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A Hierarchical Control Scheme for Formation Transportation of Multiple Quadrotors With

Propeller Speed Constraints

WU Quan-Wei"? WANG Xiang-Yu"? LIU Jin-Hao®

Abstract The cooperative formation transportation technology of multiple quadrotors has attracted widespread at-
tention in recent years due to its high fault tolerance and remarkable flexibility. This paper proposes a hierarchical
control scheme for multiple quadrotors subject to propeller speed constraints and external disturbances to achieve
cooperative formation transportation. The design of the proposed scheme primarily consists of developing a distrib-
uted coordinator and some tracking controllers. In the distributed coordinator, position coordinators generate the
desired positions for all quadrotors with payload using information such as the position and velocity of a virtual
leader. This is followed by differential flatness-based trajectory planners, which further derive the desired offset-free
trajectories. The tracking controllers combine the nonlinear model predictive control, angular velocity control, and a
propeller speed allocation algorithm to generate appropriate propeller speed commands for all quadrotors with pay-
load, ensuring accurate trajectory tracking. Under the proposed scheme, multiple quadrotors with payload maintain
the desired formation while tracking the virtual leader, thereby achieving cooperative formation transportation. Not-
ably, when the position coordinators are omitted, the scheme simplifies to a single-quadrotor trajectory tracking
controller. Numerical simulation results, including both single-quadrotor trajectory tracking and multiple quadro-
tors cooperative transportation scenarios, demonstrate the effectiveness of the proposed scheme. Specifically, it
achieves remarkable tracking performance in single-quadrotor operations, while enabling cooperative formation
transportation in multiple quadrotors systems.

Keywords multiple quadrotors; cooperative formation transportation; propeller speed constraints; hierarchical con-
trol; anti-disturbance control; nonlinear model predictive control
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y7("A'L)’ Z(()A) +m Az') - (A)]T (A = O 1 27 3); ﬁla ﬁQa

Bs, Ba BINPERIME R, JFH B> H.

BT LA B A I pr s v s @i
roir BOEIT fo o WEETIIE 7o s HITPAGTHE fa, o0
Fa, i, W TIER AT G B8 ANLS 2 P ) FARIR
& HS, ESRASHYIENLEEHES

0r, i =arcsin(R} (3,

3, 1)
2))’ ¢7‘,i:_ ))

RI
arctan( ?
B (37 3

(6)
froi=2Z5, |(my, i+me i) (ay, itges)—fa i~ fe z:|
(7)

o,
R{B’I = [XBN Yg,, ZBi]

Zp = (mbai+mc,i)(a7ﬁi+963)_fd,i_fc,i
Y l(me, i A me )@+ ges) = fa i — feill
Zg x Xc,
Yp, = _4B; X AC;
|ZB, x Xc,||2

Xc, = [COSWJT, i)’ Sin(d)r, i)v O]T
XBi = YBY; X ZBf;
Hrr, Xp,, Yp, M Zp, 7 ALK 2 3 A4k

PRERCERIE R T kAR . ARG, 19 EI S B
) Sy S5

YBTi (.fr it fd, i) —(mp, i +me, z‘)YBT,ijr, i
Wer, 1= f -
T
(Mo, i + e, i) X5 Gr i— X5, (fe. i+ Fa, 1)
Wyr, 1= f ]
T, i
1 .
War, 4= ~7(wa, Zng ZBi +'(/)r, lYCI; YBl)
1Y, |2

(8)
H, Y, = Zp, x Xc,,
Yo, = [=sin(¢y, ), cos(¢r ), 0]
wJa, REISHPBMIIE 7 = [wr, ]« To, iwr, i +
Jo, iy, i Wr, i RIPE Qg s T Gy S0 RN

Wer, i =

7YB;FL (mb, i+mc, i)jT,iiQfT, iWar, i+f'r, iWyr, iWzr, 1+Yg1 fc, i
fT. i

Wyr, i =

ng (mb, i+mc, i)jv‘, i72fr, iWyr, iffr, iWer, iWer, 27X£7 .fc, i
fT,i
Hep, fri=2Z5, (mp, i + me, i) dr, i —

wzr, 7 %jzﬁy\j

ngi(fc,i"’.];cd,i).

. 1 . .
Wep, i = ~7(wzr, 7.-Xg‘1 ZBL + 2wzr, iwr, ’LYC—I; ZBZ- +
1Y, |2
¢T, zY(}; YBI + wmr, iwy'rx, 1Xg'7 XBi - 2"-)27‘7 1',1/.1r, ng; XBi +

T
War, iWyr, i X ¢, ZB;)

2.3 IREFITHIZE

EREE il 4 £ EA S NMPC 5k, s s
1] 78 AR R T 2 s T 23 R S, NMIPC 532 47 53 45
TANBIAL B LA ERES IRER A, F 5
HE IR A IR FEAS 5. A T8 R 2 1) 2% £7 ST 4 i e AL
MM PR NMPC Bk A EEES. N
T ERAE w; BT wae, ; B AR A AN R
04 < Q; < Qo WIHIL, WOERH — PR & P40 15 e
AU W
5, B TE ANLE) M E FE sh A
T A A
— Ta, i + (Wil x (Jp, i + Je, i )wi +
(Jb, i + Je, i)Wde, i + ka, i(Jo, i + e, i)
(Wge, i —w;), 1€V (9)
HH, whe, s &2 NMPC BiEHnH MAEEE S ko
IR
ERTLANN i (ieV) NMBE-LEIHE
(1c), EAran R NMPC Ak il G 7

