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Performance optimization for tracking control of fixed-wing UAV with
incremental ()-learning

ZHAO Zhen-gen', CHENG Lei
(College of Automation Engineering, Nanjing University of Aeronautics and Astronautics, Nanjing 211106, China)

Abstract: Aiming at the high performance requirements of longitudinal control of a fixed-wing unmanned aerial
vehicle (UAV), a performance optimization structure of the control system is proposed. This structure includes a nominal
controller that stabilizes the system and an incremental controller that participates in performance optimization. The
incremental implementation of the control system does not change the original control system, but compensates the
control input and optimizes the control performance for the nominal control system exclusively. Based on the ()-learning
theory, the incremental controller is designed. For the system with completely available state information, an incremental
Q-learning algorithm based on state feedback is developed. When the state information cannot be obtained completely, an
incremental ()-learning algorithm based on output feedback is designed by using the system input, output and reference
trajectory data. Both incremental controllers learn incremental control laws adaptively in the data-driven environment
without the need for system dynamics model and the control gain of the nominal controller. In addition, it is proved that
the incremental -learning method has no bias in solving the Q-function Bellman equation under the excitation noise.
Finally, the effectiveness of the method is verified by the simulation of an example of the longitudinal model of the F-16
aircraft.
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[ 0.9854 0.6528 —15.9677 —4.526 1
—0.0003 0.7891 0.0026 0.3305

0 0.0332 1 0.4153
0 0.1191 0.0001 0.6912

[—0.048 3
0.0057
0.006 3
| 0.0237

Uk,

Y = [0 57.3 0 O]Z‘k (32)
Hez, = [V a 0 q%u = 6,0 BImEEIEHEN
+25.0°.

ZHAE R LT a2 R g Al
. [0.9954 —0.095 4]

ot = oty =[5 0z, (33)
BT 00054 0.9954 | F Yk 5 Ol
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4.1 HEEXRKESRER

FNREMVIEERE NV = 10ft/s,a =
10°, 0 = —10°, ¢ = 10°/s, ZH T REWIUIRES
WERNL -1 AR PRIRERSER =1, Q =
20, N1 = 0.3, H° = 0.011. H T R4 (32) &
ANFRE I, 77 BTG BT H bRk E ) 48 A5 AR E, AR AR
J5 i AR 48 25 VLT A0 R

Ko =[-0.0061 6 0.00794 3 —1 0.1784]. (34)

FEAS FH B2 1 2% ST et 1 s ) 2R T, 75 B
W HY4EE T > 7, W — U B 2 R s
KL > 28,1x B LB 28, i 5k 1 v] 15

H,x =[0 —0.0105 —0.0001 — 0.0053],
H,, =[0.0011 —0.0001], Hy,, =0.0002. (35)
¥ (35) RN (18), iy 45 e 1 B A= il
AK =[-0.0203 47.4610 0.2546 —
—23.9667 —5.1579 0.6034].  (36)
W bR Bk i (34) 5 2 =) 1 1y 4 1 =04 il 1 (36) AH
TNAT 45 S s R
Kaum =[—0.0264 53.4610 0.3343 —
—26.9667 —6.1579 0.7818].  (37)
e E R Q % I B R H 8
KX, =[-0.0264 53.4692 0.3323 —
—26.9678 —6.1588 0.7752].  (38)

A (37) 5 (38) mI i, 3 a Q - ST BR B E R
SIS — AP A I DL, H S N MR
TR S, Aol 7 P 92 ) A0 1 e .

WSRO EWE 2~ E 6w F2Rkpilf
A4k HT 22, W] DA W FE PR AR i 48 T, 30 A AR AN
RN 2% A5 5 IR ERAOR A BAR, AR5 1 145
HEEAME R AR SR 40 D RES IR EE LS E S H
PREF ORI T R P RUR. B 3 IR A = it
NPT AR i A it 2R, HLTE L D [—4°, 10°]. B KL
B 51 T B FreAm % 1 0 —4.238 3°, R UL, & ) FHBE
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BRI
B 5 RERETH RS
50
0.8 N —o— AKx,
0.4 v
—— AKy,
0 —4— AK,
30 —04 —— AK,,
49 5.0 5.1
X
<
10
-10 L
0 2 4 6 8 10
IERIREL

