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Active disturbance rejection control for gun control system of
unmanned turret
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Abstract: In this paper, a complete mathematical model for unmanned turret system is built based on robotic analysis
technique, which takes the nonlinear coupling between azimuth and elevation into consideration. In addition, it provides
correction of angles of the azimuth and elevation by using three-axis stabilization principle because of angular displace-
ments measured by gyroscope mechanism in inertia space. And, to achieve high tracking precision and stabilization of gun
control system which contains nonlinearity and uncertainty in the situation of parameters perturbation and uncertain exter-
nal disturbances, a decoupling active disturbance rejection control scheme is proposed. The inner parameters uncertainty,
the external disturbances and the coupled effect of the system are estimated as the total disturbances by using extended
state observer and compensated during each sampling period. Simulation results show strong robustness and effectiveness
of this control algorithm which can reject uncertain nonlinear factors of the system in comparison to the PID control.
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A TSR I BRI, TianZERPR 1 T
7o N M3 & 4 (unmanned turret system, UTS)## £ 15
REPE ) v, R, MG 22 ) SRR IEIR T R4
RERISL. F4h, IA R K 2 2K I FI 44k
PWNAERE B RS, X RS MR F MBS BR AR AR R
FALAAY . Tk R ZEARE B 4 BT HLEh A 2
TERRN 2B A BV R SR K AN T 8 A
H IR, X0 LU e ZE A8 P & IR RGN
B AN T = AE AR )

ARSI, B =5 tee R E, /EE T A
B e p A B =hAs e, B A FRABAT LA 2 =
MR AL, SARFRAR BT B RIS TN KM I A gk
ITBIE. ARG, Btk REEE Ay, SRIg R AEAT
B oy 2R 8

XFEERE P EHEE, W KBEREE XA
JAFEFESCHR [ R H, BSOS MIE RG T X IEHI R
GRMBERFEF R BEASCE N EE R KA. I
TR HR AR Sk 4 B B P % il (active
disturbance rejection control, ADRC)%§ % 7% il H AR
NHTHRERG S, kiEm RGN, & XSt
A, A0 ADRCINH T NS R R R .
2 =#%35€ i) B (Problem of three-axis stabili-

zation)

X ISR EAAT R, PRBHTE3NM ARl 39 H
=, RESEANE . BRI EE RS, R
RG22 0 S A, AR 15 M 2% (B, XA
RICEESEI K M 2 7R 22 TR A e, A Re e
R RN A T IR HE S ER ER g o FEE AR
ERZEINLBN P R KRS i, SEIR =3l AR e 2 1R =ik
e RN LA TR P e 2R R TR IR

EEXFIXAN 1) R, W] A FH 22 20 ZE A4 A 1) el b~
FZeid KPR 2 B 77 R A R I BB M LA, KB B4k
W SZEAEYHTAT, WA FHRR T RREES
. PRI 3N A AR AL AR AR e, HE K THE
BLUH XS e N M 1 e R 1) R 7 AL [ 3 A A TIE IE,
SEIR =3RS e, ek T B TR A M ERALBR R TCEE
SETR K M £ A0 R S (R RS e B Pa. IXFEA IR ZE AR
BRI, HR ] I M e B 5 A A R K AR
WA £ AR AL, A5 K HLFE 1) R SR 45 5 T ). SEBR IR
Y ZEAR AR BE ORI, KM AR E M 5 Ak
I A R I KA I B R ARTAND A B, X N4 1 R G 3R
AT HRITA B LB G K RN ZEAR T8, BRI KR4
PRI —K, ToiESEI T4,
2.1 AbbrEEP /A3 (Coordinate transformation formu-

las)

AR KR ZRLE MG 2 1) H A e 2 an B L B, et e Ak

bR, W

1) AFRER X Yo Zo 177 AL 5E, 7 A ) ¥
BT AbF K AR T T Rk B B, (2
B AR R RAAEOX IR FF 5 e Wl h A &
—;

2) J5 [a) A K Ak BR BRI Hb SE A A BR A AR &R
il‘JX1Y1Z1, EEPZ15Z0§EE%;

3) XoYoZo HHSHAX AN AR R, HH Y, 5Y) B
HE

4) XY Z3 AFERMAFR R, Hh X 5 X HES.

