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Abstract

This paper studies the issue of formation control for a class of unmanned aircraft system (UAS) used
for pervious concrete pavements maintenance. A new framework for large-scale UAS modeled as a
continuum is proposed based on the diffusion equation, and its communication topology is a chain
structure. For the UAS with boundary perturbation, a leader feedback control law is designed by
using the boundary control technique to enable the UAS to stabilize the target formation and per-
form the pervious concrete pavements maintenance mission. By utilizing the Lyapunov direct
method and the boundary control strategy, a sufficient condition is obtained for the unmanned aer-
ial vehicle error dynamic system to reach the target formation uniformly ultimately bounded. Also,
the formation issue of UAS without perturbation and the flocking behavior of UAS without leader
control strategy are discussed. Numerical simulations demonstrate the effectiveness of the method
proposed in this paper. The UAS can be deployed in dynamic environments to achieve formation
rapidly and perform pervious concrete pavements maintenance efficiently.

Keywords

Unmanned Aircraft System, Pervious Concrete Pavements Maintenance, Diffusion Equation,
Boundary Control, Formation Control, Uniformly Ultimately Bounded

Copyright © 2025 by author(s) and Hans Publishers Inc.
This work is licensed under the Creative Commons Attribution International License (CC BY 4.0).
http://creativecommons.org/licenses/by/4.0

1. 5|8

KRB T B [ 1] R LA e R K VE RN RS PR 2 S T3 e e, (H IR 75 RO RR A
FERRH TR EOR . MG N TR I AR H AR, MEAN ARG AR RS AR A AT 55 A
NERRERRERTT o S HBAAEE] L TE AN R G A LI K TRt 0 B _E 2 P[] 5 BROK T AR B SRR I
TR AL 55 [2], I 5 SR TH IR R0R

AR, TANARGMYFESZE] 772 R0E, H R TN —BUE[3]-[5]. — Bt AN
RGMIREEL6] (7] HMBAIS] [O1LALZERER[10] [11]5% i eUAS AT LA Aoy — Sk MUBOR B TT . Ak 2 7 idgide
H, FIRARRITEANURER) — 2k, BIETH - BREEH SRS [12] S TAT NREEHIA[13]. B s
R4 EOR[15]. BeAh, SCHR[1613ETT 18 T 2 NIALE 2= Eik ple— SR J LT 44 .

TE ANHLR SRR T ER A B 2 B REA RS 2 RGP BT Reynolds $2H1[17], B&
RN RTE BER=RE R AN . BAER, B TTE AR SRR EOCR T SRS RN, Gk e
MZ B R RGRNEFE AN HAT, R TIRANRGE—Zrk a2 R A (17152 H AR B
FEAZ ST AR A

SR, XA oY BHIORL T R G, ME LR KBTE AL R G R IE S E AR JRs . W TTER
W1, AEMR G181 AHLGR BN A A S, 5B RAETE R IR E S5, KRBT AN Y A7 o KT AR
B, RO IESAARAE o T o0 75 R IE AR iR R SR A7 f) 3 T RL[19]. A A Ol R Al s 0 7 72 T
WHTE 1 2 B REVRAE =22 1] (2w BA[20] . DU B R sl 73 D5 R 58 17 KOS 20 1 S £ 2 A 1) 2

DOI: 10.12677/airr.2025.144082 869 PNER ST IR YN


https://doi.org/10.12677/airr.2025.144082
http://creativecommons.org/licenses/by/4.0/

R, sk

AT WO AN AR S EBONELER, NN RGEHIE RGO 7 HMm. bR
FKIREE T IE R I R, W E T AN LRSI, aR )y, AR s S BB SR
XL B ] RE T B DA R ZE M RS, SR SSAE L. DRI, BLUHREMS M DA SIS ) B PR i 3
WSS E R BU R TC AN R GEAE S B T A3 REAS A2 ik 2 H Fndi B o

AL FEEWF FUIE K IRE -IE TR I T AN R SR G B2 ) [, 1 DTk g (1) 4R 2 T3
TR AN ARG, &M T RGN (2) SR EAANNT, KEAVRG D TR A (3)
R OB N EANLAR G AR (4) & HIEKIRE L IE IR ARG .