Ty
r{l}ﬂ/o (Isi(t) = s, s (O)IIG, + lws(t) —wr, i (D)7, dt

(1d), Beittn

Ti = —T¢, i

(1a) ~

(10a)

s.b. 8 = h(si, w;) (10b)
5:(0) = si(to) (100)
I IR (10d)

04 < M7fi, mi]" (10e)

ﬁqj, S; = [Pi, Uy, (")i]T; Sy i = [pr, iy Ur i, @r, i]T;
w; = [fi, Wae,i]; wr, i = [fr i, wr,i]T; T, & NMPC
FETIME 3 Q; R R, 43 Al 1E 2 PR AR 22
A EE OB 42 i i N R ZE AL LR B h(sy, i) R
TN i BB E37 (1a) ~ (1o).

30 (10d) A1 (10e) HiFhed R A RA . FT
RIS (9), 2 m = limyoqoe Ti(t) = — 7, 4
— T4, t [wde ix (b, s + Je, i)Wae, s + (Jo, i + e, i)Wde, i-
RIG, &8 0 < MUf, 7" < Quax, FT1FE] (10d)
AT (10e).

B XS T8 NS 28 B30 I 75 2 MR e 2 2 T 4 TR
PIAN RIS L, g S 30 foe e R B 4 ) P R, AR SCHs
NMPC FiE PR R ZE Q; Al N iR Z N E
R; Bt NN IR, 2t il H o S 5 )
B, BORTC ANIAE S TG DL IR iiA REF 5L
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(8

¥ i

52 %

IWEREETERE. BRI S, 2 MU, )T > Quax 3L
0, > M~Yf;, 7T B, NMPC Sk AN iR ZE B
PN IR R ZEREIG R, DU R JE ANLE NMPC
FVFAE R SRS e BRI S BT

NMPC St ) f; A0 R 4 ) 28 4 )
i, SLEE N B AR R o Bo %, /&t EE AL
JSGIH JE 2 IR SR A ) 5 MR e AR . g, RS
Q= M7f, »)T BEHE SRR IR, Ra,
R 2 MR N2 T T B R 04 < @ < Qo A1
B TR R S A I KR AL s
T3 (weighted least squares, WLS) 43 FC 77 74P %f
BE e S AT A L. 2T R A B A A
FeE I AN I, DLYER B ANLL S B2 E .
BARfR T

2

min MQ,; — Ji , 1€V
Q; Ti
E;
s.t. 04 S Qz S Qmax (11)

Hr, By e RV TR .

E 2. TR TT RAAT B T 2 e AL F)
BAIZHAE 55, [RIFE AT AT RO T B APz R
B W T BN BRERE S, T ANLE
PR ER R AR 2, 7R 20 2 I 2% o 1 o L By
W&, 5ICHR [30] ANE], P73k T T H
W, RS AL E S B AP S L T
EEE SR, N NMPC Hik s e
S, T DR TC ANLRERS SEBL 91T 2 IR
e b B BRI

X 3. EMERNE, 514t NMPC 7%
HAEL, A T3 SRAE AR BT i 3 SR (BT M N M-
PC 5L HARTESEIAATEY) ) A Ry~ 48 J5 B
A RIRTE AR Z)FORIRAF AN, AT
o R ERACT S, BRI 7 BRI, T
fegtJofim NMPC J7 S4E HARTE 511 75 ZOR AT
LR DA IR R, TSR R B R, X TS
AT IR TE AN R Ge i 5 4 1 R BBk AT =
i B A T, AR DR UE SR RS FEE (14 [R] IR A 2L
BEAR TSGR, SIS T e b TR R B Y
i, M E RSB RS, AL
Xt R PTG R A0 T4 R AR E P R, A
SREATYERFE RN, Hizix 2= B 500 2 B
BEFE K 22 TE ML RS Fa A 55 BOR, SOR X an 42
IEZRFE IR, R AT RGN T2
76 NI B [RDAR 20 A A b 55 5o 2 BAK 2 25K 7™ 5 1 4
S, U HE— B W T AL B PR 2R e R B IR
SRS

3 BREMIH

ASCAE Sy A7 AL E 153 DUT e
FHo5 R,

EH 1. FEH I (1b) A (1d) #EIR R 5) /745
A AERBE 3 MR 4 BOLI B O T, MES (3) A1
(4) B 2 limy oo (Fa i(t) — Fa, 4(1)) = 05 Al

