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Synchronization of Fractional-Order Directed Complex Networks Based on Pinning Control

R

Xiaochuan Chen

School of Cybersecurity, CWXU, Wuxi, 214105, China

Abstract:Synchronization of complex networks has been widely studied due to its applications in power
systems, biological networks, and information transmission. However, many existing results rely on ideal
conditions such as strong connectivity or directed spanning trees, which may not always be satisfied. This
paper considers the pinning synchronization problem for directed fractional-order complex networks without
strong connectivity. The network is decomposed into strongly connected components (SCCs), and a directed
acyclic graph (DAG) is constructed. Based on this structure, a layer-by—layer analysis is adopted to simplify
the global synchronization problem. Pinning nodes are selected in each SCC according to node in—degree, and
the corresponding error system is established.By using fractional-order Lyapunov stability theory and the
comparison principle, sufficient conditions for asymptotic synchronization are obtained. Simulations based on
fractional-order Chua’ s circuits show that the proposed method is effective. Different fractional orders
mainly affect convergence speed, while the final synchronization result remains unchanged. The method also
shows good applicability to general directed networks

Key Words: Pinning Control; Fractional-Order; Complex Networks
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1.1 BIREREEX

SR 2% 30 KR AR EAE R IAME (9 R0 il — @ MR R (1) MR, XERGETMN . B RS, EWE
P26 DL KL 22 R G045 S PRIz st b BT IR B . FEIX e g, [RAD G0 — M LU A B BB /122478, Blins i RE
RO FEET, URAEMRGTIERRFEDE. —Bokil, RGREEIRGNED, 4 EEmHRE 1Ll &
THEEIIE R R, R,  FRlGR 5 2= 2% A 2542 i 1] R iF ¢ B — e MBS = 1], I B B Sebr TR E .

AR I, FEIRZ bR g, DR ML BAF FEAT ) A ORI AR A BRAR SR A AN — SE REAE I AL o SRABAI) 1o AR ST 475K
BT B W 2 B OGTE . BN, SISCME% . (5 EALRRMZESE, 1 RO AR Rl H 2 A B IR S R R . FEX RS LT
, AR A R TR (Y RS R T AN KA B BRI o IR, AEE — M (R 0 b 45 44 R R 92 [R5 4% ) ), R
.

T, G BN RR S AT DA A A e BN AR 3 T, AR RBAR R S SRR R N B BT
EEHE L. 5RO R BRI Z 8RR, S B S O i A 55 A R AR T Ok g X
, HARE RG0S LAPREHE K, Wi, wRA w9817 Rtk ERDX AR, BN R R — L s bR
RGN AT A TN LSRG

MR B FE R, BN AR o (AR S AR R LB IR 1 71 40 . 1695%4F, LeibnizfES5fh ARSI E TRT “FM T
7 B [2], ZJGEuler. RiemannbhKLiouvillef5 22 AT TRE— LI, JFIBWTEE T ECH R BIBHESE . A2
sk F5) (ER IR Aa BN AR 22 15 T RS 1 A8 3 AR 2 e R it #2, HoiRiemann - Liouville B4
THFE B T RO R o

FEMLEERS b, 20t 4048 ¥ Caputo® S, 34 # 5 4507E LA 1) v 1) 2 AR A3 BE N 5 (8, Je R EAC B BRI 46 %
I RGN TN GE. [, Grunwald - Letnikovid SUNEUEFFAREE T —FmliTi84%, XBAE— T2 FHESh T 9B
FESERR ) @ R o BEAE R FERIRN 23 BB TORR 4318 T N Al 3505 A0 e 1) 22 2 R O R 2 e

B KE, MREIE (PRI &Y, 285 B2 RBOE T B A RER RN, XEWE RGP L
RAMFEI LR “RKiddz” , MAE W R AFRECEIR (3] 0 X —FF s/ B BB e Rl A B A G e S sl KR A DG
fURL ARy, ERA M. b, TR AT DUE AR B B R B, o BN DT A — B AR bR T — R g — ik
ANFEEN 12247 RHIRESE .

