
(A +ar+a® = Iy)re + X, (9)

PR BE 1 AU 2 7T 50, & 1 D 1778 B 5.
S HraR(9), 51 N B R BUR & Ny (H) N

H(@®~C - D). (10)
530 (17) T LUE N i AL F 51

Ny=
/?’\N =N — N, =
AL
1IN < oDl (11)
o] - ) NPT RIS R, r = [r],ry,r3]T €
R,
2.2 EHIEET
Wit Q) F B E RN R u, (t) N
U; = (ksz + 13)(6117 + )‘ie’ip)_
(ksi + 13)(€p(0) + Aieip(0))+
Jo 0kt + 1)aa(Esp () + Aveap (1) +
Bisgn(éip(T) + Aiesp(7))]dr. (12)
:/Hx:qjkm = diag(ksizaksiyaksiz) S RiX3’ /\1 =
diag()\m:a/\zyy)‘ ) = diag(aixaaiyaaiz)9 Bi =
diag(ﬁwvﬁwaﬁzz) 13 = [1 1 1]T S R3 sgn()?\jﬁ‘{ﬁ
55 R KR A2) N (8) H, 15 8 75 () I IR R IE
7
7"'3 = — T2
HpSgn(ry) + N + Ng. (13)
;H\:EF': Ks = diag(k:slw, e ksnata kgly’ e k‘;nya kslzv
o kgnz) € RIS ORI AP, X TR Ea =
[a1,az,...,a,]7 € R" Sgn(a)Xx~AHMN PR R
Him g, HFRIEA N Sgn(a) = [sgn(ay),sgn(az), ...,
sgn(a,)|*.

— f]([(é + ]3n)7."2 — H(Ks + Ign)Oé’I“g—

3 FetEatr
S5 8 40 47, 81N LR 31 B, 3AE B 2 0L SC R
[17-18].

SIEE3 & AR (t) e RA
I' = r][Nq — HBSgn(rs)], (14)
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EE‘:‘B = dia’g(ﬂlxv"'aﬁ’ﬂﬂh@lyv'"7Bny751zw"a

Brz). HIGI 1N H g ] 050 [ 2 4% 50 (1 4 28
i 3 Bia, I 2

1 .
Bis > | HI M INallzow + —1H [ [ Nallewes (15)
AR 3 UpRAL:
|, rmyar <. (16)
G = [[HIBI[r2(0)]] = r2(0)Na(0).  (17)

SIIB4 EEAGE = fE, ), Hhf: R™ x
R>0 — Rm,iz/%éfﬁffiﬁﬁ@ %)‘Uziﬁi

M={¢eR"|¢]| <t}, L€ RT, (18)
AV i M x Rso — R™ BRI, B2

{m@gv&ﬂgm@»
V(1) < —W(6).
Horbuvt >0, V6 € M, Wy (&) MW, (&) NIESIEE R
B W (&) — B S 1F 5 8. 45 2 (19) T,
#

19)

lim W(¢) = 0. (20)

t—o0

RGRIEFATE(0) HEXIRAN S = {€ € M[Wy(€) <

0}, 0 < thm Wi(€),0 € RY NIEHAL

EIE1 éltlgglo ep(t) = 0,2 BANLRG (3) LI
AN TE O(t).
{EH] ﬁﬂ‘ﬁﬁ@) A1(5) AT 15

= Zw” ) + bid;. 1)
EﬁQDTUHﬁ

ep(t) = Hi(t), (22)

H§(t) = vec[d,(t), 62(1),...,0,(1)]T € R*. H5]

HLTRALH, H AT AR im e, (1) = 0, 2 HAX
Jlim §(t) = 0. H1 513 2 A] A1, 22 TE AR Gt S I AR
gmh\. O

EE2 XN T RG(6), # RNy >
LB AR FLERBIRNRE ko 5K R (12)
TH R4 ) 28 Be 1 2 TE AWML AR 22 e, (¢) SEBLY 42
JRydr i Wi sk, B Jim e, (t) = 0.

WEB S BRE P (1) € RANTH:

P:Q,—jtrdwo (23)

*@3@@%’7 = [T17r2a7a37\/7] € R9n+1,jﬁﬂi
Lyapunov &1L RV (t) € R0 N

1 1 1
V= T1T1+2T2T2+2T3T3+P (24)

1
=N
2’ ”

WA v I? < Vo< pellyl® Hfim =
L XV (7, 8) SRS T I [E] ¢ ) — P S5, 15 2

V=— 7] Thry — Hr3—
ra HK r3 +1r3 N —r3 HBSgn(rg) — I (25)

s 2 =

N |

7“2 aryg + r1 ro —

T+ ) KR QS A

EETIT’I“2 < 5

V<
(g (o
ry HK rs + 3 N +r3 [~ HBSgn(rz) + NyJ —
(26)
A = min(Are, Ay, Azs - - s Anas Angs Anz)s @F =
Qi Qg O ). RIS R,
rd N < lrsllp(l )i,
ra HK ry >