AR TEE N LA B A A M R G 55 =R T AL BA I S 26
T TR ANR Z SN R GERIAEE P 5 07l Bl 07 AR IR PR T VA A Rk SN A SR
2.

Bl A S R GARE

ATCHRE P AR KA TE ANL R G RIAEZE . R B FE, AN RS AN AE 41
AT K TR Bk T8 B FR R 55 () — AR SRR Y . T AN RS MI3) S5 B LA — B A4 28 %0 .
oz (k,t)

= =v(k) (1)

b g (ko) =[x (ko). y (k)] eR® FORE k BIOTNHIER 2 ¢ (0GB 1R k< [0,1] HTEANLE
G AP IS s ORI AL R G NG IE S A o AR ABLRGE (D), k=181 k =0 3 HIFoR
FFHMERH, T 0<k <1 MITRIBEEH . v(k,t)=[v, (k). (k)] eR>ZRE k BATNLLENZ]
¢V o FERVN v (k,r) PTRL TR e -

0%z(k,t)

v(k,t) =D e

2
Kb R H D = diag(d,.d, ), d,.d, ¥IKRT 0 MIERL. HEFH BT N R AN RS h
ZRIE NN AN S 2 IR HITE ALIESS . TEANL R GEOHE L R 340 A5 2 Se I b Fi23h . 2B AFLA&
G F A1 412 — A E I REE -

TNBLAR G FAE N

2(k,0) = z,(k), (3)
Hortt 2(k,0) = [x(k,0),0(k,0) ]+ 2o (k) =[x, (k)3 (k)] » FFEARAELFHKAM
z(0,1)=[0,0]", az;;;t)=u(t)+d(t), “4)

oot ()=, (1), ()] R BHRFHWEHRBN, d()=[d,(0).d,(1)] eR* Jt RHRED, W2
[ ()| S e > iy >0 HESH S FERBETT , d (1) FAHHR K TH, DRSBTS

Par’

~

3. HmBATEHITRER
3.1. EHIBHR

WY E R R u(r) . BB ABLGRINTES F3030 d (1) F 300 E ARIOGBL. L,
TSP FEEE . — R TR 76 WL (T R b ST TR S i 2. — 2

max

48

DOI: 10.12677/airr.2025.144082 870 PNER ST IR YN


https://doi.org/10.12677/airr.2025.144082

B, akFE R

QAT eI S ) SRS A TE A ML R Gife e s s 20 H b A 2
B, FHRERT Y EO R 1T AHLE SRR,
oz(k,t) *z(k,1)

a Pae ®)

JIREGS) P T R R

d’z (k)
i

=0. (6)

PRIk, JE AHURT SEBLEE 2 BA -
ZITRERGE T ENNLARGH) HAR LS o THEIF AR BIE BT, H ARG BT iR

GREHE RN "
b ¥ a,a,,0,,a, TE RZE XL RER A 0k B DUAE U AR OB o
FEE KRB LB TR b, H AR B\ DUE S TE R TE A, Al ORI R 7477 70 W5 004 14 78 o R0
B AT, RGBSR H PR BRI S . R BB E AR A, Wl 8 E R
a,,i=1,2,3,4 LOERIEREEE S, > BeRPERE A2 5038 StBLIE BR IR 4
Hixk, TR AARIESHRBN, BATBEHUI R 40T 42 e .

)= Ke(1e)+ k(1) EU) ®)
b z(Le)=[x(Le).y(L1)] -

3.2. ZHIRRRIL T
N TAETENNLRGEEE] HARGRBN, FATFI LR AR 2

e(k,t)=z(k,t)-7(k), (€))
Hrhe(kit)=[e,(kt).e, (k)] -
H ARG (DA FKIEE), TRHRENS RGN
oelkr) _ poelkt) kefo,1], £20. (10)
o ok
CILGESESE
§(k,0)=z,(k)-7 (k). (11)
HEA LN A
£(0,)=0, ag{g}i’t) —U(6)+d (). (12)
RAEGS) (6)FHILFKAME(R), AT LB TH R Z BN A& RS Sl R
U(r)=-Ke(1,). (13)

BT B IEHIATIOR, BATATELgy BB AR G g A A .