T E G- B B A1, RUAAL RS . W58 Z, il 1
Ay, BY B A o, BX 0 A 86, FIH
FEAEALA S b G S A IR HBAE =, BT3RS
555 B LB 3N AL RS (1) S PR £

W K IAEZEAR AL T 7K () SR AR A7 B I v E A,
BB TT AL I A ALRE A o, WK AR R0, KMt
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AR O Py AR TGO XM £33 04, &5
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Fig. 1 Coordinate frame rotation

| AERRT = TR 2P 2o, BRIZoPy = 112 - 0,

Z()ZQ =, AZQZ()PO =T — ((10—|—’)/) %i&Z2P/Oi n,

L7y 7y Py = p, FIFHEKTH = AL AT, 7K18 Z, Py
cosn=cosa -sinf—sina - cosf - cos(o+7).
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FEF— =B X3 L Z, Z, Py I3RIE A
sin(p + 7y) - cos @
sinn ’

2)

sin p =

AT =FTY Z, Py Zs 11, BRIZ, Py =03, Zo Py
— 1), £ Z3 7 o=t/ 2—p1. 5 A, ¥ Zo Py =\, £ 2275 P,
= w, A[13Z; P, 3IEh

cosA=cos(3-cosn+sinfF-sinn-sinu.  (3)

N8 L Zo 75 Pol2R1E A
Sin(E + p) - siny
sinw = —2— . 4)
sin A
BJa, RBFTRFIIN K ERTEH
D0 = ZyPy— ZsPy = 5 =0 =\ )

Ap=1 2y 75Ps— L 72 2Py :g—i—go—w. 6)

(D) —(6) B FTER AR I A K, RRTEAET
NI R GE I 75 L 1) 1w K 1) 48 ), O, o, B,
HAOFIAPHIFRR.

4 S B, 072 i BTREUER H AR vksE 1, BIAR 4R
H #7500, BE 85 LA S AR X2 3 R BE L KU L X
R SR SEEE, B KT ENUE o0, T
MESH o, 3, W2 B BRI SEAR 2 1 7E3 A
I ZE AR i B 30 1 A B XSS S A EvE
BHLRL, B A Ap. SR 53T BRI II75
K HAE B 2= R AR, 2 BHE A B IR/, BE
EKHMI TR, 32 AMEIE KM KA, FRRP A
LR B 3%, YEA S E RN, fE =Mt E 1)
THOLT, T JLE S HUR X o NI R G AR,
ParEs
3 UTSHKI3) & & (Dynamic modeling of the

UTS)

2 R BN R A R G AR R K B2 2, 7RSI
ZWAEE S, SRIEAT AR PR T AT S, K
s e MTR I ZIMB IR, ReSEIURT B bRt BRES A
. BT AZEIX 20 T P UTSEE L B A AR, #2157
EFN AR PR E B RS, TKIE RS
REM AL, 456 - KM R G i) 25 1 e
PR BRFAE, X UTSEN T AL FF 3k (4], UTS
(RS 7 i 2 s

SCHR BRI RN N T BR, #ER R T
UTSHIBN 12888 UTS & Tk MRS #, A0 FE34
TEAFHLA: MOIE . MR Rk, R S aEE . B 50
2 RZ BRI RTIER 1. T #1204, M
ERAN R AT RIS B RS BRI, T LASE R ) ) 225
T 3ANZENE, RS PR ER SR (A1 AR AR R AR 3 4

1) B AR, SR, SiiEsh S aHTiZ RS, KILSERR
HEWAZIE], RUEE R e KRR, B, X
AR T2 EFTH U R4
ZBBIUTSH BN SIE], feFIHhris B H 72
BTN B SR, B AR, MBS IEM (i
= 1), EHREVNERT2( = 2). & UEIEHIN T 44k
AL BRI E AR TR E = (q1, ¢2)"
€ R% MM AT E G = (41,¢2)T € R2. F3XH
Qr1s Qeo 93 WA KFEVE BN IE I A2 1) M 55 AR
FHEARMSEMNALLE . AT TR
SERMANANE, Mg =p+A¢, ga=0 + AG. Z5E
AR RE LR ¢, ¢ RETRIBRE A E 11, ¢ro-

