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Sliding-mode extremum-seeking control for
all-electric active braking system in unmanned aerial vehicle

CHEN Xiao-leif, LIN Hui, MA Dong-qi
(College of Automation, Northwestern Polytechnical University, Xi’an Shaanxi 710129, China)

Abstract: Given the online identification of the runway characteristics and the prior knowledge about the friction
model, the conventional active braking system is still unable to handle complicate runway conditions. To tackle this
problem, we propose a sliding-mode extremum-seeking controller for the all-electric active braking system in unmanned
aerial vehicle. For this controller, we develop a nonlinear state space model by considering nonlinearities and uncertainties
in electromechanical actuators, and then, this controller is simplified into a strict feedback linearization form, in which the
gradient of the friction coefficient is directly estimated by using a modified generalized Super-Twisting algorithm, and the
feedback linearization control law is employed to generate the reference braking pressure for the braking pedal to realize
the asymptotic tracking for the unknown optimal slip rate. The inverse control concept is adopted in the design of the
chatter-free sliding-mode controller to realize the tracking of the reference breaking pressure. By using Lyapunov theory,
we derive the asymptotic stability conditions for the control system, and determine the effects of the controller parameters
upon the system. Hardware-in-the-loop experimental results show that the proposed control approach is highly robust with
respect to the various runway surface conditions.
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Fig. 1 Tire-runway friction model
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Fig. 3 ESC with sliding mode for UAV braking systems
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ld(t)] < exe(ksM + &) = b. iEH Lyapunov i FN

Va(t,€) = ¢(t) P()(8), (35)
C(t) = [ea(§(t) ()], P(t) = PT(t) € RZ*Jy
T Lyapunov it 73 77 F2 I HE—fig:
P(t)+ A" (t)P(t) + P(t)A(t) = —Q(t),

— —ki  en(t) (36)
Al) = l—kgsn(t) 0 ]

X a ] < P(t) < axl,0< a; < ag, Q(t) = asl,
az > 0. X=B5)KR S, HICHER[17]F 51 EE 1A %0:

Vi < —(asps — 2a21)||¢|° —
1

(5002#% — dash) [[C]| + and?,  (37)

o 91 = QA2 - ;. CIRSIE| Mo > 20,21/0,3 ¥ &%
BHEASSE . FEVA(E, ¢) < 0, Tl ¢l = T'(b):

(34)

1
rb)= 25[\/ (0.5a3/22 — dash)>+4Bas b* —
(0.5a50% — 4ayb)], (38)

X B=azps—2a9. 7 %ﬂtlirglosupHCH <+Vas/a -
r(b). filp| < |ICl|&5&R@D 5% %, WERe, > 0, 47
FET., < oo, #i LA T 261

‘p’ 2 az/alf(b)+5//€3+€o,Vt2T50; (39)

Msgnn(t) = sgnp(t)& 3. & X% A D.,,b={x:
Ip| = v/az/a1 ' (b)+6/ks+eo} M Ney = [min Dy,
max D, 3] \Dx, v, & A TEBEREMBRFER I, 5\ (t)
€ Doy, Vt = Teo, WING (8)¥51EE > T WS T4 S
Neyp- LR Ee RO/, i e, Kby, Mg € Noy oy,
i,

(A = A)p(Ad = A") < =C(Aqg — X")?,  (40)

PO > 0, FRHessian | . & Y\ = Ay — \*, Hi
R(39)-(40)453t > T, A

A1) <C [\ az/ar D (0)+(8/ks+<0)], (1)
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HH ZX(40) P 1, N, o F 96 [l 8 1 0E R e AR 1 72
BN (t) BIEREFHRE L, N, o A N2 PR =y, (e
/NP T B SN ) AR K, ST TR 3T B e s
1 5 87 T P PR 35 6
SrHTEAR R s 1, H(32) 1S

S2 = d2 + chw- (42)

X (42) R Fr 13
S = d2 + vy = ThUssy =

do — (ka, + kr, + 12)8gn 52 — Kosy — ToUcgy.

