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Global Backstepping Fuzzy Adaptive Control for
Ammunition Actuator With Backlash

TIAN Fu-Qing! JIANG Shang? LIANG Wei-Ge?

Abstract A global fuzzy adaptive control method based on backstepping is proposed for the electro-mechanical actuator
servo system of guided projectile, which contains backlash, unknown parameters and external interference. Firstly, with
comprehensively considering the above nonlinear factors and analyzing approximate dead zone model that describes
backlash, the double inertia electromechanical model with backlash of ammunition actuator was established. And with
introducing the electromechanical model into servo system which adopts “three closed-loop” structure, the state space of
nonlinear system is constructed. Then, the fuzzy logic system is adopted to adaptively approach, compensate and control
nonlinear factors such as backlash. The whole system Lyapunov function is constructed through backstepping, and
ultimately uniformly boundedness of the whole closed-loop system is proved by the Lyapunov second method. Finally, the
simulation analysis shows that compared with the classical PID control, this method can weaken chattering and oscillating
shock caused by backlash more effective, guarantee tracking speed and control accuracy of system, and possess stronger

robustness to unknown parameters and external interference.
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Fig.1 Double inertia electromechanical backlash model

BT R (1) ~ (4) Hiid.

FA A [] 5 M~ 48 7 A
U= RI+L% + Kowp, (1)
CER A S
T, = K,I (2)
UK )yl e e~ 7 R
Ty =0 LT LT 4T (3)

dt
/ﬂ‘:qjv %Q%jjiﬁy‘j Th = h9l7 h = Thmax/elmax yg%iz
TR, Thmax A PAFERB K, Opmax N
=N
e Iy TR

Ty, = kf(z) (4)
o, 2 = 6,, — NO, Jy5ahih. IShHITR] AR e
i, BUSERR A BUTERE, Sy ALl 25 < 2 < 27,
f(z) AHEIX AL,

z2+ 7,
f(z) =4 0,
Z_jv

3 (5) ATk, AT RO SlES, SIAET
TR AUSE X b K

fo) =i (1o -1)  ©




6 1 FEAR R A 5 tAT B S AE ML B 4 Jm S 20 BRI 42 1179

I IRIE TR 72N,
. 2 .
j 1+e_rz—1 +7, z2<—J
) 2 .
Af(z) =1 J 1—#?_1 —z, |2] <
. 2 . .
J 1+e*”_1 -7, 2>
(7)
EIB 1ML s (5) ~ (7) HERRIZEX L L

TEX BB, ALA RSO 1) lim, o Af(2) = 0;
2) |Af(2)] < 2je7/(L+e7); 3) Hr = 2/j I,
BT IR,

=X (4) rrRRN:

Ty, = kfo(z) + kA f(2) (8)

1.2 {ARAFRLEN

KA. HERALE SR g5, Wil
FEAU ) 0 2 ru B LI A IR R 48, I B AT B XY
B LA R SN (W 2 JroR): s )
A K LBl K, PWM 38 AR 88 v] 252300k L)
T, w* TR IR A JR) S AR AR B 3 N A T 2
(o H A T, K, B B IR B it AR L, R 4 A
R e, K, 0% (x0d) A BT A5
z; (1 =1,2,3,4) WRENPRELE, e W RANIR

ENXRGHPREL Er = [$1,332,.T3,134]T e R*
R

1’1:91
To = W
2
— —1 (9)
w=2-i(m 1)
. . e—rz
x4:Z 1_2rjm

\
T gt RGE PR T 2
T1 = Ty
.fg = a1T3 +F1($) + %1 =
kN B, kN
= lay A
g gt AR
T3 = T4
.Z"4 = G/Q(.U* =+ Fg(ﬁ) + %2 =
C h B
%w* + 3y — g—mxl + (jll—
chl+02+Bm) ( 1 N
x [e— _
I >\
K’uc]_ + 02 + BTTL

I

—)pkaﬁg T4 (10)

:/H\: EP) C1 - KvpKiprmet/(R + Kiprwm)7

Ca = KtKe/(R + Kiprwm)v P = [1 -

2rje " /(1+e )] > 0, Sy = 2772\ —
2

de - (an + Ji)pkﬁf(z), A =
e (1 —e ") /(1 +e ), Ii(z). Iy(z) MK
(A2 S S pR 4L

ATt il gs, el AR,

BRig 104, H S E s T K, %
A IS - I 7 N A S S N T S A A A
R\ kv Jyus Bu~ Ji~ By RAEZGESFGE), WA
RARINSH.

