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COOPERATIVE RELATIVE NAVIGATION FOR
MULTI-UAV SYSTEMS BY FUSING INFORMATION OF
MULTIPLE SENSORS

ABSTRACT

Multiple Unmanned Aerial Vehicle (UAV) systems have attracted extensive attention because
of their potential values. High accuracy relative navigation is a key guarantee for multi-UAV
systems to accomplish their missions. Outdoor multi-UAV system relative navigation is commonly
ensured by Global Satellite Navigation System (GNSS). However, this approach might face great
challenges in urban environments. On the other hand, due to the limitations of cost, load, endurance
and size, a UAV cannot be equipped with too many high precise sensors at the same time. Aiming
at these problems, this paper proposes a cooperative relative navigation system based on GNSS
pseudoranges and information from other sensors, for example, Peer-to-Peer (P2P) range
measurements. The proposed algorithm takes full advantage of observations from different sensors
and multiple UAVs in the formation. The study in this paper is composed of three parts: theoretical
research, algorithm design and testing technology both in simulation and flight test. To be more
specific, the main content includes reviewing the theory framework of relative navigation and
cooperative navigation, designing a cooperative relative algorithm in multi-UAV systems based on
the estimations which are obtained by the information fusion between two UAVSs, building testing
platforms based on MATLAB and UAVSs in order to validate the proposed algorithm by simulations
and flight tests. The results lead to the conclusions as follows: 1) the overall relative navigation
performance will be severely degraded due to limited satellite visibility and poor measurement
accuracy in urban environment; 2) the performance can be enormously improved by employing
observations of additional sensors to pseudorange DD, especially in GNSS challenging situations;
3) the relative navigation performance can be significantly improved by cooperating the information
of multiple UAVS; 4) the impacts on the performance of the proposed algorithm includes the
formation scale, the formation geometry, and the accuracy of the additional sensors; and 5) the
testing platform based on UAVs can validate the proposed algorithms and it can be extended for
other relative algorithms.

Key words: Multiple Unmanned Aerial Vehicle (UAV) systems, relative navigation, cooperative

navigation, information fusion, Global Navigation Satellite System (GNSS)
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1.1 RES

AR, TANGRA RELEEPR 28 0&0F Hasig K, HAABERPEFMR AN
BH: ZEFE L, TANGSH TR, KT IANERM AT H— A, “ifEE
GO RO b, T AN RIS A A S I BA K KB TE AWLEEAT D75
RS RAEARWT E T AT RN AT, ZRMNRGEATHATZ EALS . WS, B
IR EEN S W, HREATHRAGHNE M, PATHERE BR8N, HibTEANE R
A B G, KANFEZ RG], TIEERRET AN LR 2 miks AR et . SR, 18
22 BRI B AL R A AN T 5 AR G S ALAE S S ITE AL 4w BA T 6 At 75 R 12,

FEAXT SR, B 4Bk TR S5 & 4i(Global Navigation Satellite System, GNSS)
AL T CATEFFRR PR EE T HEAT ks B W A e A, (R IRTTEAEE N, B T @ S s+
SERE, AFET GNSS AN & AL AFAE ] WL T EEORE WP U404 22« JEEAHE
5 A5 RN 5| T R A6 1% 22 W 2 1 R A Il i BSL, (R, ST GNISS AR T R Gt e
B RIEL, EARRIUNSHURE U seipik B B R i%, HEnae Bl ek S
L o

20 40 70 AR, FHLWFEZFIGE (Hermann Haken) $2 1 “WhF"HIMES:, I R4
Wik T EE e (Synergetics) , filiig U — N RFEM KT R FIFISE H b fH TP A
A WAL BAF= A 141527 B b [RI 0N RO, ip R] T 0 0 A2 — b 1) P 22 48 Ak 2 T (8 A e O U 45
SRS SR RS SRR, AT CUE SR e IR )8, R R SN R SE R
BT erer:, HEEWIE NG SN TUARE LR 2R < k.