(43)
R HUREAR 2 45 )45 | Lyapunov BN
V=V, +V,+0.5s3, (44)

XF3(44) K 13
V =Va+V, + 828 <
Vi — K187 — mlsi| —
(ToUssw + Ky |52])+(dasy — kay|52]) —

Na|Sa| — Kos3. (45

Lka, > pas by = To |Uesw (t)], Blro > 0. F
V<V — K182 — KoSs — M1 |s1| — M2 |s2] < V.
(46)
g4 N7 AT AR Tk, M R E.
4 HILSZHAE(HIL experiment verification)
4.1 HILR%: & (Harware-in-the loop test bench)

I BRAR S SR ZE 0 SR 6 SR PR e A,
SEHILGRES &5 F T30 24 ) 28 AR ShAL A 1% 1 ok
i FEIIE S MR I2 WS, TR AT IS UE H 1 T
24V SIS, W G A I FEAE TR R M L ME S
FA I 25, B R S F R R, AR S 30 XU, 1tk
A, BT RS0 TF- BB SIS VK B f 52 2% B3 1 S
UKL, HIL U5 ] 8 A8 ol BE A A S 4001 7 =X,
ST I B AN, B E A g ) 2% A E B
FPERE. EA 1R, HILIAE & )72 M A TR
ZEABSY T, W SCHk 33341 ZEAih 112 th Bl
THEAS 28 M S IR X WL 5 20 is S e
JIHYBREE. HILIAGS & S50 a4 .

HIL AL & A2 B B LRI, B T 4 Y
TEEER 7 tH ABSTE 1 8%, EMA, 5888 K J6 AWLHLES
. b ALHLERE ) AR B SR R 2 R 115,
DLA AR T T H A B LR FE L R L B S i
FEAE 5, 18 i LabWindows - & 1 _E AL HLEA: 7€ il
P 7R, BN TR ) R 55 5, 1@ i Simulink
&R TE AN S =R S LA 3 B RALE
B IR FESE, I IR 2, ABSTE #2210
AU LTI B R SE I I R 2, e I SR, St

TAE S NNG SIS A0, RS AL, £
MBS TERER S 122540, SE N 20 E.

—— mwrR [
T2 E—— BTG | DA
RS485
T s

: 153

p | EJIERE ABS

: EMA Pal pspiz | AD
REAEER 4

Kl 4 HILIRSS T G 454
Fig. 4 Structure of HIL test bench

4.2 SEIZE B (Experimental results)
TINZSHEMA S AR TR:

% 1 RAMAEMAS#
Table 1 Typical parameters of UAV and EMA

24 HfH FRAL
TMUFR Ema 5000 kg
AP Hn 2 -
MUfeEEh =, 0.95 kg - m?
W ER 0.3 m
WHIEEREB, 001 N - m/rad
TR RBK,  37x1074 —
FRAELEHe 2424 m
AFCRIEOBRED 4527 m
TAME L E R 1.878 m
S RBC, 01027 N -s?/m?
TEE pa 1.2092 kg/m?
HLE AR S 31 m?

SAWAE (0 0.359 N -s?/m?
€T HIPH Rin 1.0 Q
JETHUKL 12x107% H

R B D & T 6.38 x 107*  kg-m?
HfPHE #¥B,  0.02 N - m/rad
By 0.4 N-m/A
S ER K. 0.6 V -rad/s
ZALFHELo 0.008 m
FIZERNIE R ey, 5.0 x 10° N/m

TR ) B A RO ) B, R i R A
TR (1 S50 R BRSO AR A B A b
SR FBARG AR AT AN 2 1, X S 304 SUHE
HHBLE PT4E/ N, NIRRT 3 2, SRFHH2H .