Jifiel <> ds .
ﬂ 2 e Ys
i R /Ao
UI e A D\ |/ 3%
- @ i &3
s { P
T 0

Bl 2 UTSHIgRzE
Fig. 2 The structural view of the UTS

UTS METREK sAe om0

1o
K= QqTWq, (7)

A WRUTSH) SRR BE, An x niE & XA
R, WA T

W = i JEU T, (8)
i=1
X JRRUTSHI S A7 AERT LR, BARTHS7%
SHEICWR11]; Uise N
m;l  m;CF

Kb m AREAT IR R, CRIEFH O RER
TEIAN IR RIS CRIRE T, H3 x 3 A FRHA
PRI TRES < SH LR, T R IEAT R Tidhbn R )
TR E, RIRA3 x SHIRTFREERE:

Vxxi nyi Vxzi
Vyxi Vyyi Vyzi
Vaxi ’Yzyi VYzzi
K — TR IRIERT S THAE B B BRAE A AL
FARPESIRE, bt

Vaxi = fm 22dm, Yeyi = Yyxi = fmi xydm.

U, = ,i=1,2, )

I, = , 1 =1,2, (10)
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BB A2 x 23R

Fiald
oW o
W, = (I = 11
d(®q)8q LW | (11)
7%
q2

KPP QAT N FREF. BT, W =
W, UTSHIZhA R T A

1
Wi+ (Wi — SWa)d =7+, (12)

X7 e RZARGK AR R, 7, € R2Z ARG
EHH) XHFE. AN = (W — Wa/2)ghRG*
Tq, WAELHERETG u =7+ 75 = (Uy, ue) TAR
G NI X S, ZEUTSH, u, ARE T AL A
X7, uRERRFHNIIT .
BRUTSH A E M, B

W = W, + AW,

N = N, + AN,
A Wo, No&AETHIG AW, AN ZAHETL. A4
HATTRE(12) TR A T A

WoG+ No=u+p (13)
HARHETp = (p1, p2) " THE
p=—AW§— AN. (14)
KIERANEIENd = (dy, do)T, RA3)FETRN
Woi+ No =u -+ p +d. (15)

AW, = [all(Q) ai2(q)

N, = Cl(Q?d)

) 0o — . s
azl(Q) a22(Q) Cz(q,Q)
singq; = s;, cosq; = ¢;(i = 1,2).

WA BT, UTSHIsh AR 0 T

au(q) alz(Q) G + 01(%4) _
(121(CI) 022(51) Go 02(%4)

Uy i dy + £1 ’ (16)
Ue dy P2

KA

2
2%,x2C2582 + Vr2Cs,

- 7xy2327

a11(q) = Yyy1 + Vo2 —
alQ(Q) ( ) = Vyz2C2
(122((]) Vyy2)

c1(q, 4) = warGide + wa2ds,

1 .9 .. 1 .9
*§(wd1ql + Waz2g1G2) + de2QQa

Wq1 = 282C2 (’7xx2 - '7222) + 2(83

C2(Q7 (:7) =
- Cg)f)’xz%

Wq2 = —Vxy2C2 — Vyz252-

4 X T ADRCH) 2 #l 77 & (Control scheme
based on ADRC)
4.1 J5 AL ) A A ) B R #% (Decoupling between
the azimuth and elevation)
T3S 43 HrUTS3h ) S8, v 40 e 2 — 2 5

AN-ZHIH RS, TR 12118 RGHEH= 2 SN ER
= (f1, fo) "M “BNESREE” Har; RHIMEU =

B (q,d, 1) u= z z ] AR
21 22 e
R 6) BRI

G = f1(q1, 41,2, 42, t) +b11u, +b12Ue,
= fo(qu, 41, G2, G, t) +bo1t, +bostie,

Y1 = q1,
Y2 = 4o,
(17
Hrp:
1 )
f1() = —W[(—alzbmﬂh +
((122b12 - a12b22)(12) -
(a22/71 - a12,02) - (a22d1 - a12d2)],
1 )
f2(0) = —W[(anbm% +
(—a21bia + ai1b22)ge) —
(—az1p1 + a11p2) — (—and; + ar1ds)],
b — A22
U det(W)”
by — — a1z
BT det(W)
by — — 21
T det(W)’
by — aiy
27 det(W)
FINBREESIR: Uy =b11u, +b1ou MUy =boyu,