1. 2 AR IR

ASCHIE G )52 T AL B R P [RIAR DG S I &, P [R) A A e 46 T 20 tHZd R,
SLFVEEE R, GRS, K TNEAR. BANL P A M T EAHEmER. 7T
PRSI 2, A SN ARG T B2 000 . LA EDNARER I 74 75 B R AE P [F)
FARM R E LSRR, HERZHPTRE: 20 thad 80 K, EEME THA ARG
B3 %48 (Joint Tactical Information Distribution System, JTIDS), J7 1991 4F##2 % 4+ rh
SHRMZARY, LB ER— 41k, 2014 45, dnEEzk, . Y. Hi, &
KAFIA 2 5 AR P20 B ANAE R P IGIE T gzl (5 S RhA DL LIRS
MR I, 2015 4, 3 EHEP AT RIS (Defense Advanced Research Projects
Agency, DARPA) #¢ i 7 7E 46 1k A 55 0 3 7] 1E fit  ( Collaborative Operations in Denied
Environment, CODE) i H, 2 Joc N\ AT ERAEMLSFMCA SR T 18 A5 B W [F3R45 2 1 1) 154
BE B S5EAM, BAREYFSAEARD RN, (HE PR RS R E bR,
FETE AWMLY AU R SR 72 FR BUAS T — 2 I OB R s RO K2 A /N e 38 T8 AW LG BA
I, 2018 F R NS MR R FFPN B INEEAT T 300 ZE R AMLIIAT 6T R b, FEE
TR B A A 73 HILE 2017 4FH1 2018 4E5ER T 119 ZEAT 200 22 [ & B Ao AHLERF K47
5, BEOREERAE PG T — 0%, (HRAEHX BRGNS, Y EIRENRE ) S P iE

14
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Z ARG S SIS T FARK SHU SRS B, B N IME 2 %580 2 AR %
AAETE AN FE oL BRI S HBEAT TIH9E, (AR5 GNSS ARXT AR F, s T
£ CInertial Measurement Unit, IMU). #8 %7 (Ultra-Wide Band, UWB). #56/ % < Il 4%
SRR B2 Gl ARG BRLE R, SRS A SR S TR, R A
F'FHRA IR E S G Britbz4h, T ANLGm P BRI 5 HERR (Fault detection and
exclusion, FDE) i AE A 2 T ALY FEAE R ST OCBa BE R AEAN BT A R, B9 o B P
S WHR ATk P Z LR IR KR R 48 B, 2 T8 AHLFRIF D[R AR 6 S A B
AW BAEAT 2 RBETC AR SIS B sk I S HERR, mT AR mdmBA RAT AR e It 24tk
DA AE S 2R B B3 R

H2, DL ST 2 AR KR RE 1 T0 AN BA Y AR S RUE O T A EA s WA
AT L TR U I LA T AR, K20 K GNSS R MEAL AR &, ML
BRAAE B s B R R T2, JE H A LR — AN EE R R, RIS A AR AL B
FOEE T AU AL S5 B AT, A 3 B IE 2 EANVE BRPE, Hik
MUE BRI ZAK, HARXN SAURRE . SE0r i I A iR s . s o s aR
LBk (FDE), 0 BAk— D5 AR 0 AT 14 e

ML P 4022 )R S SRR, RT LAVA G T8 AL A %) Bk [T AR R SRR A 1 5 i i 35
LI

(1) PRIRARX AR BEA W T

(2) 0N BB AR G T AL B

(3) Flh 2RI

(4) BRI -5 HERR 1) B AL ;

(5) PhIFIFEXT SHO RV M, MRS R AR E

1L.3IMRATRENX

AR H g T 2 P55 B R A BT AL A RIS SRR » Wb ) A — R
2 AR 22 TB] AR WU A JE A% 3 SE LS AL BRI S ) AR, B0 < 1 i) 78 A\ AL BAFT
PR SIEARBE T BR R, A3 TS AN LG BN BIAR S AT A P BEAT AR SR AT T AT
AHIGE COFEA SH RIT, SREERAT . FiERh SR =, Bk

(1) BILHEF:

58 TC AW LG AT SRR RE R 755K s WFFTEE T GNSS FIAHXT T MR AR XS 3
FRAERIVEREZ 5 BFFUHE T GNSS/UWB/ U THIMUMR 5E 22 Y545 JE Al & AR XS SR o

(2) Bkt

FERT AW FLROFERL b, Wit 2 U505 SRt G B 10 AL BA B [ AR XS SRR o

(3) HLikli.