Big 202 Sy Sy AR DR TR, L
0 < Simin < S| < Simax; a1~ a2 T3 FEEF AR SN
W, H 0 < aimn < |ai] < Gimax-

2 ERERTEMBENESZRZIT

P H br: 63 32y B REAL R I RS S
B Rk Jo By Jiv By REZEESES) 5
T, Bt a R BOP O] B R i T BRI R
G R, I HAERH At w MRS, Ak
SR LM N 2R Be A BT 1 F O NIE T S MR
RERIEA 0, LIRS BEERER ISR 3 4 0% (21d).
BRig 3150, H MUK S5l 55 e 3N 30 4 1 5 A
HATEE 0,7 win~ 0~ wp Y¥I0TI, 82 HAG 5.
Bi& 420, WG 0 (21d) 1%L, H—
B T e HAT A
2.1 =gt
ETRALERE SN RFR 5 I T R
45, Wk E D HEM & 4 R 4 Lyapunov B
., EUFHESEES, u > 036 = 1,2,3,4),
Min i~ Yis 0; > 0 (i = 1,2) AEhHas i34,
E L RGIRZEL T e = [eq, eq, €3, €4].

€1 :$1d—x1 :6*—1}1
€y — Igd — To (11)

€3 = l’gd— T3

ey = (L‘4d — X4
PB 1. WNE—AT RS, KL Lyapunov i
e

2
€1

i=+ (12)
EIPAN £ PR i

Igd = l‘ld + uier (13)



1180 H ]|

45 %

H
i | [PMW v
?m i s ag |7
i .
[+ e
K. j

K2 fRZEH

Fig.2 Servo system structure

X (12) sk, JRBGZAA (1), (13) 44
‘./1 = elél = el(a'cld — .’,UQ) = —,ulef + €1€9 (14)
LI 2. X AT RS, EW Lyapunov

£
Vo=V 2 (15)
2 = W1 2a;
Stk (15) k51
. . 5 . 0
‘/2 = ‘/1—’—6262 = ‘/1+€2(€3—I3d+rl)—62\51 (16)

ay ay

Horp, gt v m& I = [dad — f(2)]/as.
IR

l’gd = la€E2 + e+ El (x‘ﬁl) (17)

Horp By (k) HHTIEIE I MERIZHE RS, K
X (17) AR (16) 73

2 3

- _ Z“ie? + ey [Fl —Zi(z|K1) + €3 — a—l
i=1 1

(18)

T 3. WNE AT RS, EH Lyapunov B

#:
62
Va="Vs+ 53 (19)
IR )
.Z'4d = Uszes3 + €3 + flfgd (20)
XA (19) KT, JFEAZEN (11). (20) 159
3 3,
— Z,u,ie? + e5 |:F1 — El(m‘fil) — ? + ezeq
i=1 1
(21)
PB4 XEWUADST RS, LI Lyapunov B
£

2

Vi=Vs+ (22)
2a,

Xtk (22) kG

64é4 64%2

Vi=Vat—— =Vites(—w +13) - (23)
Q2 (45)]
bwﬂlﬂéhi‘jj
W = ey + ez + Za(x|Ka) (24)

b, By (x|ko) W TIELT I MEBOHEHE RS, ¥
i (24) FAAR (23) 12

Z/Jze +Z€21[ i — Zi(zlk) — ;%i
(25)
2.2 HEMBEARL
BORIZAE RS 2 (xlk,), © = 1,2 BRHRAIR
RUHERAL L SRR 2 0 rp L BRSO 4, e A
ERFANQCR* Y CR KB, HEm 4
AR 24 -
if @ is AT and - --

Rule™ and x4 is A"
P (26)

then =, (zl)"™ is B" (m = 1,2, , M)