Jm (Ta,i(t) = 7a,4(t)) = 05
WERR. % ey, = fa i — fa i PILRGATTE
éfd,i :}d,i_.fd,i =
— kot (fa, i — fa, i) +

ko2 (my, 10 — pp, i) — fa. i
B E SR F 018
éfd, i = _k01éfd, i k02efd, i

LRI E B ko1, 2, Koo, o) HAF &f,
+ kot€g, ;. + kozes, ., = 0 BIR AL T AR P /22
SN, ARG, FTRMRE] limy s oo (fa, i, o () — fa.i,2(t))
= 0. KU, limgs ey, , (1) = ORI
lim ey, , (t)=0

t—+oo
Rk, BT PAAE B limy 4 oo (Fa, 5(£) — fa,4(£)) = 0.
N My g oo (T, i(t) — T4, 4(t)) = 0 FIAIE B L A2 4B 2
FABAIR), BT LA L A8 i IR B O
EIE 2. HZIERWMFEE-Z LIRS, E
W@J}Eﬂ%ﬁ (5) E‘Jiﬁ)’jtﬂﬁiﬂ:ﬂ hmt—H—oo Dr,i = [J:O + My, i,
Yo + My, iy 20+ Mz it , i €V.
JERR. % wa = [w@] A, 5 @ AT (A=0,
1, 2, 3). BREALE RS E— DL, EERE = R AL
Vi = wi (L ® I3)w3/2. X Vy K—Prit[a] 54, v115
Vi=w3(L® ) (1, ®jo) — Bull (£ @ Is)wos 1 <
3 (£@ Is)[1 115 & Jolloe — Ball(£ & I3)ms]ly <
— (Bs = 110 @ Jolloo) | (£ ® Ts)s ]y

WRIEMB B 2, H > sup, ljot)]le, ATH Vi<
—(Bs—H)|(L® I3)wslla . H 51 ¥ 1 0] 4 5 15
(£ ® I)wsll2 = [w} (£ ® L)) * > Auia(£) (w0d 3) /™
B Vi < (1/2)Anax(L)wo3 w3, A1 [[(£ @ I3)wos]2 >

2/)‘111&)((5) Alllin(Z)V41/2, _[_H:, ﬂff%';

2 _
7*)\min L)V,
)\ma.x(ﬁ) ( ) 4

HH 51 B 2, FEAEA RIS 18] 7 8549 limy 7, ©o3(t) =
03,, JFH V€0, Th), ws(t) &AM, HEMNE
PRR AR 28 =T, IR R Vs = wlwe/2. X

Nl

Vi< —(Bs— H)
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Vs SK—B it [a] 34, A4S
Vs = WzT{W3 — B3 [(£ & I3)wos] } <
@, w3 <
I3 13 loe <

V3n|w@; ||2llwsle <

1
Von| ws |l Vs?

s LT 50, Mt < Ty B, o AR 4
t>T, AL E DS E = #WA N @ =
B [(E @ Iy)ms] . M, Vs HISHHE

Vs = WQT{ - Bs[(L® 13)172}} < =283\ (L) V3

Rl woy BT LAETIE WSR2 03, . X T2 B P
RIS 1 BUNES 2 T, W] 2y ) B B R A vy =
wiw/2 MV = wliw /2 VLIE B lim, o wo(t) =
03, F limy_, o0 701 (t) = 03y, . X P B ZMIE L FE AL
B ES P =R FE R, RIAS R IAR.

G EIRE AL B S (5) &R Hr, Al
R H AR BEHTT SRR 03, . O

EIE 3. HEL ML 5N (1d), HR
W 3 FMEE 4 AL, R4 AR FERE 3 (9) W LAE &
TN FEE w,; BTSN H B AR AL wae, ;-

HUERR. EHL U Lyapunov pR%L

1
Vo, i = 5[(Jb, i Je i) (Wi — wae, )] (T, i +

Je, i) (Wi — Wae, 1))
SKH—B i (A F 0] 15
Vi, i = —ka, il (Jo, i + Je, i) (wi — Wae, i)||2
MIEHIEAS b, > OB, V, (1) RFUER. Rk, 7F
MIEEE SIS (9) TEFT, & AL a8 B4R W]
DA I WS SR 5 B b A T O

4 {HEIIE

7 FIRAEEL & W7y A2 58 —f 8 rh, RdE
FERT RN TR AL IR ERME S5, IF 5 DOB
(disturbance observer-based)-PID (proportional
integral derivative) VAT X L. 85 =¥
Pt 75 S B T 22 I8 AL AT 55 B0 HeA 2.
P A B TR E AL AR, S H0nk 2 fhor,
Ko, gy, = diag{Je, i, Jy, 05 2 i}

4.1 BRANINTEIRER

FERITENNUBEER AT 55, 52 BIR e R e ik
IR NN 1 87 [ E T BAEA T PRI 00 T BR
B KE AT MRS /U BIE H . TR

®2 EAISH

Table 2 Quadrotor parameters
24 Hfl SH Kl
Mb, 1.0 kg d 0.3 m

J,i 2.64 x 1072 kg - m? cr 1.984 x 10~7 N/RPM?

Ty, 2.64 x 1072 kg-m? cm  3.733 x 107° N/RPM?

Iz 4.96 x 1073 kg - m?