DOI: 10.12677/airr.2025.144082 871 PNER ST IR YN


https://doi.org/10.12677/airr.2025.144082

R, sk

Algorithm 1 JT-9 BT TE B R G P42 1l 501

1 BN ERTHES TR TASK, WIARE o, (k). BHE K, MK AL, Hahifd,

2 Wi EABLEGBURE 2(k.1)
3: %#l‘:}'ﬂﬁ:
4 WEMEBRBA=[a.a.a.a,]. ERIEKT(K)

5: B, REERE] {k, ko ky L HIERIL STATE 2(k,0) =z, (k)

6: WEMNE =0
7: while 1<T do

8: T A

9: R ZE e(1r)=2(1L,1) -7 (1)

10: TGS EERRA U(1)=—Ke(1,t)

we o mEaast 00=[00 . F0)ov)ra(). obla)<d,.
12: HIRS:

13: R BOTRES), HUBT STATE z(k,t+At)
14:  SEBPREE.

15: R TASK (Ig%t il X i), shA W% K
16: RIS IA] ¢ =1 + At

17: end while

18: BE (k1)

4. AR ZRGREM S

N TR ZE B RS, FATFIN AN € XA 5] 2,

X1 FANLRG()TE H ARSI T (k) ER&— 50 . WRAE R p > 0 FIT >0, (/X T (> T .

|e(k.0)-7 (k)| < b, Vke[0,1].

X1 B TEAHUARBATER T AN T AE0S LA IR 5 2 B0 A4 DR 7 (K ) «
X2 ARG BRI 7 (k) B2 RIEERE, WRAG—A 1>0, (FERSM >0, f

BxFRERET, 2TH, H
| (k.t) -7 (k)| < M.

FIE1[21] BezeW"(a,b), z(a)=0, N

[} (¢)ag< (b-a) Lb(dz(ﬂjz i

2 dé

SIE 2 B (1) R SAE[0,+00) ERVAESREL, HAFEF B a>0M 20, M5V (r)HL:

V(t)<—aV(t)+p, Vt=0.
Wy (r) m2s—2H5, H:

DOI: 10.12677/airr.2025.144082 872

N i S B AT


https://doi.org/10.12677/airr.2025.144082

B, akFE R
i s
}gV(t)Sa.
4.1. REWMSREREE S
EE 1 FEFEHIEA3)F, HRUPAER
<I>:—DK+%D2<O (14)
BRAL, EANRZEDS RGN0 RE —BH R, WFEEEEHb>0, 15
HEBR: N TIEHRZESN S RGN AR EME, #i& LT Lyapunov-Krasovskii 12 B o
V(t):%ﬁsT(k,t)g(k,t)dk. (15)
XT&RGE(12), THEV(¢) B R S5
—diét) =_[;£T(k,z)a€g;’t)dk= 5 (k1) D2 ‘;I(:j’t)dk
| T (16)
:gT(k’t)Dag(k,tﬂ _r[@e(k,t)] poelkn) o
ok |, P\ ok ok
WFFA2) LA FERIER3), FRRABIRAE T, ARSI
dr (¢ T i Og(k,t oe(k,t
JSE (l,t)D(—Kg(l,t)+d(t))—J.0( (gk )J D (gk )dk
<—¢&" (Lt)DK&(Lt)+&" (Lt)Dd (1) -2[ &' (k.t) De (k.t)dk
—gT(l,t)DKg(l,t)Jr%g (1) D¢ (1,7) +—d;ax—2j (k,t) De (k,t)dk.
T,
dV(t)
" ' (Lt)De(Lr)+ max—zj (k,t)De(k,t)dk, (17)
Hreb o SAEEH 1 HE X,
ito= 4ﬂmm( )’ )”'J
2 o (1) G
<__j £(k,1) dk+%dmax =—aV(t)+ = (18)
R TEN RIS
—ot dtflax _ a0t
V(t)<v(0)e +2r7_6(1 e ). (19)
Xt—oo,
dr%\ax
V(t)szn—a. (20)
B,