H z = [, 0, 13, 24]" € Q ABEH KA
WA, Ei(zlk) € Y 5

3
I

1p=1

/H\:EF', K; = [l‘?n,"‘ ,HiM]T J M Y4E) A SN S
Hem i, o () MRS AR 1 BOR) S 8 JE R 2L
&i(x) = [En(x), -, & ()] S M 4RO I 1)
i, L m MO ER:

(28)



6 1 FEAR R A 5 tAT B S AE ML B 4 Jm S 20 BRI 42 1181

I 20V, BT A NAEEEQCRY 1)
SRR, Ve > 0, —EAFEHII (26) ~ (28) &
SEIRERIE R GE, AF sup,eq [T — kTE(z)| < & 1K
ST

T SR ARSI [ 5 -
RG] (29)

WS St 70 2 AN, ARG e, 3T

K = arg mirslz[sup|Fi -
K€

WK = K6 — Ky, JFBVEATENHEA:
K; = vie2:6(T) — 2nik; (30)
2.3 BEMHSH

EI 3. XTI (10) MM ARG, R TIA B
BB AT T, SRR (24), BERIZHE R
GUIE [ B B G N AER I (30), W42 RS Lya-

punov RV HiZZEA R e —BmAATI, MeBI
SR AU R /N, ERERVE e A2 2K (43).

JUERR. X HEANPIIA RS, PEH Lyapunov R

A (31)

*Zﬂze +Ze2z i *ng )]
2

~ e ‘\S‘
S [em?&(m) e
a;

i=1

4 2
2 €2;3;
- E pi€; + E |eaiei| — +
- ° a;
=1 =1

le [ezifi (x) — ﬁ} }

Vi

K’i K,i

P

5138 1P, W EESAEM M 4550w &

K, = [fim"‘ a’%M] 5k = [f%h"‘ 7ﬁiM]T, f
DA NG AT :

26k < KUK+ KK (33)

(ki — k)T (K — k) <26k} + kTR, (34)

1 X
26%a? (a; > 0,i=1,2), }

RS FE NS (30), BE P 4iiie sl (32)

_ [vie2ili(x) — 2miki] } 4
Vi

2 2 2
lenici] — i ©u
Caifi 2 262a?
2 2
— QCy; — N2i1€21‘—1> <

52(\2 2 i
Z (8 + imax + Up K/*TK/*>
2 Vi

K2

2
2aiminai 771 ~T

(35)

4 ag = min{Qaiminai,m,sz‘fl,i =1, Q}a iy

2 2 ~T ~
. es; KK
V < —a e+t +b=
OZ ( 220, 2y > (36)
b—CLQV

2

Horh, b= Y "((2 + 8792,,,)/2 + 20 "] /7).

i=1

JEL 2 WA e, NARE/DNIIER &, WAl e B

B HRIAR BT SEL 6+ i~ vy UMRIE b 78537,
5138 223, ¥R mﬁﬁ']*ﬁfl\éﬂé PEAEFE IR Ak 7y

JifE dy/dt + P(z)y = Q(z), i@ e\ = (37),

Hrp ¢ R

y = CeffP(z)dz + efP(z)dz/Q(m)efP(z)dzdx

(37)
150 (36) AR, B V = —agV +b, 4iE]
8 Vo = V(0), W4 5121 2 w43 JLARATRE N -

V(t) =V (0)e *" + 2(1

Qg

—et)  (38)
HeAR LB E, T4

V(t) < V(0)e ! + aﬁ(l —e N (39)
0
Bzt (31), nIg:

lim V(t) < (40)

t—o00 ag

(1) < 2V(0), Tim e1(1) < \/% (a1)

ex(t) < 2a,V (1), lim es(t) < y / (42)

O“




1182 A Z/ A 45 %
2 . 2b ®1 wHESH
€3 (t) < QV(t)a }Ego €3 (t) < CTO (43) Table 1  Parameters of controller
A 2 EA¢N £ HfH 25 HfH
2
e2(t) < 2a,V (1), lim ey () < a2 (44) Kp 2350 K; 25 Kp 5
t—00 Qg 1 22 L2 27 U3 15
|—l . = Q& N2, m 0.1 72 0.1 61 0.01
HIETAT L, Ve —Bm&HR, HYay £
8a 0.01 T 10 Y2 10