[0.3(t — 5), 0.15(t — 5), 0.05(¢ — 5)]T N,

H5s<t<8s
Sfa,1=14[0.3(11 — ), 0.15(11 — t), 0.05(11 — )]* N,
8s<t<l1ls
03 N, HAh
[0.1(t—5), 0.01(t—5), 0.05(¢t — 5)]T N-m,
5s<t<8s
T4, 1=4[0.1(11—¢), 0.01(11—¢), 0.05(11—¢)]T N-m,
8s<t<l1ls
05 N -m, Hopth

TN 1 s B RN 0.1 kg, RO
= pP =[-0.05, 0.03, —0.10]" m, HARE KRN

0.01083 0.00500 —0.005 00
Je,1 = 0.005 00  0.010 83 0.005 00| kg - m
—0.005 00 0.005 00 0.010 83

RS E AN 1 VIEEALE N (20, vo,
2|7 = [x1, y1, 21]T = [-37, =67, 0]" m; Frig s
ZE R I B8 3 25N ko = diag {15, 15, 10}, ke =
diag {60, 60, 70}, I, = diag{10, 10, 10}, Iz =
diag{60, 60, 60}; FAIEEIEHIARIEEIA k,, 1 = 100;
WLS 7 Be 77 5 I BLCE H BN By = diag{0.1, 1.0,
1.0, 1.0}; NMPC SER BN I 7, = 0.1 s; NM-
PC FIEMACERFE RN Q1 = diag{(1200 + 400u,) x
13, (100 4+ 40p1) % 15, (5 + 3u2) x 13} x 103, Ry =
Sdiag{3 + pa, 5+ 22, 5+ 29, 5+ 2u0}; p1 = —1.3-
sign(min(pa, wp)); p2 = L.3min(ua, ). 2 Q1 =
M= f1, m]",

; oA

Ha = {
min (€2,,1)

= { Quax — min (2;.1)

max — max (£2,.1)

,1
max + max (QTJ) 7

jelifel

max (Qr,l) Z QmaLX

=}

,  min(Q,1) <0

0, HoAt

RNEERTHE X (proposed scheme, PS)
RO R A ERER TR AR, AR S DOB-PID
DOB-NMPC 77 %47 7xf e, Hrr, DOB-PID
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S 52 &

DOB-NMPC J5 1 THAMM A (3) 1 (4). =
Fh7 R X AN 3 .

£33 BITREX
Table 3  Comparison of various schemes
Ji % ggigfiﬁ ;A& (1a) ~ (lc) FIFEHIHE
DOB-PID — PID
DOB-NMPC — NMPC
PS v NMPC

X RWE 3 ~ 7 Frx. B 3 Eax 7 AL
ML 54053 T (BIR RIS, BIEER
NEHEH). B4 28T M5 RN AN R B
FEEG IR ZEXT LG, B 5 AT fo 1, 1o 1 AITHAL T
Fa 1,y Ta HIHHZE. B 6 5 T =R R T EAN
W i 2 1K) s ok i 7 b 2 TR 7 D) SR ) S 2 PR okt = Ak
T7 R ERERR ZE AT AT B E L AT, TER 2R
o R AVE TR AR AR R R IA] 50% $0dE, B AR 2R B
S MARERT 25% MG 25% HIEE , HE TR 1K Y A%
LR T E. Fa 2k P A Bl 2 1) U8 B I BN TE A
[i) AP X ) f 8 R - b B 9 1 X8R, R 1%
V0 ] 1 50 s R s i 2R A T B U R I
8 3 A S B B A7 AR

P ESEIRZE B (8 3 ~ 7) KRB, fEME s it
LI, =7 SR8 SLELTE AL ER B R FO40
S#H MG A Eh B B AR . AR, R ER,
AT EIETE IR R B T B W, — T
T, Hf K BRI R 2 B e VR BB B A, B —
I, WEDN MG R, ASCE R ZEE oA
TEBE R IE, BAERMG R, X Lesh
FEIGAE T AT HE 5 1 AE A BR R 1 A B O b

. s

0.6
E a4
N

0.2

0.2 -- DOB-PID

2% DOB-NMPC 2

-5 - PS 10
0 0
Ym 5 “10 g 1
10" —20

3 AL LRSS
Fig.3 The trajectories of the quadrotor 1 and
virtual leader

4.2 BTAHHN

£ 2 T NHLGG B IS5 A, 5 38405 T 310
To NHLORFF 31 22 2 BAAE) R BRI R UL 950 5 4, Sl
MR da 20 H K B R e A s 3. BRI S, B

0.15 ;
— DOB-PID
~ DOB-NMPC
0.10f - PS 1
g
~
<
0.05 1
0 1 1
0 5 10 15 20

t/s
Bl a4 AN L MEREREE B IR 22 eq Wi LT 2R

Fig.4 The response curves of tracking distance errors
eq for the quadrotor 1

2 T T T -
Z ~ fire “"de,Lz
: 1 i = firy *'de,l.y )
3 L_*_*_*_*_“452222§E;;§¥ = far. = fii.
- 0%
S
71 1 I 1
0 5 10 15 20
—~ 04 T T '
ZE "'T/i.Lz*”fd,l.L
= 0.2+ **TmLy*'TmLy-
— = Ty1,: " Ta1, 2
<l:3 0 4 -+ N b
o i
0.2 . . .
0 5 10 15 20

t/s
5  FHMTHHMNT

Fig.5 The disturbance and estimate of disturbance

[~ s 1-- s 2 — B HEsE 3 e 4- -0,
8 000 : : : -
5000F &
/m
o)
0 A
O
[a W)
| =
<
m
. o)
0 5 10 15 20 7
8 000 :
5 000 BN ~ = i N " T -
[a

1I0 1I5 20
t/s
6 BRBRAIL M N £

Fig.6  The response curves for propeller speed
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0.150
= 0.100 ||
~ |
= |
R ah
£ L
< 0.050 F > < ]
p \ / X
0 015 .,,\\ __________ L ,,,,,,, K,_ /E ,,,,,,,,,,,,,,,,, -
. L 1 > ) Q\
0