AT MATLAB HTHE AL B 6 AT AN SRR &, 6 RT3
EYEREVEAG o

ARSI FTH ) i AR S AAE TS AN LR A IR, B AESR THE B BAFE X ST A
FE . ATEEPEAGESEE, T B T AL AE A S BT I . AP TR LA S
A% (GNSS), #siiy (UWB), Ukit, #laifeas. 1Btk (MU) 5244 RKa%E Bt
G AR FATHA, @7 T AT MATLAB FIHE L - & F1 0 AL & 78
BTG, WAHSREEIAT T IRUEAI . AR B LR S X

(1) FARLE, FERIRIAEN R AL ARG AR HE B A T S S22 S TE A L4 BA R it
PEFE R, M00[S0 RE W 1S 9 3T R GEAE R B P B e, HLRe g tdin (s SR TUARE
R ARG 2, AU FUA ATt — DR U A BRI AN, BIEERR

%201 340 W
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(2) THEE, BEFUARRH AT HUE B BT 5 AR5 () o A L9 BA 2 i A B 1) 4% J%
AFEEIGPRE], BIIC AL RA . BT B 55 2Kk S 808 AL EIGiER S0 248 R4 1
PR, TR SRR B AR, BUEITHAR, BAA BEMATTE G AT i
ST TC ANHLGR A 22 21, AT E— 229 e o A AL 90 BAAE 38 17 A 853 8 8 P o

1. 4 BIERVHEXITLATE

AT N A TSR B B 8 B B AL, 3848 BAR AT e Bk G4

(1) EEMMZR (Civil Aviation Administration of China, CAAC) (&KL AN
BATEEME (BT )
SCHEILT: RRE R ANURIBITE HIAE (1T

(2) HEPrEMTAHLS PR HERIEUEE (Standard s and Recommended Practices SARPS) ;
SCE LT GNSS Standards and Recommended Practices (SARPS) .

(3) HFREATLZHL CInternational Civil Aircraft Organization, ICAQ) i fRAE FH 1 fE LT

(Minimum Operation Performance Standards, MOPS) ;

CAFEILF: WAAS Minimum Operational Performance Specification (MOPS), RTCA
document DO-299D,
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BE hEEMNSFMEAREE

AT NASCHI BRI TTET 20, 25 ) 1 Fe AHLG DA P 7] S U RTAR X TR < B BB B FU 43¢
B AEMPNELZHN: 2.1 WAET NG SHER TR, BIUIE 7T AHLZH A+
JS2FH I R S AR R 0 0 5 2.2 9 4 AHLZw B B FF) S0 2.3 59410 P AR
SRR, AEIT GNSS MR FHUHAR AT AL, U EARSENTEREZ 5T
s 2.4 FIA BT ZURME B RLVE FDS SATEOR S A SR (A SRR, ZAR
FEASCWIFURIERI T 2.5 A AR T/NGS .

2.1 K ANGAEST FALIERERITE XK

TNBUG N CAT RIS 2, Hoor R A BA RS o Be . gibBAFEf]. PUL RIS ThEe,
MAEPAT IR FARRT, 56 BRI A B TE AL [ AR L EAE 2 . DRIk, 2ETE AHLS
BARAT H M AR AR X RE 7 A ORI HE B 35 SR SR AR D R (R S B EE 3 T AL BA P TEN
PLZ AR AR B BOR, JEHRAE /DR AN B 4 B RAT I, AEGwBA A &R 2 L2 1]
WA AR — € FREE PO, AR A RS P AS B L /N 22 A BE B SR, T AHLGwBA
TR E R Z RS S S HUEREE T AL A 2 P IC N 2,

1M T BN TEANUAEAE A . 8 20, RANEER BT, S EOE ANLIGVE RIS #44
2 MRS AR RS . BRILZ AN, BRI GNSS S th 2wk, e W2
AR, WTRTEJUT 2. FESHMES . SRBNARIEZERE (E 2-1 s,
FRANEET GNSS HIFUERE T F, BARRINFHUGEE . e EAESE LR R, HamT
e ELTCVE SRS DL RIUL, O T ORIEJE A MLSR BARIAR R SRR PERE, 51\ R BOARRS 5
L1E5% N s §IAE I R
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2.2 T AHZmPAHE S AL AR