+ bosue, HFE(17)AEH

G = fi1(q1, 61,92, 42,t) + Uy,
G2 = f2 (q1,G1, G2, 42, t) + Us,
Y1 = 4qu,
Y2 = qo,
RI 2R E LA A U;, TS by, = ¢ XHEE
— MEE R R RV, SEER Ry, = 2 W2
I N-BEH SR, B, XANP AT RS
B SE AR A NSRS R N Y R 4. R
A8 HIf1(), fo( )R A A EIE )& B 23,
P IR AWM 25 (extended state observer, ESO)ftit1
Hik.
IXHRE, T 1) R R I ) 22 TR] R 530

(18)

ot BERH
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B, SEPRIIEESIE BT HAA R

-1
w = Uy, _ b1 bio
Ue ba1 bao

U=B"'U (19
UTS IR A2 W I 3 p .

Y
an | Jifizf | Uy Uy U, Y
ADRC T | g B EAN
T . AR
q2 | ADRC | U, Ue U, Y2

!

Bl 3 UTSHIffRALH
Fig. 3 Decoupling structure of the UTS

h T A3 B ARSI R U, MU, AN ADRCEE 8%
Pk N EIENEE . ADRCHIFEG B AE FEa N
4.

4.2 HUTS#KADRC(The ADRC design for
the UTS)

BT 45 WIS T R G077 1) F & AR 1)) B v 1)
ADRCHE il 28 77 ¥ 40 [F), 240 = 10 45 J7 A7 ) & 7
ADRC, i = 2I 45 m{ [ 7 ADRC.

1) $5 BRER#S (tracking differentiator, TD).

fh = fhan (Uu(k) - Qrz‘(k)a viQ(k)u T0is ho) >

Uil(k + 1) = Uil(]f) + h - ’Uig(k),

Uig(k' + 1) = Uig(k’) + h . fh,

(20)

KA g, (k) AN FREMIHEBANGS; v (k) A
R F RG M EREE 55 vin (k) HWFINAE 5 57
AR DK kA BRI Z; ro; A3 B F,
ho AREFERIF . than (21, @2, 7o, ho) E XA

_ 2 _ _
d = rohg, ag = hoxa, y = 11 + ay,

ar = v/ d(d +38 |y|)7

a; — d)sgn
as o (1 2)sg y7
sgn(y +d) —sgn(y — d
5 gn(y )2 gn(y )’ @1

a = (ag+y — as)sy + as,
sgn(a + d) —sgn(a — d)
Sa = )
2

fhan = —ro(% — SgN a)s, — TSN a.

Tl BRER AR AR FH: 1) 1 A N 75 IR RS, 16 5E TR
BT 5, R RHIEE S (E 5 2) TDHR RIS IE
P B AR N R B S, TDR B E R F AT e 2 e fig
AT EA R UFHE e L e s 5 S o)

2) ESO.

ESO® 4t HHan!" 2 i, Fl FELAG T B HI3hE,
55 N BRI AR E S AN I B, X, A
FRG W TN =FHIESO:

ei(k)=zu(k) — vi(k),
fe; =fal(e;, 0.5, h),
feﬂ :fal(ei, 025, h),

zi1(k+1)=z;1(k) + h(zi2(k) — Birei(k)),
Zio(k+1)=2zpa(k)+h(zi3(k)— Biafe; + U (k)),
2is(k+1)=2;3(k) + h(—Bisfes),

\

(22)
A Gi(ki)j"ﬁ;%§1§%; Zil, ZiQ%ﬁqj{?&qi, qlﬂ"ﬂﬁﬁ‘,
Ziz A& Xf 5% /N ijfi (Q17 d1, 42, Go, t)H/‘J SE I il o Bits
Bin 1 Bis AP ESOS L, It iEH-EE NS H,
ESOR #a 5 M 5t 818 B R IE!S); fal(e, o, 0) R JE L
le|“sgn e, le| >4,