DOB-PID DOB-NMPC PS

K7 BITRIEEEIRE eq AR EL
Fig.7 Comparison of the distribution of distance errors
eq among various schemes

AWML 2~ 5 LEANL 1 N, LK N V2 m
IE 7 T2 A 2. 25 e AN ML 400538 2 (8] ()
I 8 Frow. 25 o AL RS {4 1 B 5 3%
SRS RALVPUR FRERT 55 R FF— 2L RIE RS
B, FTE T ALY 52 B[R] 5 B AR A1 5F4

HEMAMERA (=1, -, 5)
[0.3(t — 5), 0.05(t — 5), 0.05(t — 5)] N,
Hs<t<8s
fa,i = {10.3(11 = 1), 0.05(11 — ), 0.05(11 — )" N,
8s<t<l1ls
03 N, HoAth

[0.1(t — 5), 0.1(t — 5), 0.01(t — 5)]" N-m,

5s<t<8s
Ta, i = {]0.1(11—1), 0.1(11—¢), 0.01(11—#)]" N-m,
8s<t<l1ls
03 N -m, HoA

BT NHEH B 385 DAk 4 fos. 204

ey

KL 2 FIHL 3
S —

l L1
ML 5 FNML 4

K8 SIS E- LAV RLEREE R
Fig.8 The communication topology of
the virtual leader-quadrotors system

AN [B1, B2, B3, Ba]T = [12, 12, 12, 20]T,
3 R AL BT 46 6L BN po = p1 = [—9.42,
—18.85, 0]" m, py = [-9.42, —18.85, 0]T m, p3 =
[—-10.13, —18.14, 0]" m, ps =[-8.72, —18.42, 0]T m,
ps = [—10.13, —19.56, 0]T m.

R4 Pra IR IR

Table 4 The payloads carried by all the quadrotors

TN B f = O VA7 GSs
—0.05 0.010 83  0.005 00 —0.005 00

1,2,3 0.10 kg 0.03| m 0.00500 0.01083  0.00500| kg-m?
—0.10 —0.00500 0.00500  0.010 83

_0.05 0.01470  0.00700 —0.007 00
4,5 0.13 kg 0.007 00 0.014 70 0.007 00| ko.m?
0.05| m gm

_0.12 —0.007 00 0.007 00 0.014 70

To NHLAT B g BA RAT S5 SR W 9 ~ 12 iR,
9 A 10 73 ) 9 = 4EA0 A AR A 45 3
TN, Fo « FRIE T AN 2 ~ 5 FERS 5
(t="0s) FIEAE (t=8s) &l (t=20s) K E.
11 BIZ T AN R ZE M 2. T AW vE
2 T AL BRI RCR, K — Bl B T JUARTRRAE 0 25
HIRZETEM T, @ 3 — A B TR R 2 [A]
PRR 72 FE AR 22 85 R — I AR ZE TR 5. i
BAIRZ2E LN

Horp, Ly NN 2 ~ 5 BB RAETT TR AN K

1.0
0.8
0.6
Eo4
N 0.2 — NS E
0 - AN 1
0.2 ~ AN 2
20 AL 3 =20
N
- 5
0
T, -10 g

—20" 20

9 AN S5 1
Fig.9 Trajectories of the quadrotors and
the virtual leader
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>~ — REATH
- AW 1
-~ LWL 2
-10t AW 3
AW 4
-~ AL 5
—20 L L
—20 —-10 0 10 20
X /m
K10 JE ABUAT RS RO (IRAL)
Fig.10  Trajectories of the quadrotors and
the virtual leader (planform)
0.15
44 0.10
o
=
& 0.05
0
0 5 10 15 20
t/s
P11 AR 22 B 2
Fig.11  The response curve for formation error

[ 1— e 2B Hes 3~ ek 4-- Q]
8 000 T T T

TAML 1

' . . FToAHL 5
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t/s
Bl 12 FrA o ANURTE S 0 it 26

The propeller speed curves of all the quadrotors

Fig.12

D; AANE PR TEABL B L ANLKEEES, D =
Sy Dis g APIASSME B ANLS ot Jo AHLE L
Z I R ZE R = AN H T4 B 1

TUNTEAR R Z T, i TH 5 SEprid K S5 3 AR K1
B MR 22, PEAS G B LT T AR (R A AL 5 28 2 Tl
SRy V) P58 22 300, SR A X B S i 22 ) 340 5 AR AL, f
B AN T AL E G B b R B — Sk 55 3 A
FA R ZE I, G0 I S B e M A 40 e 2= A1,
EALGw A AR T e TE. 1K 12 8 5 38 A KL I
A SUiES S

M9 ~ 12 s BT LUE ), fEA ST
T ZAER T, 5 3485 A E ANLRE B A &L
PR 1 EE BT BRER K040 5 8 IS UG fi23h 2 B
(ot REHIHL, B 11 R B gm R Z iR B, 4
RBAE 5 ~ 11 s AR SZ BT R, 4 AR 25 06
LAERFTERU/INEE N, X IE T RS T R
AEMREMPITRE. ERERNE, RETE 10 ~
13 s B B gmBA iR 28 B i KAE. o dr KRR, &
B R AT 5 7E BT B B B AR 84 T
L2 PR T e 8 2 38K 240 ST T A M R i U R
I IX—IGAEE 12 R3] T —PIE, o LLE
FITANL 4 TN 5 101 55 3 SR e Ar e
[ FEAHR IS AT E S KA.