A AR ST A2 TN BN F SRS« R R A SRR 20 4T
TR

2.2.1 MXH T Xar 2

WA ST REE S ATL B SN I SHiss 19, i, TR SHamse
REM TR RGEN (GNSS). Fik. WM (UWB) %, WIIREU AL, BREY. A S
B, HAEMEERE. AR A, WU SR VL E A% AT SR E
S I B B S, BN R BTN M EIEAE, T AE S IR R R
HEEFR

222%AMEMWHEM YA

TE B BA N [ S 2 B A P 2-2 Fos, LA, SCHLE o AN 16 i K A%
o, EEEEBRREK.

b AL

/\M

é\ / B

i

HEWRE

/N

T T
HH Lt
B 2-2 Fo AHL% B th R A B
To A BT R SRR G5 mT 23 2 A 291 (i) 2-3) P47 a4k B9 (n i
2-4): Hrp, ENASHEERT. 2155, B REEE R LRSS KPS AR
PR IS AR LREAT S L, AENUA R AL UL 2 5 P T RO RE G o B B Roxt B B for Bk
FlTh, MR AT ERaEE B P78, T Hos i mkadn, gL
PLERAE S, S EANIESMFERE RS, HEMZRSEE SR, SLlfE R,
I P Y AR L I RO S B S
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2.2.3 WA ML

P F S RURE R BT Ay S =F0, o SNBSS DA R a5 5
B K, O ETEE SRR T D IR, TR AR R B
FREARTI S 2 5 s PR 2 e B 4 0 p ) R RN I — R e 4R & N I AT A 1)
Ak B (F R A IR AR LR R IEN O N E, WU ARG RR 2 s E T (Kalman
filtering, KF). ¥ BK/R 28K HE (Extend Kalman filtering, EKF) FITG7E - /K 8 i ik S0
(Unscented Kalman filtering, UKF), iz FI5 2.8 i mI A 4 v 5 A8 45 187 Ak

2.3 BRBENSFMEEERE D IILL

WRYE SRR IECE, W AR SAEEA

(1) FT GNSS FIAHNT S

F T GNSS 155 AT S HE SR B3 A A B 3872 i AOSU L B e 22 43 v . ey,
P B IR ZE AR AN B ) GNSS 58 A B AR AR BAERT AL R, LA TS
B, SR TR I EE A AR, T E AR AR A A GNSS {5 5 AT GNSS H 51
SENLIRERE, 5 SZRBE R SO B sk 22 437 B S P AN 8k A4 ) GNSS Wil & (iR
S AT ZE RS RIMNN B, EaFIRERERE. WEE, HR S AFEREONE T,
TADOHE AR (19 75 SR rT AR D BEEAT U2 THEL, TN T i=oh P8 A SR mT DR FH ik AT W 2
THE, HEERSHRAE TS GNSS (55, 525, HH By ZERIRE AL, mEik
22 U] A 1 o

(2) 5 S BN XU LI B3 2 01k

HAPE SR TE AMUD SH B IR LIN 22 2y BRI O e T IR, B
HH AR A T RSO LI 4 22 43R B i, I HLAE GNSS 155 90 8 AT e
BN GNSS {5 5K AR, HAIXT SHURIREE R ™ &,

(3) MLBLE L A AR ST

RARLSEALBZS AN IMU 2045 F R SR B, A S T 9 #5 AN T GNSS 15
T AT AN RS, KR B 3N, USRS AR K, HAS%
B HM R o

(4)  FETALIALIUER ) AH X S AT e s i B

SR FAL TR0 25 5 B (AR o A By T8, AR A 70 T R I R AR ) AR, P LAIE
FIRE PP AR B = BRI s LR s/ T JE AL 18] (R AR T 2 A7 (2 25 52 281 A o ) RS B
{3300 P 5 Rl PR A