DOI: 10.12677/airr.2025.144082 873 PNER ST IR YN


https://doi.org/10.12677/airr.2025.144082

R, sk

le(k.2)]| =27 (z) < /% 1)

d
& b=—mx  %F 2 BT, ¢>TMW:
2 Jre PSRN t F

(k) 0] =l <

RHEE X 2, RENERGENVESEHE(14) P& —8H 7.
BEZ, HWEER 1, MEANRGE)E B IR 7 (k) L& —EhG 5.

4.2. JLFFTRIBEREE 24
EEH 1 PRATEET A AN EANLH B rgmArsem. LT, AT PU#FE— g e 1

) JLRh RS A AR 0L o
B, MBI, B d(r)= 00, RIEENA R R RS N
e(O,t)zO,%zU(t). 22)
ERERL 1 e, FRATAHER B LR HER 1.
R 1 EEHIH3) N, AL T RIE(22), WIRESE RSU(10) & /TR ERE .
UERA: #4i& Lyapunov iZ BRI(15), *4d(r)=0, HIER 1 KHES AT
dI;—ft)S—eT(l,t)DKg(l,t)—ZI;eT(k,t)De(k,t)dk. (23)
ar (s
df )< _or (1), (24)
Hro=42,,(D).
B HEAS,
V()< (0)e . (25)
T2,
e (k.0)]| <27 (0)e 2. (26)
REE L2, REMNSRG(10) 2 /e HtaE .
B2, SRR 1 TR ABLER () A R S S H R 7 (k) = ;E’;ﬂi
Htb, R B IR A IR EANE RGRMEH R T, B d(1)=0 Fu(r)=0, REHH
RGHLFFAT AT EF S N
£(0.1)=0, ag(g;,t) =0. 27)
B, 6 ABLR S50 R B F R 7 (k) = m o
EENHER 1 e, FRATAMELS 2 DL R 4R 2.
R 2 Hd()=0Hu(r)=00, FiiLLFEMQRT), WIREHERG10)2FiHERE D+

DOI: 10.12677/airr.2025.144082 874 PNER ST IR YN


https://doi.org/10.12677/airr.2025.144082

B, akFE R

JE .
UEH]: #4i& Lyapunov iZ Bi(15), 2d(t)=0 H u(t)=00f, WRIELFEKMQT), 4G EH 1 S
&
dzy) <-2['&" (k,t) De(k.t)dk. (28)

HRIE28), MBS 1 (A L FE AT &0

e (k.0)| <27 (0)e 2.
Mroolt, |e(kt)|>0. Bl z(kie)—>0. B, TAHRG)POEEE TS,
5. BEMR

AT BB 07 IR E BT TR . B 10 B ANURAT B AR EE I8 B ) R 5 A 55 -
LRI 96 A B AR A i A N (0,1) o 430535 T AHLA I S22l (13) 51 3 TE AHLEE

GiF 1: RIS T H4mEA -

% F8 R B 35 K = diag(5,8) » WX 9 [0,40] . MU18RE0 A d (1) =[0.1sin(27),0.05sin (27 | 5 %
RIE R RN R T, BRFEE S5 0.1 R 0.05 m/s?e [ 1 JEIR T 10 42 AHLIESR 8 T I ik Bl 4w
B, IRZERASIBIHE, VA R GhEE. 18 1 ZE MRy B A T AR i DA = 4E4L
M, AR TS AL R GEAE T A SEBL E b B B2 -

14
L | = = = Leader
12 A Starting
10t | O End
8t
61
£
q 47
x
2t
ot
2r
4r
-6 L
-6 -4 2 0 2 4 6 8 10 12
x1/m
ZHNA FHEAHUER S

Figure 1. Trajectory patterns of UAS formation under bounded perturbation
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