40 RSO VAR T P RERNE E RS
ATIE B AR e Ve SR ST A, X A2 2 T ALY
iz iE 45 P et 7oK, R, e85 A AR &
X L4l ) DOB-PID #1 DOB-NMPC J5 i3k 47%F
bl SRk 2% 5] U5 VR AR R A IS N B R SR
RILGEH, (E AR R = SR Eiis BLAR e AR B AT
EEPRR, 5 A SCHINT 78 3 A RE 3 58 AT AN [,
R NAA S L. ATV AE G 2 TAE R, f£—uk
P 0 NI S oAb 2 S S e 7V R 0t ELI AT

5 ZERIE

AR R BRI L) AN S0 F T PR
2 U Jig 38 T8 AL 7] 4 BA 3z H il AL, 8 HH —Fhop 2
P 75 58 1207 SR A 20 A 2ol I 4 AT BR B 1)
iR Y S IR VA RN B & e = R
A1 20 28 9 & TE AL SO i S0 B2 U, i R
el Rl NMPC 5035 g B2 il s SR ek
Fed oy Mo Sik, W IRTC ANLREBRER L B Btk
BEXTE AN RIIR I R 2R, T st i (0 A
FEFE 28, S NMPC BVERPIRES LR &4 £
PR FEA R G AR T, A T AL Sl 2 1 28 A T 52
I, Jo AL e 2 3™ M o 2 L SR 2% A IR,
SR T R ke AR B ek ) P B R e A T P AR WA S
FE HH AT e H I R e SR O R L R AR,
FI 52 05 A BN BREAAT 55 AT R R BRI A
JEE, 15 Z2 B [F) 32437 57N RE A R+ 191 52 4 A A
I R R R AT . ARORHIE FORG it — 2B IR R R



2 #

BB A5 R e AR e ik 52 BR 2 DU ke 3870 A ATLF) s A I B 7 J2= 4 ) 7 5 333

S B B A SR

sy, DA S

TN R GAEPATAESS LR T B AR, $ETH
[7] 47 ] 1 .

10

11

12

13

RPN

Wang Shi-Zhang, Xian Bin, Yang Sen. Anti-swing controller
design for an unmanned aerial vehicle with a slung-load. Acta
Automatica Sinica, 2018, 44(10): 1771-1780

(EvrE, 8, k. TANME VT RGBSR BT B3
1254, 2018, 44(10): 1771-1780)

Khosravi M, Enayati S, Saeedi H, Pishro-Nik H. Multi-purpose
drones for coverage and transport applications. IEEE Transac-
tions on Wireless Communications, 2021, 20(6): 3974—3987

Li G R, Ge R D, Loianno G. Cooperative transportation of cable
suspended payloads with MAVs using monocular vision and in-
ertial sensing. IEEE Robotics and Automation Letters, 2021,
6(3): 5316-5323

Zhang Y, Xu J, Zhao C, Dong J X. IF-based trajectory plan-
ning and cooperative control for transportation system of cable
suspended payload with multi UAVs. In: Proceedings of the
IEEE/RSJ International Conference on Intelligent Robots and
Systems (IROS). Detroit, USA: IEEE, 2023. 635-642

Lee H, Kim H, Kim H J. Planning and control for collision-free
cooperative aerial transportation. IEEE Transactions on Auto-
mation Science and Engineering, 2018, 15(1): 189-201

Tagliabue A, Kamel M S, Siegwart R, Nieto J. Robust collabor-
ative object transportation using multiple MAVs. The Interna-
tional Journal of Robotics Research, 2019, 38(9): 1020—-1044

Wang Z J, Hu T F, Long L J. Multi-UAV safe collaborative
transportation based on adaptive control barrier function. IEEE
Transactions on Systems, Man, and Cybernetics: Systems, 2023,
53(11): 69756983

Dong X W, Zhou Y, Ren Z, Zhong Y. Time-varying formation
tracking for second-order multi-agent systems subjected to
switching topologies with application to quadrotor formation fly-
ing. IEEE Transactions on Industrial Electronics, 2017, 64(6):
5014-5024

Fang Hao, Zhao Xin-Yue, Chen Jie. Autonomous control of un-
manned aerial vehicle swarms: Prescribed performance driven
safety formation control. Acta Automatica Sinica, 2025, 51(5):
931-941

(T3, BARNE, BRA. TN WAT S 428 B R ORI R IREh 1
AR, B3R, 2025, 51(5): 931-941)

Abdessameud A, Tayebi A. Formation control of VIOL un-
manned aerial vehicles with communication delays. Automatica,
2011, 47(11): 2383-2394

Wang Yao-Nan, Hua He-An, Zhang Hui, Zhong Hang, Fan Ye-
Xin, Liang Hong-Tao, et al. Performance function-guided deep
reinforcement learning control for UAV swarm. Acta Automat-
ica Sinica, 2025, 51(5): 905-916