2.4 BT ZREEMENNEIREN SFMBEARE LR

M H TR FCBUIR AR A RWT 78 3 B8 T I AL BN (R B[R] 37 15 B S B T 2 U8
5 R AR USSR 20BN JT [ BEAT T SCHRIR BT

2.4.1 T NBLZ A B[R] A

ir ) AL AR 2 B AR T 20 2D 80 4EAR,  RIFT T2 HLAR N BME R Gt 4ide B3,
S HLE B RIRBEAT AL AL, AT R8BI FIVEML T RE . IR, IR AR
B Ce g I AT AU, JEHZ L T AN T ANL-TEN G- R0, JREL TR
EAHKATTL. Causa S N8 T — M EMHLPR RIS, 5 AT TIF RS L ANE A T

(A 530, 10 RATAE GNSS AR ZE IS T B AN UE N MHL (T 70D, T8 R E

PEAE AN Z TR, 3o SR A S 2 A I MALIEAT € A 5 2 A, B AT BASEIUALAY
H 2 AT P, Gross 88 N3 T —FEANL-TNEWMFESAER, RS RIFHTA
T /N4 (Unmanned Ground Vehicle, UGV) #lilBh 7St AT I AN S0, bk tIE

6 7 4k 40 T
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N s o Tos sy EF 5B BB AT NG R SHEA

ﬁﬁﬁ“ GNSS BEEFAEE N AT AN T ST P2, Vetrella 25 AR MSE. GPS. AJH K
?Aiﬁﬁzmmﬁﬂa%u&mrﬁﬁm SR OGRS B R 2, i A Bh i
E%%%ﬁ%@HFTKnm BN NHLEAT B R e o B0, AR, IR SBRIF 5E 3 BOGE
R4 FHUERL, TR e B SR 2 TE AN R RARRT 0T L.

FIFE, 25 B Rl G20 AR A R SR kst . 138 Gross 58 N BT 178
AHL-TENZE R FAUEE R T UWB A I FEE AT I & A B P2, v U B 45
AMLGw BN AT i), $&H T — Rl INS. GPS IR S AT 2E e ) v ks 1 8 A ML AR S S A
RGBS, (HIEEH 7R 2 LS M B AT 18, A L2 RAVH 7 XWLE S, I
R IERZHLFE.

2.4.2 F:T Z Y5 B RGO F 0T

Z RS B RkA H i1 OO — PR 58 SR B AR SRS R 200 7 %8 Wang 58 A %)
MBEAEEE (VisNav) TR SHTARSE (INS) FZE4% GPS (DGPS) K4 A s i 1715
Baha 7, Gross £ A\ K DGPS. INS #1 UWB f2H & HEAT AN S0, 43 UWB A
B GNSS 55 &M B2 TR A E e E W, RRIRSE AR T —FET+ uwB
ﬁm%s%ﬁWMH%ﬁﬁ%mhIﬁgékﬁﬁm%s%&muﬁﬂﬁﬁ\wmﬁwf
ARG RAS INS, $2H T — T HLRII RS 2 A S 572 B8, Nguyen %5 A6f
IMU. UWB R AT Ry, SEELE N RN e 6 5 B Ari i B, DL ARR IR 2
VA5 RGP ST RS B B SRR TSR A —FhoAE e W0 & )RR . RN, b2
W58 R OCVERNLZ [ AR S0, G (0 2 S BAE T 24848, madE2il. Bk A
FER BTN, 3R T SE 2 ML ]

2.5 REING

AR ERASCHI BRI FLA B 1 Bk, WA 1 IS AL BA D [RI AR SRURIE 7E 0 01
M FEBLIR R AT AT LA 25 Hh H ATWT T SR ZEA A A AL : (1) T LG BA R B[R] A5
K2 R S AL P R S AR B SRS B, A SRR AL s (20 T AN
FXT AU RE BARNH] 7 2 U5 B RS, (H B R WL Z AR ST, 3 2 BAXUHL
YENZ HURBAE AT I 1T 18, X B IUE BEIFRAR R AR, AEE. K, &
SCHR AT 2 U5 B R T A LG BA R R AR SR AR AT b BN S e , AU 2 4%
BEE BTG A, BB ANEIE B BT U ERMAL, TR0 FAR S AT E R .
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BZE ETZRERMSHTANGRHREEN FMEE