FELRERN T, 8N AR D TR R, SOE S B, 135 KRG LA E M LNk, AFffEd, 5l
NGB S HUG, TUME— @R bR B () SO MRS B, AL AT &Sk br RGBSRtk BRI, WA ERE
BN T — A — A T A



ML ™, ARG RN A 3 R T JR iR fh e, FEACEE B 1L A2 BUsHE R R RGN, EAAAE— 2RI BlnTER
SRR RL, AL R DL ST A B b, B RS RS 45 B N HERRIN IR . DRIk, R B BRI 5N A I 45
[l AR 1) R, AN BT 9/ RN S A 28 A 280 i ) SRS T AN 2 A B TSR TR A S bR R AT A (1 2

BALL R R, ARSCEBEG A MR RIEE 5 BN B MR S RPN, B AR BN, @A
— & TR A 1 [ 5

53 I 24 2 F DR AR ELAR Y /A (T i) T — S8 R R R (1) MR R GE, | I AFIE T B . ARG, W& N
U St e R Scbr b, TEIREMZE T, [FREILGOR — R B SR BN AT, B ) R G R AL R A AT
PARAYI RGPS . RGEMELS R B HOC R B AR B 5T REcI, B, 53 2% % )5 il o) B A 2 2
MEE TR (1145 TR A

TESCBRILF R, VF 22 5 2% X 268 ATl F 5 08 TR B 5 A T A b S AR 1, X — [ R 2R XA T 7 P I ki
B, 5154 RS BAL R 408 20 AR SR @ 5 0 R A . X A G A R T A 1 1 [ A 1) 7 YA S DL B
Flo BRG0S0 B — MR $h 45 8 T 1R [ 2542 1 ) BT R 9«

GBI AR 53 2 0 2 RN AR 3 A, LD TE TR SR I OB R 2 RSB 28 8. 5455
HB 5 B AR B BOLE S — B 20 1 RS AR A B AN ], 43 B S0 il A 88 A AR TR 2Ok e L, g Fd AL
xR G SRS FIINBCR R, ATIE I BA B3 1 E R 5ici2 808 (2]

MTT SRS R, A BN R o () AR A AT E W A 174l . 16954E Leibni 2760 (S FF B IR H “EHr S50 a8
(2], Bfi/SEuler. RiemannfLiouvillef§ gF 0 T | R, BB ES T 7 B WA FIEAIIBHELE . 5RCOTFAE G
T BN AR o B IR S AL A TP g Y, IR DT T i R AR B R L R R R, Hop
Riemann-Liouvillef 54 thhr £ 2 BN AR 378 I U S5 1 R b

FESCHER b, 2042 CaputosE LB N4 BB 5 2050 1& F T A2 SR vl j, o H R 7R AL FE B BRI 4R 2 AR 1 B R 5t
RO RAFREFHPE. AR, Grinwald-LetnikoviE SCHBUETHEARHE T EE TR, #3) 7 5 BN BAZE TR P SE bR R A .
B B IR SE 3, 2 BN AR 533 Hh S BT 78 40 B 22 22 SRk Ae SUATRk »

GG T 0 BN O P R S R A AT LARE— BB 1, 20800 S AP IR A2 R B0 R IR R R, XA
1F R G00 ] ARAS R S “RKAdte” Rk, MR ECE o R (3] o X hRE A A B AR L TE B OA 5T R G G S I B sk
MR S, RS T 2R GG BRI KRR B A R . A, N H I B R ESAEE MR,
B EA A A3 T R, ANTTITE G —HE AL R HER AR IR ) 1547 0

TETRER T, S BN Ay O 2 R PRI R, SO 8. 3 R 50 AR A A S 4. A PER B SR
SIS B ARG A ROR R B B B SRR RE, i RGN SERREh AR BRIL, B AR i A g s
WA SR RERRAE, AR ARG @R T — M — B HA R8s T A.