R b 2N, Ve WEUR T A R 787 /NI

A

& co = min{ay, po; 1,1 = 1,2}, X (35) 15:
4

V<—c) e+b (45)
i—1

#3 (45) 1 ¢ € [0, T] HATH 3
T 4
V(T)—V(o)g—co/ > ejdt+Th  (46)
0 =1

S50 < V(T), nf5:

T 4
/ > erdt <
0 =1

V(O)C+ Tb )

]
3 {(AEXW

kB UE FIT 4 LR IR A SRy SR BRI 1 N 45 I T
LA R, 25T Matlab/Simulink X 3t 284 il S5
21 A BN I R AT S, R
MR SEIE N By, = 012N -m-s-rad '\ B
0.23N-m-s-rad”'. k = 320N -m-rad~'. h
0.12N-m-rad™'. K, = 0.11V-s-rad™!'. K,
0.063N-m-A~*, T; = 2.6sin(2t)N-m. J,,
6.7 x 107*kg -m?. J; = 3.3 x 103 kg - m?. j
0.02rad. B = 0.5Q. N = 78 Kpum = 8+ Koy
5.5+ K = 6.3. K, = 0.95. MR4EEE 1, HFE p >0
LA e FEHCRH/NT 2/ BIE, I PRIELT AL X pR 4L
WA i 3R, 2 r = 1.95/5.

RARIVIIRZS AN £(0) = 0, BB K
R A (48), 1B M EITEBVMEN K£im(0) =
0.2,i=1,2,m=1,2,---.,9, N FELFHIGUEFT &
IR NITERE, DLt PID #HI0 R4 M7 B AL
PERHERT L2 #r, PID 2R (49). &R E
K, BUEFEHIS S H R 1 iR,

(@), +4—(m—1)]?
2

¢%p(xp)267 ) m:1727'”

d
€dt+KD£

w*:er—i—KI/ dt

3.1 KAERELR

i) S 3 24 F Bl MEBILAE HEAT K AR SR T B N A7 AE
SR T A, 35K ] i 2R 4 oK B 1 T 0 ) L 7 20,
8 R E I 18] N 58 AR 08 0K AR B 2 PRI R 48
BASPERE EE IR bR, A0 5 A ) 50 2 1 B K
FEDR FI A Opmax = 6071 BRI A WIS 5 M1 45 5 A
07 = 30msgn[sin (27t)], 244 3L K157 e R4
Wi th Zean 1l 3 .

ERMERE THUT, B4l PID #5148, fd
IR 2R GEAE T VUt (14 S SO ASOR 1E 3d 458 T 24 R 45
W, K 3 (a) WA B MES 07 HEAT KA
FERemE, b1 B S AL s R R A S BT LR
e A IR T EREE, EAE AL AR 0, RERS AR KA
JEE R B I T) ARG Bl R B 0, AT R GE L 4% R 3))
ARFE; BB 3 (b) AT BORIIE AR R GO0 i B
TR I N AR I ROR, e T R G AR
PER BRI S B 3 (c) nr%n: LIRSS fE
NS RN 1K) 4L 5 )RR 2] T A RS, B
AL ) I PR S g i LS.

3.2 KiRMEIEZ TR

DRI I 3% T30 2 X 4 5 2% ol 2 e L 1 2
A A OE S B R AT 2 0%, T AR I I %
AR I BGE B AR IRER, S2b b T A R
RGBSR, BK T IS0 S bE. Mo 4072
KEFf A 5 05 = 307 sin (2mt), 24 FL K MR IR
SR 2 P 4 .