<o @

fal(e, o, d) = {
gl-a’
X TFESOMI v, th Al R A £ 4 iR W 25
(linear extended state observer, LESO), iz H & & 5% 2
HH 1R 7 T A AE 2 e HHLESOMI S 4, (H 2 E 41
etk R B R L R B 18 2, IASCR A
Y ARSI A
3) JEZR AR AR = 35 ) R (nonlinear state
error feedback, NLSEF).
T3 BRI R R TAME, NLSEF T
611(]4?) :Uu(k) - Zil(k)a
ein(k)=via(k) — zin(k), 24)
U;(k)=—than(e;1, c;es0, 15, hi) —zi3(k),
KA o HBRJBRIF, h HIEBE R F, ¢, Fh; BEIR
FHITE o5 5 RS TEOK, AT e S AR LA
e 26 1 B8 Hithan (24, 22, 70, ho ) Fifal(e, o, 6) B AE X
1), R@3)P& e L.
AT G, ADRCHEH 5 & ) HE B 2 1
4.

K 4 ADRCHER]
Fig. 4 The diagram of ADRC

4.3 FEHIHIAu,, ue(Control inputs u, and )
4R (18), BAES B B HIFAU;, R )5, 5
A U, u. REBTHHAZE
’ b11b22 - b12b21 ’
o = e =bnls
© biibay — biobyy

(25)
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EA P TFET BN ERIEB (¢, ¢, t) RT3, B
bi1bay — biobyy # 0. EFEB (q,¢, ) EERFIE TR
F g [ Hh AN W] 38 7 e A TR I, 5 A HIRAE KA
I 2, TR 5 H IR AE SR A I %, W] AZEFE RE B (g,
g, t) BTN AT IR R AT A R AT

SRTIASC

aiy (Q) Q12 (Q) -1
W _[a21 (C]) Q22 (Q) =57
FEFEATHI
det (B) = det (Wy) =

a (Q) Q22 (Q) - alQ(q)an (Q) =
Yoy1Yyy2 + (Tx2Vyy2 — Vaya) S5 +
2 (Yxy2Vyzz = Vyy2Vax2) €282 +
(Vyy2Yez2 = Viu2) C3-

H B S AL, ZESRAERT 2 L, 4665 B (q, 4, t) AT 51
#HAK0, Hdet (B) > 0, BIRIE T %56 PR AT i,

x107

4.25
4.20
4.15
4.10
4.05
4.00
3.95
3.90
0

TFIR

t/s
5 JEFEBHIFTAI

Fig. 5 Determinant of the matrix B

BEEERE B, (t) AR B (¢) EAE, 2R T R4
WIS HES), B RGAEIZAT I R A H BLAS
AL AT LG, FEHE FE B, (¢) B AR AT 36 3 A0
FEMEB(t), P B.(t) = B(t) + AB(t).

UZ
Ue |

JEORER I R TR A
7> A F B IBIRAEE, X IE AT

¢ fi
(']'2] =t f2

JBAB(L) Z

T BB SIE AR R AT ERSH RARZS

B RE i (R ERUEZ IR H B, (¢), B(t)ZIA]

HIRZEAN AR, FHRIRZE /P E30% LT, B

Tl A% ReFE I ).

5 {HE(Simulations)

5.1 ADRCZSHIE5E (Parameters tuning of ADRC)
H T BAUEUTSHADRCAE#E 77 E ML BE, T Al

T—RIMGE. ZETMATLABE L T REHISIAH

RAEEHIE. BVORESIBARNHENZ RS, S5

Y4 B(t)

Ue

+AB(t)

TR — AR R ), T 15N S8R
e, Y] LB IS G Bk

ADRCHHI# S8 e IREE KEmaT: h5x
FERTTEARDE, H4E RIS A RS EE TR
A1, SR 1 msSRAE B Ak 38 3 AT 9 A2 4 I LR,
BEIRA = 0.001: ror, oo B4R 75 27~ AL BRER 3t
TIHEE.