BT B T R 2, S DA S S B R G0 P A AR TE R Z 5 AR, DR T 7E S 28 5 8 5 N AR E A
FEFEAE 108 TEREMEM R, AR . AR R G A S B 2 N4 Bl 2 A5 0, o B R e 6 SR A3 5 v (K40 S A 2
5 R MEh AR . BRI, Ko O BRI 51N A% 00 2% [ A5 4 1 1) REFRDRFE 9, AN AT DASR RN RSB 52 280 7 21 1) 3R 55 3 s Ak e
FHEAR, R IRTHEALN SERR A RGAT NI R 77, AR A 238 WP I LR R A

T BIRTE R, AT A AR SR8 4 B B 2k 2% [ 2 5| 5] A ) el RO AR AT, B TE 2R S0 U A B CRUE 1 [R] 2D
HHE

L2 N oM TR

1.2.1 EARMZ[FEDHT T

H19984F Duncan Watts Fll Steven Strogatz #2H/MHFMIEHERL[4], LLIK19994F Albert-Laszlo Barabdasi 5 Réka
Albert FEHTCHREE LAY (5] LR, FA ML IZHT SO T SEPR R4 EE TR . ZFUZR 2R, — N EERRF
BT, XSRS 7 — e AR R b SRR B S 25 v (1 — S JUARVRRAE, ildn /SR A0 “RRREETE” o FESLIERE L, AATTIF
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955 2 MR M2 B D122 AT ORI, Serh, R — R OB R AR AT Dy, SR O U L

S ML R R, NIRRT 2MAR R 7%, g R B BIGRAEH] . Bk ] R 42 5] 42
5. IWSEBRMAEERE, A514%8H] (pinning control) T R X /E 4 Mt ndzh], wA T Ak 2R & 18 iy sh A 1k
SEILEID, R AE BRI AR i BRAS R o T SE P L B — @ 3. WIEF VX —fl, AR AR EiTie, JHi8
Wi R — AN E R T 1) (1]

MEFLERMETAE (MR T AT AN, SRMEIERIKNATEE Sy B R, mEM L% LK
LA RS G2 AU 6] . RIS, BN AW RR T RIAM SR T, TR IE R X B AT e, Hoh E D
B—HR—MELAE . DY TEEENZ, A A FATIIRESLAE— LA B AR b, 0 2R 2% 2 R Esd
B DO EH NV ERR . TEX AR N, BRI T L Rt b A B LR, W] DUy i ST ) D A AT AE SR

(HLESEPR RGUH, XM AMEEAE TS B, BFEEZR R RBEEEA T AEIRE, WS A
BRI, HEARGEERYE. EXFEIT, e R EaE T Ao 2 BRG], BN i 3 N
BE—BRUE, ST —MRAE R4, JCHRIESR N M T8 % Bk Z 42 R (5 EARB BE AR AT, FL IR D AL LA BAR 2 42 11l 7 125,
BN N 5 o Y S 5 SN (s 6]

BTG, A RZHOCT EIRME RS TAE, SR FIRE RE M AR e S0 B ) A o 55 2% 1. X BARTE R HES b
H oy (8, (BE— e RRE T ki A B D, B — R AR SR AT [ A K TT R AT, RN E R
WA BRI S 7 1] .

H1998%FDuncan WattsHISteven Strogatzfidti/MEFILRIEA[4], LA 19994EATbert-Lasz16 BarabasifiRéka Alberti
HTChR FE 2 58 LUK [5], 52 2= 2% DA L R A% 21 K o B0 S R G0 (A PR AN MR P T 52 3112 DG o X PR BB R R 7R 17 L
SER SR AL CMEFE R0 CTORRBEE” REIE, AR R RGN SR T IR EMT R, R
EREREAT A — R R AN ) I G, BB O AR RSN ) R G S s B SR B A —

B A G [0 Il L, [ P AR B T 2 AR G iR S BN Y, AR RO G R R Rkard i DL K A
SRS 2 RN . Horb, VNI AR AR 5] #H) (pinning control) HTAN 55 X R 45 th /b B SR Ak s o, B ey
I RS SR R G D, R TE AR A . M5 BRI TR SR LA S it v AR mSE gy TR A %, O
AW 2[R R e b i B2y ) 2 — (1]