FEARIR IR 32 T T, g 0t PID Rl e,
R G 10 4 Jo 525 MO 133 42 s 4
BIF, 4 (a) AT I A A 03 2E AT
IRAHATASE . A EI, T W s 3l 2
VAR SBT R Iy 0, (IMEIR ERER, FLAE R
O, 5 15 15 I ) 9 FF SR 0 ML ER B 05, 1 R G5 LA
BLUF B A ISAIE ZO R B R fh P 4 (b) Tl
HERIE 4 R Gt U6 BRI T R AT I 1 3 A s
SR, AT A T B RGP RSB
4 (c) A HOBLIREN 5 RS I O 3 g
RS T AARRATISS, W e T A L A OE S
F e A LR SRS Ml L%



6 3]

FEVRR A5 5 I B A RE AL 1) 4 Jm B 0 R 19 3 1 o)

1183

3.3 EHMSH

5 24 B RENLAE SE B TO0 R T 3%
VAR 55 AR A Ak, ik RGeS 800 A i)
WEERGSH k. R.
SEAHI) 50 % 5 150 %,

TR 1)K AR B YRR L6 R G I B A M AT 43

T Ty Sy Esh A g T
P R R AR ARBHAAE.

Fr, BEI W M55 05 = 30msgn[sin (2t)],
7 L9645 2 A s I 4w ik 2% 48 1) i 1o g £ 2 14

=== A — NICEEH AEN PID
30% 0.04 F 20
20m : | 0.0 10;é
10m i . : _ OfEE .
=] g =] g H
£ 0 13 £ o —10F
= | N_0.02f <
—10% : b N -20F
—20n i —0.041 -30}
1 ), H H
~30m L ~0.06F : 40l i
0 0.2 04 0.6 0.8 0 0.2 04 0.6 0.8 0 02 04 0.6 0.8
t/s tls t/s
(a) SR 56 A PR ES (b) ik (c) fL B IIE
(a) Expected angle tracking (b) Backlash (c) Transmission torque
3 ORI L0 T A IR ZR e e B g £
Fig.3 Response curves of servo system under the operating condition with large angle switching
=== JAEE A = AR SO R &
30m}
0.0473 s,
20m} ¥
Toxl 0.02
E z
= 0 wOf
—10nt
-0.02
—20m|
—30m| 1 1 1 1 oo
0 0.2 04 0.6 0.8 0 0.2 04 0.6 0.8 .
t/s t/s tls
(a) IEH % £ IR (b) it (o) 13yt
(a) Expected angle tracking (b) Backlash (c) Transmission torque
4 KRG E T2 50 ] ik 2R 48 1w S i 2k
Fig.4 Response curves of servo system under the operating condition with large amplitude sinusoidal
=== R 0.04 — S wHson 13 150 %
30m ’ 15F
20m (- voza i
\n |
10% . S
= = & E; ]
g g OfViw sl l.ér
£ of B g i
= H
~10n t 0.mh & |
0.02 sk ,5
—20m ".
~30m | 004 i 25t '
0 0.2 04 0.6 0.8 0 02 0.4 0.6 0.8 0 0.2 04 0.6 0.8
t/s t/s tls
(a) SR Am LR (b) Tik (o) 13 S50
(a) Expected angle tracking (b) Backlash (c) Transmission torque

Bl 5 ZHtsl I ik R 4 0 i 2 Hh 2

Fig.5 Response curves of servo system with parameters alteration



1184 H ]|

¥ {1 45 %

SRR AR, Ak R AR P v IR 4 R
AR B G NP S E R, I 5 (a) ATA: fE
BN 0 MRS 05 MIREANEREATID, R45¢
B REORTF RAFIBhaSYERE; MK 5 (b) mI%: A%
SRR W A T MR, IR I 2 B
B, 753 TR IZ R AR GO K A 3G AR
5 (c) FIR: ALBI IR AL T L R
A&, W55 T ARSI RE P Rk iy, AR GO AR
AN RE BB S AN T P 5 B ) b A

4 g

BT ROPEWAE S R 0 8 AT R,
I 25 G RO B RGN A B AN E S8 R A
PG AR LR R 2 BT 3 WY 0 F MM 3, BRAIC
TARG SOPTE R e, 8B D I IS A R
] Lyapunov P, 312} Lyapunov 55 —VAUEH
TR RGN R L SR AR, et
2R R TSR /NI . FLSEER R I g i PID
P, 2TV T AR ARG K I ORRIE I 5%
TR0 AEE M Bl AR RE B 2L 5K, R AT A A
THEZ AR . B 99130 R, il R G0 14 R AT
(BN TERE S B

References

1 Deng Hong-Bin, Wang Chao, Zhao Na, Xu Yuan-Qing. De-
sign of Small Ammunition Sheering Gear System. Beijing:
National Defend Industry Press, 2016.