ESCZ ¥ W B N: ky =5,k =25,k;=0.3, M =
10,6 =0.01,0=3, 11 = 0.5, iy =5, Ag(0) = 0.1, c =
5. WHEHIZEN: c1o="T,c11=10,¢c2=5, a1 =03 =
9/16, o1 =9/23, G &H S MR E N T\ =
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00]., T2 = 0002, kdl = de = 4, le + m = kT2 +
N2 = 3.
NIAENAE S RS, ()2 N =2
() = 2t N A/ (A 4 A2). (47)

BP9 75 B TE T 00 B A" = 0.25, fimax = 0.8. %
B R %, (0) = 72m/s, w(0) = 2401ad/s,
BPA(0) = 0. BtAq(0) = 0.1, IRIGEE R SR,

) —— ;
. == UAVA ik
60 ey — HLRRLRIE L

45

HE / (ms™)

| 1 1 1
7.5 100 12.5 15.0
t/s

1.0 T T T T T T

0.8 fir
f

0.6 I b

Y.y

0.4 —Y -

1 1
7.5 10.0 12.5 15.0
t/s

0.30 T T T T T T

0.24

0.18

A Ay

0.12

0.06

0.00
0.0

4000 T T T T T T
0
3200 g _v‘g-'f 'h‘ .:'5-'
AT ll

7 2400

<

1600

800

o 23%1 i
A e
7.5 100 12.5 15.0
t/s

S TR T R

Fig. 5 Experimental results on dry asphalt runway

o9

HT IS PT N, GTSHIE Al i il BRI by, AR A48
REVEERNGEIE T BRI RN, 8 s
FF, NSEEU RO B AFEREE. 1304 T 40, AL
I\ o, T 20, I3 56 K R /v Jy T 55
K, ZH FEE19) R HEHEE . b TR B
/INESS TG 75 B R 25 s ), R A e KA 4 R R
S UAV.

VK T8 2 Bl 2 — o R T, X Sh AL P RE AN
Tz e T O TR R, AR 2R S EU )
TR AR I RTHR T, LUK T J9 i, 3425 )
B E FEEST. BN = 0.15, fmax = 0.25, IRI6 45
FhNE6TR.

75 T T T T T T
== UAVY [

[~
60 \\ — WUREHE
T?’ 45 =
£
w30
gl
15
0
0 S 10 15 20 25 30
t/s
0.30 T T T T T T
[
0.24 1 e
|
0.18 B
> | g
> 0.12 ) —y B
0.06 + B
0.00 1 1 1 1 1 i
0 5 10 15 20 25 30
t/s
0.20 T T T
0.16F
Jll ad
Iy
0.12 B
< —
< -2y
0.08 B
0.04 ] .
0.00 1 1 1 1 1 i
0 5 10 15 20 25 30

t/s
FE 6 DKHLE TR SEE6

Fig. 6 Experimental results on icy runway

P RIAR SO TR PR IS B R Al R, 4 1
FATRER I & N RE AT, Jo 7 KA B R 1 1 S B
L DA AL AR R 42 42 ] 30 1R 22 17T IR PID#%:
e, FHIRI AT e L R 7.
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75 T T T
I~

. = UAVAA L
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600,

HEE / (m-s™)
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B 7 UKEIE T N PBMAZ B S2i6

Fig. 7 Experimental results of PBM control on icy runway

ATENFEOK B T N AETEIR AT, RSB
NP, IX SRR RS A FURFAE U 5E 7). ARG %)
FLEE BB, A SCREf 1t fe 15 21 B35 G
5 45 (Conclusions)

AL A i B R G PR AR AR
LN SN AR AT, A S S i R S T T
SEVCE R IR L, $i Hh 3k B s R AR R TR A AR (A R 4%
|, R LU 28

D) SO 1 I ST A RO T AN 2, AT
SGSTHIE LI 456 R BUIRLEE A 1T, FAFER 4
RGHRILAEE MR 1S A0, DU THRZA IR
I TR, B GEAEIZAZ B TR SCBUN RN iR i 72
R ERER. HILSLIG £ RR W2 il 4 BT FE M BE S,
FEAERHUE ST TR AR HRORES & R 3, Mk
MNHUNIZE 2 5

2) BN ARSI R AR Z AR, A I8 8
RV T PHIRIT B H A, AT IR AN S I Bah A5 T
PRI TohE, 1Em RGTE L,

3) FI I Lyapunov /¥ 13 213 & G A e ML AT,
ST T 3 2O R RN e DU 7 R ER RS E (1520,
I HERERRZE N RIE 3, X TR Gz il 2 PR g
W RABIRE X
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