SHATLL T XKL 2 A S S R 253 R T DUR B, B4 Be O N TR RS, BEN% KL R 6
TR R GG, HAF TN B R S S T BB 0 R BB 1 AT T, Hrb [R5 () A Sy 2 i ) 2 B A [ 4T 9 1
EENE, ISR EIE Y, 2T TS EME BRI, B S NESRARIME S, Bl EsR
2 H M sl B D B SR A AR UM AR, DURIIE RGUIRA S B R TE W 28 A e 4%, 7ERCERRE b, (5 BYIEIR St b
FERE D77, ATRABCN RGN R0 FI G S0 0 . SR, FESERRR A, SEfE LI 1 R RO e & A TR R
, MEERIMEAE IR A, A 2RI AR ERHE, SR ARIR PN KA T VA E VB . B ERE, X —
AT P2, JEHRIESR Z 4 RE B B A TS R B N MRS 0, AR SCHE T AR AR, R LB R 4% 1)y 0 e itk
—IBIRANIRT

U K2 52 24 45 [R5 IRRF 9038 5 125 T BN B AR M PR FMB g, 491 20 o0 24 JEL G e Je vk o, 5 5 ) 2B O 454 o 3X
FARAEI IR A b B — @ R, (AR SEPR AR 2 rh AR M L A2, AT PR T AH SR VA& R VE . BRI, T — M
AESRIEE AT [0 AL I [0 0, A Reidt— RN 5 56 .

1. 2.2 S HBh RGE A B

SN R IR JE T LUB R =1 2400, A, M TREMAAERE, HENRGEWF FEIE RGP ER L.
Podlubny 7E 3 % 3 ot 0 BN oy 5 FR I BEAR BB IEAT T BN RAIIREL, I8 H 500 5 TE R BAT 11 YRS A5 (¥ 3
AR RE RS, WA E R RGESRE T — MBS —IHESE (7] . 456 BRI ERE, A0 SEhr RGMBISAT NIt
ATERFFE BN BRI “ R Blandsl - BRI AR . R AR DL A B R G5, R R AT A



SRR B I SRS IR . AEXFPE DL, ST AR L Y RE %15 21 5 B SEPR N iR o

B AR ST FE KA WTERE, > B R e b I AL 2D i B A2 By, JCH R R RMET SN, X AR 7T R 2
FEINWIE . H AT O T2 P AN BRI ARG UL B 2SI, RIS T —Edt k. FlIil, ZhaofiZhangfE %
FER ARG BL T, R 2R 54 7 iR 8 T 40 B S A 4 SR 5 1) 78 43 2% (81 JERILin MPKEBIF T2 6 547 Ji& 31 43 BBy
SN HUAZS, R REERIE R N HE T RS R RSEILRE[9]; HeAh, WangfF bt — % R T BEALINAIAIREM, 0 e A
T R A REN LR AT 10, R4 TRIR AR E MR R [10] o X BRI TE AN R A BEHES 1 AR G Il B JE

Ak, WEARKE, I SRAE— € R BRI T By B AR RS M e, B X 2 LA SOZE I I, B A R AR R RN
FEIXFFAET, & BhLyapunov i iE ] LLBORSE— T RE M. MHELZ T, 228 AR th T A S A e e itk
BT AR E IR s 5 8 B SEPR P 2% rht i A AE B A Tt o AR PR DAL AR S I8 S5 i, e R 0 P 2D Y
e BRI, XT3 B AT A AR s il R AR R O RD R,  JEHRAE AR S| R T i R Gt Sl it B AREsRZ 80N
RGMHEREER, XAVt BT b 2,

X B AR Y R O = FARAE I S, EHAE AR U P ) R GV R 1 B PRI )L H4F . PodlubnyfEH B2 R4t
G T BN TR AR B, 4R B T R A R A S AR R Eh SRR, N E R RS R
BTG HMEZRT] . WSERRNIRTE , VRS TR AGRNSISAT NI AR & B A 1 R i B e, &l il R g
BRI RE . REEEA R DL B R G, HE A R AR AT 32 2 P SRS IR S50, R R 23 B B 0 i 6 B B St
WRILB) )AL -

BEE T TCHRN, 72BN 2R RG R [FD R BUR T Z B000E,  JCHGRAE R A W48 1 55 TR B EE A BRI 5 N & 3
Al A 7T B AR AR - BT IR R G L K Oy B AP 2 I 28 (K [R5 [, IFIUS 7 e b g B, ZhaofZhang X HATHY
AR (17 B R 2 2%, R ZESIE Rk 1 T RGSCBFERY 7870 26 0F (815 JiAILinidt— A5 Bk FU 4t g 2 20 B S 47
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