AR B ARSI FIE 35, A 2A%ETF GNSS AR SR IR AR DGR, IR H T 5
T2 E B G R AL B FIAR X S AR . AR AR ZHA: 3.1 Ffeft I GNSS
TDESHUMERA, RS Dy OO AR e Dy R s 3.2 F A4 1IN R S AR
B 3.3 TR T AR TN S AR ZE MY s 3.4 545 Y T A ST BT (R AU FE 4 Bh GNSS
ERDUEE LA TH 5% 3.5 k2D XUHLBI B HUE, 250 7 A SOt AR #E
B GNSS M ZE 1) Z WL FRIA G S L 3.6 A28 T HHXHI R/ UK T4 B GNSS Ll &
R RIAE RS SRS 3.7 FONAT/NGS.

3.1 GNSS NE SN ==1

3.1.1 GNSS £y FE W £ A5 7Y

GNSS F2UHL T LS (L P AS [5] R 00 0 & . A AR L& CERAREE ) RO A CEp
H o P BRI T B B SRR S CREREE KR BRI, T LA LR i 2
RUEAT B, TR R T [ R . (R K g R B, R i LB
PEESHEBRGIERT (GIEFREFREF ), GNSS HthL T LA E I 25 AH
BrALI o BRI, 76 GNSS R PN AERIFREE f, SRR RO B AR e, Rkl R 4 F
T O BE AR AT AT ST o XX AR 00 R A A A R AR AR UL R 3k T B &S R
b, ARSE T O R LI A AT AR ST DY BRI R R TR

SofF-45 58 IRRH LD AN 25 2 10 P AR K, O BRI 7 72 B A28 (3-1):

oK =dF + EF + c(6t, — 6tF) + IF + TF + &f (3-D

d N B ES5EWLZ LA
EREPIRZE, B HE S sehai e %;
CHREA TG
8ty RIS R 43 IR (A2 RIS LD FAD IR B e 2 AR TR R R Bl A 22 5
TRIT 53 548 R 2 L S 2 A B R R 2B, R R SR R 22
eN—/MERIMPMER SR, RELMIRZEWEM, GF 7 ZHE. B s 2%5R
3.1.2 GNSS PR FE Xz #E Y
GNSS Dy A I 5 e B AR RN A IR (3-1) FiaR. ST AR BE B AR I 1 20
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HAI (3-4), A (3-3) ATLAM 5 k-

p® =19 x4 £0) (3-5)
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i
€pi (1353 2,
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: : X .
: : : A
eon F et | = Lo [)’] " Eyy + En SYpi = G Xp; +Vp; (3-21)
YA _—
fir Hir Eir
l Mpj J 1, p; l Wpi J

Hfr, e B2 AT R RMIE: I3 x 3T HIRALRERE; 8/ —13 x 1 2R
iR Z R .
B 1) e fiff a8 I AR WUE AR AE T AR (3-21) 1531, ERFUGE AU AR s A i
/J‘:%?fﬁ%ﬁA?bl-
A’fbi = (GTWMG)_laTWM - AYbi (3'22)
Hrr, Ayp A= (3-210 Frosi sy SRl i = #8416, A MEA T R 2218 FE4
PUE T 3.4 TSt THESS Rt E—Pis a2 Wy IBEER:, &4
SR, LI R T ZE 4
Wyu@D = (Cu@ D)
W5 72 Co R R 25 I WL 5250 2 1 5 22 2 R

(3-23)

[Cebi
Ce(1u+ui)

Cy = . (3-24)
M Ce(in+ni)

Cr(ir)

2
OywhH

Hrf, Thre(b) a2 AN BT AN Z IR ILLAL T T hre(bu + ui) 5 AR P
fETHEIRT, Bley, + ey TARF(ir) 5 B2 Tk EHEM S R T AN R AN Lr Z 18] #0152 e
Jikee XM T ZAM TR 3.5.2 Tih4s .