(B, T, B, AR, N RESr 2L R e e vt-5
HiAR. dbnt: ERG TR, 2016.)

2 OGoaveuckunlOI' | EpmakoBCA, CyxopykoBPB [Author],
Li Zhi, Li Ming-Hua [Translator]. Introduction to the De-
sign of Aircraft Rudder System. Beijing: Aviation Industry
Press, 2013.

(MO, H/RTIRFLR C A, JRESFRP B [#], &, &
AR [BE]. BUERENLR SR 5 e, dbat: i Tkt psdt, 2013.)

3 Zhu Sheng, Sun Ming-Xuan, He Xiong-Xiong. Iterative
learning control of a class of nonlinear systems with input
backlash. Acta Automatica Sinica, 2011, 37(8): 1014—1017
(RN, PIIET, (TRERE. A IARL N RS I 6. A3)
fh24R, 2011, 37(8): 1014—1017)

4 Derugo P, Szabat K. Adaptive neuro-fuzzy PID controller
for nonlinear drive system. COMPEL: The International
Journal for Computation and Mathematics in Electrical and
Electronic Engineering, 2015, 34(3): 792—807

5 Lv Shuai-Shuai, Lin Hui, Chen Xiao-Lei, Li Bing-Qiang.
Backstepping power fast terminal sliding mode control for
missile borne electric rudder. Transactions of Beijing Insti-
tute of Technology, 2016, 36(10): 1037—1042
(B b, MORE, BRI, 25 5wim. #ids i sl FEL R O A SO .
JERTHL TR 24244, 2016, 36(10): 1037—1042)

6 Zhao Guo-Feng, Fan Wei-Hua, Chen Qing-Wei, Hu Wei-
Li. A survey on backlash nonlinearity. Acta Armamentarii,
2006, 27(6): 1072—1080

10

11

12

13

14

15

16

17

18

(CRAE e, A T BRPCAS, SAYEAL. RBRARZ DT R, St TR,
2006, 27(6): 1072—1080)

Wang Yi, He Zhen, Meng Fan-Wei. Modeling and limit cy-
cle analysis for systems with backlash. Electric Machines
and Control, 2017, 21(3): 78—82

(CEB, e, ddufh. WRARGENARS BRG i, Bl S En
#, 2017, 21(3): 78—82)

Lai G Y, Liu Z, Zhang Y, Philip Chen C L. Adaptive fuzzy
tracking control of nonlinear systems with asymmetric actu-
ator backlash based on a new smooth inverse. IEEE Trans-
actions on Cybernetics, 2016, 46(6): 1250—1262

Shi Z G, Zuo Z Y. Backstepping control for gear trans-
mission servo systems with backlash nonlinearity. IEEE
Transactions on Automation Science and Engineering, 2015,
12(2): 752—757

Tarbouriech S, Queinnec I, Prieur C. Stability analysis and
stabilization of systems with input backlash. IEEE Trans-
actions on Automatic Control, 2014, 59(2): 488—494

Chang K M. Indirect adaptive control for nonlinear systems
with system perturbation. Asian Journal of Control, 1999,
1(2): 106—115

Li Bing-Qiang, Chen Xiao-Lei, Lin Hui, Lv Shuai-Shuai,
Ma Dong-Lin. Terminal sliding mode control for mecha-
tronic servo systems with backlash nonlinearity compensa-
tion. Transactions of China Electrotechnical Society, 2016,
31(9): 162—168

(FdCam, WRIGETR, MR, B, &k, HLRLA R R S A B
K SR BT H AR, 2016, 31(9): 162—168)

Merzouki R, Davila J A, Fridman L, Cadiou J C. Backlash
phenomenon observation and identification in electrome-
chanical system. Control Engineering Practice, 2007, 15(4):
447—-457

Du Ren-Hui, Wu Yi-Fei, Chen Wei, Chen Qing-Wei. Adap-
tive backstepping fuzzy control for servo systems with
backlash. Control Theory and Applications, 2013, 30(2):
254—260

(R3S, RAETK, BRI, BROCH:. 25 B A BRI R G i) Bl 138 W AR
Wl e 5 R, 2013, 30(2): 254—260)