PP ARSI B 5 KIS 2 611, Biz, Biss
Ba1, Ba2, Ba3, ﬁq:'ﬂw ,323Brij‘39§[fﬁ HAEBROR, W5
G G, (R B3, Bogid KI5 4R, PRIt
TRV R RE S, ST 813, o, ELEIESOMIERERZK
FECHFINY, BRG0P 511, B2, Ba1, Bz, AIAHITHE
THESORIPERE. LRI = MAF 2 )5 Z )R AT e
BB E T, ZAERLRER A IS S Rotgh
RPN

Fihha, ho JIREBEDR T, AR, 455G FE Bk,
BT EEHRIE, 07 2 L5 P E A by
= hy = 3h; ¢1, o AT R R EUE, @i 7 45 R
REE, AP HIERX A S SRR 5, A
XFRZELE30% WA FEMHEHIBOR: 1, ro PGB )
PR ERBUR A TR E .

BAHE R ADRCITESEUN T :

h =0.001, ro; = 2, 511 = 600,

Br2 = 900, f13 = 60000, ¢; = 0.3,

h, = 0.003, r; = 100, rgy = 2,

Ba1 = 200, Ba2 = 600, B3 = 30000,

¢y = 0.3, ho = 0.003, o = 25.

5.2 {iEZ5HR K4 (Simulation results and analy-
sis)

TIIARGSH:

Yyy1 = 2547 kg-m?, Yo = 5400 kg-m?,

Yyy2 = 5343 kg-m?, 7,0 = 224 kg-m?,

Yayz = —2.8 kg-m?, yy,0 = 13.7 kg-m?,

Verz = 0.8 kg-m?, d; = 0.6 m, d5 = 6.285 m.

TE B TN B2 BEATLEY, 7T 7 B 1
TEA ST A AR g LGP 3R, B E M3 — KO T 3
R A K HIUE IE G R AL,

e H ¥R 1E K HOAT 55 25 18] W v 3 TE s BL )
Hw = n/6 130, WG HE B AR I A5 K M ) S 22 %
p7I /Il

ds—R(1—coswt) cos &

@1 =arctan (Rsinwt) ,
V& —(dy+R(1—coswt) sin £)2
d; + R(1 — coswt)sin§
KXH: R =0.8m MM O F T, & = arccos(R/d3)

M R E KPR A

gr2 =arctan -1,
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UTSHISERRRIIRIRE
¢1(0) = 1.5 rad, ¢2(0) = 0.5 rad,
¢1(0) =0rad-s™', ¢2(0) = Orad-s™.
fRExHLsh B AR ER ER AT HERT, A S 7EMIE— K
W3 RGP NS B S A E MR i T ok
T RS R EERBRHIR, IE

p(t) = [188 288] q"(1)i(t).

TR, KM T 4 T R AN TR AR A SR B R (A
RN E L, T 5 RGURSHR, B
TR TE R IETZ R Sk, B

a(t) = [1500

+ 300q(t) +

5000 e ?"sin 6t + 500e~*q(t).
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Fig. 6 Estimate of the total disturbance f;
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Fig. 7 Estimate of the total disturbance fo
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Fig. 8 Trajectory tracking of the azimuth position
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Fig. 9 Trajectory tracking of the elevation position
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Fig. 10 The tracking errors of the azimuth
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Fig. 11 The tracking errors of the elevation
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ERNRESHRER T, NE12—-13TUEH, 2 H
ADRCTE 2% & e B i A T PIDIE 85, R4E
FERZ BB DT, RETRIERSIEIRR 2 RE.
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1.52 7
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Fig. 12 Trajectory tracking of the azimuth position

under disturbance
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Fig. 13 Trajectory tracking of the elevation position

under disturbance

Z BB EB N AR RESH R AR, ¥
5EFE BRMEIR/N30%, AERNAESEITEDLT, SkATE
PR B HISUR. 14157 LIS R E
i, PIDSs IR K 13 3, 11T ADRCJL A 32 52 1.
XWIGIUF T AP HHE AR AR T RGO 105L
AR NTE RGO RRBR, RN BN
BRI R

1.60 T T T T T
1.58
1.56 14
1.54
15.2
1.50
1.48
1.46
1.44
0

3% / rad

t/s

Bl 14 B/ BESOU T BRI UL ER
Fig. 14 Trajectory tracking of the azimuth position

when B decreased
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[16].
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Fig. 15 Trajectory tracking of the elevation position

when B decreased

6 4518 (Conclusions)
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