T NHUb BT NHLL A F 2 a6 FH DASE B JE AMLD BITE AHLE A SRt oF o[RS
oAt T NHLEITE AL 0B 2 A TR SR -

€ji I3z | x &ji A
€pi _ebj = ISXS [y + gbi _gb] @y]l = Gx]l +6ji (3-25)
m;; 1|tz wji

B fift o B AU S —FReiE AL T, RGBT
AR = (GC"TWG)'G"W - Ay (3-26)

b, Ay Joxt SO S AN TUYME B 228 19 2 A 2o 1 FH DASE 8 o AL A PR R 3k
ZR WL o AR S R El ke LI B P W 2 e
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3.5.2 Bz Akt
AR, ey, HNTTEZHEBEMT:

Ce(uiy = SpuiCoBuiSbui (3-29)

;H\:EP’ SD,ui = (AziVVD,uiAui)_1‘451'VVD,uiEH/A\iﬁ (3-15) élﬁ\ldj"
XFFPIAMERIEL AN (BT, ey, + ey;) AP MERRLIIZE (FIU, ey — epy)s
Fobh 7 AR
Ce(bu+ui) = Ce(bu) + Ce(ui) +2x Ce(bu,ui) (3-30)
Cewi-bu) = Ceviy T Cepwy — 2 X Ceibu (3-3D)
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ABSTRACT

In recent years, multiple Unmanned Aerial Vehicle (UAV) systems have attracted extensive
attention for their potential values both in military and civilian use. High accurate relative
navigation information is a prerequisite to achieve multi-UAV formation flight. In open-sky areas,
high-precision relative position is commonly assessed by Global Satellite Navigation System
(GNSS) receivers. However, the overall relative navigation performance will be heavily degraded
in urban environments. This is because the receivers encounter serious signal blockage, multipath
interference, and NLOS reception owing to the presence of tall buildings. On the other hand, due
to the limitations of cost, load, endurance and size, a UAV cannot be equipped with too many high
precise sensors at the same time. The problems above bring great challenges to the relative
navigation of multi-UAV systems in urban environments.

Accordingly, cooperative navigation is developed. It is a navigation technology that utilizes
information communication from multiple vehicles. It can effectively solve the aforementioned
problems by means of increasing the information redundancy and enhancing the robustness of the
navigation system. Vehicle-to-Vehicle (V2V) connectivity allows vehicles to relay their information
to each other with low latency by Bluetooth, ZigBee or even 5G technology. Data fusion combines
the multiple sources of information including local observations from GNSS receivers and sensors.

The concept of cooperative navigation was firstly proposed in the field of multi-robot systems,
and it has been recently extended to UAV with a great deal of strategies emerging. Nevertheless,
most related researches put emphasis on the navigation and control of some specific vehicles rather
than relative navigation in multi-UAV systems. From the perspective of relative navigation,
information fusion has been a promising approach to improve the performance of GNSS. The
sensors used for fusion includes Vision-Based Navigation System (VisNav), Peer-to-Peer (P2P)
ranging radios, low-cost Inertial Measurement Unit (IMU), Ultra-Wide Band (UWB) and so on.
However, these researches focused on a formation of two UAVs rather than a multi-UAV system.
Therefore, to the best of our knowledge, a systematic understanding of how cooperating the
information from multiple UAVs contributes to relative navigation is still lacking.

To bridge the gap, this paper proposes a cooperative relative navigation algorithm for multi-
UAV systems by information fusion of different sensors and relative observations among UAVs. To
be specific, the proposed algorithm firstly combines data from different sensors to estimate
baselines between two UAVS, then cooperates information such as relative observations from
multiple UAVs. Therefore, this paper takes the advantages of both cooperative navigation and
relative navigation.

The paper is composed of three parts: theoretical study, algorithm design and testing
technology. It is organized as follows: Chapter 1 is the introductory chapter, which briefs the
research background, the research status, the research content, the related industry standards to
follow, and the significance of the work; Chapter 2 is the chapter of theoretical study which reviews
the cooperative relative navigation technology, including concepts, navigation performance
requirements, and the gap in cooperative navigation and relative navigation; Chapter 3 proposes a
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cooperative relative navigation based on information fusion of different sensors and relative
observations among multiple UAVs, with some related measurement models introduced; Chapter 4
builds a MATLAB-based simulation platforms for the proposed algorithm, and conducts
simulations and sensitivity analysis to evaluate and validate the algorithm; Chapter 5 builds the
UAV-based flight platform and conduct flight tests. Chapter 6 concludes the paper, draws the
conclusions and presents some perspectives for future work.