Ma Yan-Ling, Huang Jin, Zhang Dan. Backlash compen-
sation in servo systems based on adaptive backstepping
control. Control Theory and Applications, 2008, 25(6):
1090—1094

(HaFe, Tk, dPF. HLT SOl Bl NS T (IR R e A B kM. 28
HIELE 5N, 2008, 25(6): 1090—1094)

Wu J, Li J, Chen W S. Practical adaptive fuzzy tracking con-
trol for a class of perturbed nonlinear systems with backlash
nonlinearity. Information Sciences, 2017, 420: 517—531

Guo Jian, Yao Bin, Wu Yi-Fei, Chen Qing-Wei. Adaptive
robust control for a class of nonlinear uncertain system
with input backlash. Control and Decision, 2010, 25(10):
1580—1584

(5, whk, SRR, BRONHR. BARA K BRI —RARL A E R
28 & N . 5 sk, 2010, 25(10): 1580—1584)

Kanellakopoulos I, Kokotovic P V, Morse A S. System-
atic design of adaptive controllers for feedback linearizable
systems. IEEE Transactions on Automatic Control, 1991,
36(11): 1241-1253



6 41 FEVRR A5 5 I B A RE AL 1) 4 Jm B 0 R 19 3 1 o) 1185

19

20

21

22

23

Chen Ming-Jun, Li Chang-Hong, Yang Yan. Weapons Servo
System Engineering Practice. Beijing: National Defend In-
dustry Press, 2013.

(BRI, AL, pote. ilasfil AR LRESE . dbnt: [HR Tk
Jitt, 2013.)

Yu Fei-Xiong, Wang Yong-Chao, Zhang Sheng-Xiu, Cao Li-
Jia, Hu Xiao-Xiang. Fuzzy backstepping control for output
error constrained nonlinear systems. Electronics Optics and
Control, 2016, 23(9): 11-18

(BEEEME, EAGH, sKIERE, BarfE, JBIRAE. il s 2 IRkt
ARG SoL . RO S, 2016, 23(9): 11-18)

Zhang Ji-Lie, Zhang Hua-Guang, Luo Yan-Hong, Liang
Hong-Jing. Nearly optimal control scheme using adaptive
dynamic programming based on generalized fuzzy hyper-
bolic model. Acta Automatica Sinica, 2013, 39(2): 142—149
(5k 24, kA, DHALT, Brutdh. T SCBORIOIAS AL 1) 3 Y
A MRIBAL R, AEMEAR, 2013, 39(2): 142—149)

Wang Yong-Chao, Zhang Sheng-Xiu, Cao Li-Jia, Hu Xiao-
Xiang. Adaptive fuzzy backstepping control for nonlinear
system with unknown control direction and input satura-
tion. Systems Engineering and Electronics, 2016, 38(9):
2149—-2155

(CEJKHE, TRIEAE, WarAE, JRIRFH. #2077 ) R J i\ 52 PR AR 2%
PERSE G NER SOl ). ReETRS BT HOR, 2016, 38(9):
2149—2155)

Department of Mathematics of Tongji University. Higher
Mathematics (Seventh edition). Beijing: Higher Education
Press, 2014.

(RIGF R HE R w80y, 7 R dest: @S 80 WAL,
2014.)

HiER T TR A TR B
. LT A R
E-mail: tianfq001@126.com

(TIAN Fu-Qing  Professor at the
Academy of Weaponry Engineering,
Naval University of Engineering. His
main research interest is naval gun
weapon system.)

£ & WBETRERFRE TR
WG WIS ) ML 5 2 4R
R GE. ASCEAE A

E-mail: jiangshangl1992@126.com
(JTIANG Shang Ph.D. candidate at
the Academy of Weaponry Engineering,
Naval University of Engineering. His
main research interest is naval gun am-

munition control system. Corresponding author of this pa-

RI5E W FE TR AS TR
Jili. EFEWFFTT 1)k MR s R4
E-mail: lwinger@Qoutlook.com
(LIANG Wei-Ge  Lecturer at the
Academy of Weaponry Engineering,
Naval University of Engineering. His
main research interest is naval gun
weapon system.)