El6 WKISKRIRTIEHIEEEHESE
FYE D % #91 E Di  # 240 SRV B 25.0° . BT 4 R 53k
7~ H o 53 s i A O 025 oo R sl AE 5 2
URIEAR A BIVRT 2 2] B e e ) 1 B Uiz il . 18 6 Ik
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A5 S e g ) 2 1 2 WS S
4.2 #EERXME KRR
BRESHIVIIEE B E NV = 10ft/s,a = 10°,
0 = —10°, q = 10°/s, ZH YL RFVIIHIRE R E A
[, 1" AR RN ESLESER = 1, Q = 7,470
KT~ = 0.5, HY = 0.011. TS BEitn R bRz bl o
R 58 (32) Fae:
F,=[F, F, F,],
F,=[-0.2174 0.5217 0.0609 —0.2522],
F, = [2.4348 —4.2174 2.6522 —0.5739),
F.=[-1.3217 0.7043]. (39)
108 Bk 2 S o s 3 & s ) S ), 75
VU Hy 4EFE N 11 x 11, MR — VR RS B i SRR
PEKE L > 66,1 B LEL70, i@ 5%k 2 7] 15
H,u =[1.2444 —4.5613 —0.1932 2.2322],
H,, =[-18.2451 34.6634 —22.7891 5.0791],
H,, =[6.3711 —3.8987], H,, = 2.1107.
#20 (40) RN (27), AT 1S e At 386 & AU il oy
—0.5896 2.1610 0.0915 —1.057 5],

(40)

AF, =
AF, = [8.6439 —16.3182 10.7968 —2.4063],
AF, = |

—3.0184 1.8471]. (1)
PR R d A (40) 5 5 2] B 8 3 & 2 H A (41) A3
IR ST iIEE YN

Fy sum = [—0.8070 2.6827 0.1524 —1.3097],

F, qum = [11.078 7 —20.5356 13.4490 —2.9802],

Fr qum = [—4.3401 2.5514]. (42)
I ARG R Q 5 ) M A 2] B RS y
F*=1[-0.8069 2.6869 0.1511 —1.3126],
Fr=[11.0914 —20.5673 13.4743 —2.9867],
F =[—4.3404 2.5512]. (43)

e (42) 5 (43) AT 50, i RO X Q 52 2]
REMEAE RA TS — N IRFRE B 1B B0 R, R 4
N S v 1 e, B R A ME AR RR
)R, A4 s A B f .

R s B T ~ B 1R, BT R £
ARk 1 26, 7T LA AR R ) 28 0 2 (5 5 B ER
RORASERAR, AR 505 2 M M R, A 72 28 100
LR IR LS55 HIRERUR B &M T R0
I P R, i R B A BR R S5 (5 S I A
TR A, R BT PR — R H BT R

KAR, S22 rfm s P KR 2 THEE LS8N
i ST B T A Al 8 A, B B [—8°, 6°). AR
36 T6 NHLHC - s B T B A i 7 73 O —4.238 3°, [ L,
S KT o A O 2 A1 E 6 R 20 RS T £25.0° 9. 19
AN 10878 Hy 53 8 U sl A R & o R ik
SO, 72 55 2 OB A RITAT 27 33 31 g5 D0 Ao 1 2 )
B 11 R 1 s A 0 s ST
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L —aR S 13 4R RS PID e AExTE
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~30 ) 3.5 4.(|) 4.5 —*—AF, —A—AF, .
0 2 4 6 8 10 Uf B LU PID 42 il (1 i |87 B R ~F- 2. B2 B L) 2, 290
TEACEL AHLAH A 55k A AR, PID 328 1 AN BE H 3E IV 3 1

B 11 R R R a s i

A B R 2 RE SR 5% I, O R
B () S 15 AR LA R WSSO RN R FH 25 T 1 5 7 78
IEARR MR -R IR 7 AR IS SvE — 8. il R A %
ARGV P 2 1) 5 186 25 996 A2 — R SRR PR DO, AR SR
I Q 2 1 ikt BoAg — U8l v, eI S50 FE
P AE ZIRWSIURAIE N, Q % I FEN S H 0 B F
AFEREFEFE Q, R, YT 1, WG HFE HO flg 0
WS VEAY B HE 4 B V. 250 K P IV il 2 4 R it
FRS& AR, 38 K B0 1 B0 AN 5 M A SICi
I, QF AMWSGEE T E 5 S5 Q, R, v, HOM%
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4.3 HFPIDITHIZZHREXTEL

o T AL A R B, PID 55 1) 5 45602530 4
ZE 8 | I TE 200 £ i 22 1) D 0 4 1 2R

ek = Yr — Y

k

Up = erk + K; Z(ij + Kd(ek — 6]671). 44)
=0

@ U, PIDEHI ZHN K, = 0.5, K; = 0.34,
Kq = 0.25. ¥ PID 4% il 5 A ST ik BEAT X L, s 12
3 R, 12 R0 2 Q % ST IR SR Ak A
il 5 PID F il 11 g% b, B 13 /2 1 i X Q o ) fan iy
S I 5 PID 4% il P e Xt LE 1], =35 A RESC B
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