(EWEWE, Hef=z, sk, Bhbt, SEnb 0, 22090k, 46 TR o] 5
(RIT0 N WL B b 57 I 4] Ty i, A B 4ka2 3, 2025, 51(5):
905-916)

Jasim W, Gu D B. Robust team formation control for quadro-
tors. IEEE Transactions on Control Systems Technology, 2018,
26(4): 1516-1523

Ai X L, Yu J Q. Flatness-based finite-time leader-follower form-
ation control of multiple quadrotors with external disturbances.
Aerospace Science and Technology, 2019, 92: 20-33

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

Guo K X, Liu C, Zhang X, Yu X, Zhang Y M, Xie L H, et al. A
bio-inspired safety control system for UAVs in confined environ-
ment with disturbance. IEEE Transactions on Cybernetics,
2024, 54(2): 13081320

Eliker K, Grouni S, Tadjine M, Zhang W D. Quadcopter nonsin-
gular finite-time adaptive robust saturated command-filtered
control system under the presence of uncertainties and input
saturation. Nonlinear Dynamics, 2021, 104: 1363—1387

Gao Z Y, Guo G. A novel strategy to solve communication con-
straints for formation control of multi-AUVs. Science China In-
formation Sciences, 2021, 64: Article No. 179204

FuJJ, Wen G H, Yu W W, Huang T W, Yu X H. Consensus
of second-order multiagent systems with both velocity and in-
put constraints. IEEE Transactions on Industrial Electronics,
2019, 66(10): 7946-7955

Wang Z X, Liu T F, Jiang Z P. Cooperative formation control
under switching topology: An experimental case study in mul-
tirotors. IEEE Transactions on Cybernetics, 2021, 51(12): 6141—
6153

Xu H, Cui G, Ma Q, Li Z. Event-triggered distributed adaptive
fixed-time formation control of QUAVs with input constraints.
IEEE Transactions on Vehicular Technology, 2024, 73(5): 6357—
6367

Shao X Y, Sun G H, Yao W R, Liu J X, Wu L G. Adaptive
sliding mode control for quadrotor UAVs with onput saturation.
IEEE/ASME Transactions on Mechatronics, 2022, 27(3): 1498—
1509

Dimitrios H V, William S L. Handbook of Networked and Em-
bedded Control Systems. Boston: Birkhduser, 2005.

Wang X Y, XuY J, Cao Y, Li S H. A hierarchical design frame-
work for distributed control of multi-agent systems. Automatica,
2024, 160: Article No. 111402

Tang Y T, Deng Z H, Hong Y G. Optimal output consensus of
high-order multiagent systems with embedded technique. IEEE
Transactions on Cybernetics, 2019, 49(5): 1768—1779

Wu Q W, Wang X Y, Qiu X C. Embedded technique-based
formation control of multiple wheeled mobile robots with applic-
ation to cooperative transportation. Control Engineering Prac-
tice, 2024, 150: Article No. 106002

Zadeh H N, Naseri R, Menhaj M B, Suratgar A A. Heterogen-
eous unknown multiagent systems of different relative degrees:
A distributed optimal coordination design. IEEE Systems Journ-
al, 2024, 18(3): 1570-1580

Guo G, Kang J. Distributed optimization of multiagent systems
against unmatched disturbances: A hierarchical integral control
framework. IEEE Transactions on Systems, Man, and Cybernet-
ics: Systems, 2022, 52(6): 3556—3567

Guerrero J M, Vasquez J C, Matas J, de Vicuna L G, Castilla
M. Hierarchical control of droop-controlled AC and DC mi-
crogrids A general approach toward standardization. IEEE
Transactions on Industrial Electronics, 2011, 58(1): 158—172

Wu Q W, Wang G D, Wang X Y. A formation strategy relying
on monotrajectory planning for velocity-constrained wheeled mo-
bile robots with application to cooperative transportation. IEEE
Transactions on Control Systems Technology, 2025, 33(6): 2080—
2091

Faessler M, Franchi A, Scaramuzza D. Differential flatness of
quadrotor dynamics subject to rotor drag for accurate tracking
of high-speed trajectories. IEEE Robotics and Automation Let-