The significance of the study in this paper covers both academic and practical aspects:

(1) Academically, the study of cooperative relative navigation technology for UAV formations
based on information fusion and relative observations can help to make up for the shortcomings of
current research. It can provide accurate and reliable relative navigation information in complex
environments so as to meet the basic needs of multi-UAVs systems better. It can also enhance the
robustness of navigation systems in complex environments, improve the safety of the system, and
help to promote the research content of cooperative relative navigation technology.

(2) Practically, the research on the cooperative relative navigation technology of multi-UAV
systems based on information fusion and relative observations can help the multi-UAV systems for
complex environmental applications to get rid of the limitations of sensor mounting. It can improve
the utilization rate of the information from sensors and reduce operating costs, which has high
economic significance. It can also help to enhance the safety of multi-UAV systems in urban
environments, thus further expanding the urban applications, as well as promoting the development
of algorithms and shortening the research cycle applied to products.

A brief summarization of each chapter in this paper is given as follows.

Chapter 1 is the introductory part. This chapter briefly introduce the research background, the
research status, the research content, the related industry standards to follow, and the significance
of the work.

Chapter 2 reviews the theoretical framework of cooperative relative cooperation. This chapter
focuses on the concept of cooperative navigation and relative navigation, the relative navigation
performance requirements and the need for multi-UAV systems to employ cooperative relative
navigation, and gives the results of literature review about cooperative navigation and relative
navigation. This chapter reviews that a systematic understanding of how cooperating the
information from multiple UAVs contributes to relative navigation is still lacking. It is necessary to
develop cooperative relative navigation approach for multi-UAVs systems, especially in urban
environments.

Chapter 3 is the algorithm design part. A GNSS-based cooperative relative navigation
algorithm aided by P2P range measurements for multi-UAV systems is the core of this chapter. The
models of the measurements related to a GNSS-based relative navigation algorithm are described
first. Next, the equations to obtain the baseline between two UAVs based on DD observations and
P2P ranging are presented. Then, the mathematical model of the relative cooperative navigation
algorithm which makes full use of the relative observations in the multi-UAVs system is derived.
On the basis of the cooperative relative navigation algorithm for multi-UAV systems based on
GNSS and P2P ranging, barometer is also introduced to improve the navigation performance in the
relative height.

Chapter 4 builds a MATLAB-based simulation platform for multi-UAV systems relative
navigation performance evaluation. Simulation experiments are conducted to evaluate the algorithm
performance and sensitivity analysis is carried out to reveal the factors that affect the algorithm
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positioning performance. Simulation results show that the overall relative navigation performance
will be severely degraded due to limited satellite visibility and poor measurement accuracy in urban
environment. Additionally, the performance can be enormously improved by employing P2P range
measurements to pseudorange DD, especially in GNSS challenging situations. The sensitivity
analysis reveals the impacts on the performance of the proposed algorithm includes the formation
scale, the formation geometry, and the accuracy of the additional sensors. It further validates the
performance effect of the algorithm.

Chapter 5 builds a UAV-based flight platform to validate the algorithms using real data. Flight
experiments were carried out to verify the performance of the UAV-based platforms and the results
show that the platforms are competent for their tasks. The platform is able to accelerate the process
of applying the new algorithms in the products.

Chapter 6 concludes the whole thesis and shades light to future study. This chapter summarizes
the main work done in this paper, the innovations and the significance of this research. Framework
for future study includes introducing more realistic multipath and NLOS models into simulation,
designing a cooperative fault detection and exclusion scheme, employing other sensors, such as IMU
and vision, optimizing the code of the MATLAB-based simulation platform to reduce complexity for
larger-scale drone formation simulation experiments, optimizing the UAV-based test platforms with the
post-processing step and adapting real-time processing proposal.

To sum up, this paper focuses on the research about cooperative relative navigation for multi-
UAV systems, including the theoretical study, the algorithm design and the test technologies. This
study aims to improve the accuracy and availability for multi-UAV systems. The results and
conclusions show that information fusion and cooperation of multiple UAVs can greatly improve
the performance of relative navigation for multi-UAV systems.
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