1
i)r;rrg — ’I”gH’I“g—

min(aiz, Q1y, 01z, - - -

eKZ|rs|?, 27)
2

K lrsll + g el

pllrsllflr] <
#5515 (26) 4a 115 2
V< —a|r|® + [lrsllp(Ir)lrl — ez Irs)|® <

PN 2
(== e I, (28)

Horr: e AHEFE H (0 MFIEE, K7 = min(Ky.,,

Koy Ktzr s Konws Kong, Kon), @ = min (e, A=
; o — 7) S0 SR 2 B S
Ir(t)]| < 2p™"\/weK, (29)
CIRPEEEd|
V< —q|rl* ne R (30)
gE &5 F40] LIS 3
Wi(v) = vl
Wa(v) = pallv[I?, (3D
W(v) =nlv*

A I AR 20 (18) AT (29) & XXM = {v € R x
Ryl < 2p7 ' /wK:} HR QY FTHIV (1) € Lo,
Bl (), ro(t), r3(t) € Loo. I (12) AT HIu () €
Loo. XIS Cc MA

S={ll <mp~ 2V eK:))*). (32

A5 HE 4T H
Jlim 7, (t) = 0, 7(0) € 5; (33)
Iy (0)]] < 12/ X eKr).  (34)
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il LA 20 Hz (18R 1247 E LK) ARM R 3 4% fil
FLIE . Jo LR 2 2 22 T LR AT 42 ) s 52
B, o AL AL B8 o 38 34 42 & 48 OptiTrack R 4t
& T NP2 18] BLR T AL 5E AL 2 G 2 1) Jd i
02k Jay I W A ik P 4 ) ST AR DA RO
T NHURPR AT H .

K; > (35)

E1 ZXAHENIZHREE
A5 A DY i 3o AMLERIEE 1 20 50N
L =0.25m, o = 0.28m, I3 = 0.25m.

1 -1 0
[, B = diag(1,1,1), L= | 0 1 —1]|.
~10 1

4.2 BITRARZER BRSEIG

ARSI TS N AL A PR UT 2 AT 2 F

0, (t) = [1.2sin(tt/20 + 47/3),

1.2 cos(mtt /20 + 47t/3) — 1.2, —0.7] 'm,
0 (t) = [1.2sin(mt/20 + 27/3),

1.2 cos(mtt /20 + 27t/3) — 1.2, —0.7) ' m,
05(t) = [1.2sin(7/20¢),

1.2 cos(mt/20) — 1.2, —0.7]"m

BATE Hhts R L
c(t) = [0, 1.5sin(mt /40 — 7/2) + 1.5,0]'m
T ANLHIRIAE L E N

0,(0) = [-1.2,-0.9,-0.7]"m
02(0) = [1.2,-0.9, —0.7]"m
03(0) = [0,0,—0.7]"m

R S YN BN N TRy S E i R SN
HUEBIE &, BIA TR B YIE 01 B 5 V) N A SR
(i Sk, B2 0 3 22 T8 AHLAEZKSF-J7 [l i IE
o, s e, 4. mRIZ 50 3 B8 T8 ALK =k
B AT EIE. 77 18 53 B BA SR, 43 Sl bmad T A
t=1s,t=9st=17sMt = 25sH %I AN E
KE. NE27TLLE 1, 33T AMLIIAL B IR R — Vg
R IE =M R R N E W AR 2 Te NI 22 g
BA IR, 3 BTG AL R R IR R ZE 5000 6 (¢) 12

17500, B3 9 TE AN IR R iR 22 it 26 .

2.0 R — uaAvl

1.5
1.0
0.5F

y/m

ok
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2.0 .
-1.5 -1
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[

0,./m

-0.2 . . . . .
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t/'s

B3 EEHATREIRE L

3BT B2 AT 2 0 WL R GEAE AR ST I 4 BA
e EE TSR T AR GR BN AT X B 3 R 2 H
BTG, R PR, 2 F AR ZEE £0.14m N, y )7
)% ZE7E £0.25m N, &1 B 1R 22 7E £+ 0.07m P9, 4 BA
RO, TG AIE 1 12 5L A 2.
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S1a 0.136 0.052
S1y 0.245 0.103
512 0.068 0.023
S22 0.089 0.027
Sy 0.109 0.046
52 0.128 0.028
S 0.074 0.030
Sy 0.164 0.038
832 0.069 0.022

4.3 hEMEN LG

AR S0 7E P9 48 6 N AL IR g A B9 B4 P )
Y. T AN IR W F:0.(t) = [1.3,0,
—0.7]T m, 65(t) = [<0.5,0,—0.7]T m. BATE 0 R £
c(t) = [0, 2sin(rtt/20), 0]T m. £4E N 43 BITE42 s FI
80 s B ZI) 38 ik 241 4 4t % UAV2 I 38, T ALK
B R R 2 0 4 B, 0B 4 (AR ZE R T S
T, Wk 2 fos.
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4 thEISSBMEIREMSZ

*2 HREMMASKIIRES T m

PRI RKRE BTz
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