https://doi.org/10.16383/j.aas.2018.c170413
https://doi.org/10.16383/j.aas.2018.c170413
https://doi.org/10.1109/TWC.2021.3054748
https://doi.org/10.1109/TWC.2021.3054748
https://doi.org/10.1109/TWC.2021.3054748
https://doi.org/10.1109/LRA.2021.3065286
https://doi.org/10.1109/TASE.2016.2605707
https://doi.org/10.1109/TASE.2016.2605707
https://doi.org/10.1109/TASE.2016.2605707
https://doi.org/10.1177/0278364919854131
https://doi.org/10.1177/0278364919854131
https://doi.org/10.1177/0278364919854131
https://doi.org/10.1109/TSMC.2023.3292810
https://doi.org/10.1109/TSMC.2023.3292810
https://doi.org/10.1109/TIE.2016.2593656
https://doi.org/10.16383/j.aas.c240603
https://doi.org/10.1016/j.automatica.2011.08.042
https://doi.org/10.16383/j.aas.c240519
https://doi.org/10.16383/j.aas.c240519
https://doi.org/10.16383/j.aas.c240519
https://doi.org/10.1109/TCST.2017.2705072
https://doi.org/10.1016/j.ast.2019.05.060
https://doi.org/10.1109/TCYB.2022.3217982
https://doi.org/10.1007/s11071-021-06332-3
https://doi.org/10.1007/s11432-018-9672-1
https://doi.org/10.1007/s11432-018-9672-1
https://doi.org/10.1007/s11432-018-9672-1
https://doi.org/10.1109/TIE.2018.2879292
https://doi.org/10.1109/TCYB.2020.2967844
https://doi.org/10.1109/TVT.2023.3345925
https://doi.org/10.1109/TMECH.2021.3094575
https://doi.org/10.1016/j.automatica.2023.111402
https://doi.org/10.1109/TCYB.2018.2813431
https://doi.org/10.1109/TCYB.2018.2813431
https://doi.org/10.1016/j.conengprac.2024.106002
https://doi.org/10.1016/j.conengprac.2024.106002
https://doi.org/10.1016/j.conengprac.2024.106002
https://doi.org/10.1109/JSYST.2024.3417255
https://doi.org/10.1109/JSYST.2024.3417255
https://doi.org/10.1109/JSYST.2024.3417255
https://doi.org/10.1109/TSMC.2021.3071307
https://doi.org/10.1109/TSMC.2021.3071307
https://doi.org/10.1109/TSMC.2021.3071307
https://doi.org/10.1109/TIE.2010.2066534
https://doi.org/10.1109/TIE.2010.2066534
https://doi.org/10.1109/TCST.2025.3573888
https://doi.org/10.1109/TCST.2025.3573888
https://doi.org/10.1109/LRA.2017.2776353
https://doi.org/10.1109/LRA.2017.2776353

334

H Zlj

(8

Eitd 52 %

g
¥

30

31

32

33

34

ters, 2018, 3(2): 620-626

Xu L W, Tian B L, Wang C, Lu J J, Wang D D, Li Z Y, et al.
Fixed-time disturbance observer-based MPC robust trajectory
tracking control of quadrotor. IEEE/ASME Transactions on
Mechatronics, 2025, 30(6): 4272-4282

Olfati-Saber R, Murray R M. Consensus problems in networks
of agents with switching topology and time-delays. IEEE Trans-
actions on Automatic Control, 2004, 49(9): 1520-1533

Bhat S P, Bernstein D S. Finite-time stability of continuous
autonomous systems. SIAM Journal on Control and Optimiza-
tion, 2000, 38(3): 751766

Monteiro J C, Lizarralde F, Liu H. Optimal control allocation of
quadrotor UAVs subject to actuator constraints. In: Proceed-
ings of the American Control Conference (ACC). Boston, USA:
IEEE, 2016. 500-505

Wang Hao-Kun, Xu Zu-Hua, Zhao Jun, Jiang Ai-Peng. A sur-
vey on offset-free model predictive control. Acta Automatica
Sinica, 2020, 46(5): 858—877

(EdEH, fRtl e, By, VLR M. MR il sak. B i
&, 2020, 46(5): 858-877)

e EE NP NE IS Bl VAL ]
FOAE. EEWTTTIT N 2 L AP [
RIS 1 A

E-mail: w_qw@seu.edu.cn

(WU Quan-Wei Ph.D. candidate
at the School of Automation, South-
east University. His research in-

terests include cooperative planning and control tech-
nology of multiple robots.)

FAF K RFEEHMMEBRAER.
FEHFFTT A AR ], Sl
Pl R AEZ Bl ds NPhIR R GE LT
TRGHHINH. ASCEEEE.
E-mail: w.x.y@seu.edu.cn

(WANG Xiang-Yu Professor at
the School of Automation, South-
east University. His research interests include non-
smooth control, anti-disturbance control and their ap-
plications in multi-robot cooperative systems and
power electronic systems. Corresponding author of this

paper.)

Xt T EOREE S S T
IR Rl AN o -3 W
NPT P, R A ) A
FEBHEHRFE S HENRGE T
JSZH.

E-mail: liujinhao@cumt.edu.cn
(LIU Jin-Hao

4

searcher at the School of Information and Control En-

Postdoctoral re-

gineering, China University of Mining and Technology.
His research interests include disturbance rejection
control, model predictive control, and their applica-
tions in motion control systems and robotic systems.)


https://doi.org/10.1109/LRA.2017.2776353
https://doi.org/10.1109/TMECH.2024.3503062
https://doi.org/10.1109/TMECH.2024.3503062
https://doi.org/10.1109/TAC.2004.834113
https://doi.org/10.1109/TAC.2004.834113
https://doi.org/10.1109/TAC.2004.834113
https://doi.org/10.1137/S0363012997321358
https://doi.org/10.1137/S0363012997321358
https://doi.org/10.1137/S0363012997321358
https://doi.org/10.16383/j.aas.c180415
https://doi.org/10.16383/j.aas.c180415
mailto:w_qw@seu.edu.cn
mailto:w.x.y@seu.edu.cn
mailto:liujinhao@cumt.edu.cn

	1 预备知识和问题描述
	1.1 符号说明
	1.2 预备知识
	1.3 问题描述

	2 分层控制方案
	2.1 干扰观测器
	2.2 分布式协调器
	2.3 跟踪控制器

	3 稳定性分析
	4 仿真验证
	4.1 单无人机轨迹跟踪
	4.2 多无人机编队

	5 结束语
	参考文献

