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Abstract: To achieve high-precision and stable tracking performance, a novel disturbance observer for the
photoelectric platform based on dual velocity loops is designed. This method aims to minimize the impact of
internal friction torque, external carrier disturbances and sensor noise, thereby enhancing the dynamic re-
sponse performance of the system. Firstly, the mathematical model of double speed-loop is established. By
analyzing the signal spectrum and response performance of various sensors, we have chosen the circular grat-
ing sensor with low noise and short delay to replace the traditional measuring machine for closing the inner

speed loop. Moreover, the Fiber Optic Gyro (FOGQG) is utilized for the feedback device of the outer speed loop.
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Then, a disturbance observer is designed based on the gyro speed signal to observe the disturbance compens-
ation residual in the inner speed loop and the outer carrier disturbance signal, while the feed-forward com-
pensation is performed. The experimental results demonstrate that the double speed loop observer control
method can reduce the system regulation time to 45% of the original. When subjected to sinusoidal disturb-
ance signals with varying amplitudes (0.25° to 2°) and frequencies (0.25 Hz to 2 Hz), this method effectively
improves the system's ability to suppress disturbances and increases the isolation degree from the initial 20.9
dB to 30 dB. The disturbance observer with double speed loops meets the system requirements of rapid re-
sponse, stable tracking, high precision and strong anti-disturbance ability of the photoelectric tracking plat-

form.
Key words: line-of-sight (LOS) stability; double speed loop; disturbance observer; gyro noise; system isola-

tion degree

1 31 &

TEAMUSEARARBR /IS L8 R S e R
FHFNAE USRI 75 2 172 R, LR B e AL
Xof [ By A 2 2 At 2 i R R U
TP, BB BT R G T AT R
TTlReRm . BRSO, 158 1 gk
JEEa, R RIR A T ANLE SR AL, HOtH
FFEE ARG FAR R — X AR S Brf O0, Ot B AR R F-
13 12 5 A B PR AR B 2 0 17 BE 1 AL PN S
SRS, UGS BRI 2 TE AL H AR B PR AR
SE BRER

2 AL A AR 2 B SRR F2 AT 230 3 45 T
(1) NRIEBY, 3= A 43 JEE 455 0 R 000 R M A
FEOY; (2) SMAR BRI Bl A K (3) 1 i e 7 12
FEXTNERIE SN ZR, R R 0975 kR i ST e
SRR M M AR AR, I HAE A TR (e AL
B, DLSEO N RR LS A . SR, B TR LAY
PEBAMETT 5 & VL FA PR, 4 R GRS R
Jol FRIER S8 [ 38 R A AR AT, M5 5 AR M 38 31 i
WIROR, B 2 I BBRER R 22 RIS o F10
HINEREARIE S, H TR S PR T RN A 354K
SR 1k T2 AL G A RO S AN S T
T o S PR D5 T 2 A S A LRSS F I, 3¢
THEGR SR 20 k2 A RO R BURI 0
i, AFITF /N AR BT, TRt 2N
A . SEAME DT T 2R BT E R R 1 45
il 53R, AT Ry D T RE BRI B AT T 52 O A
TE M 705, LA KRS T 0L 5% i 45 i O vk

SOl HiR, BT LI A A 75 1R U T8
LI REE Y € SR £ I e o7 WA R ER VS I 103
JEAR T, (0 FHIN G BE T B B e I R G AR
1113308 1o 3 A5 HEAT Bl AR A I BE A7 5, LA
FEAL A RIS, HAERHOR, Ao IR T A

N Tt B R A, A SR — b T XU
JFEFR WL A5 A AU DU AR E T ik o WUH BE 3
S A PR T JSE B 4] AL B0, MK AN BRI A S
TRERARIL Bl o A T B R BR, U JBE R A A
PEA5 ANk R e A4 3 0 AR L B ph L L
(1 [R5 B E M 5 T2 LA 3R, S ik g T B AL ) £
R PE AR T B A5 45 PR B A TR Y, LR iR
e R GE R Bh A5 SR o FEA R SRS A BT
T, 5IAZET AR5 RS &, AR T
17l 2 22 6 1 i s ., ] L A 3 A 5 g
KR FHU ARG A AR

2 H TRk RG] 52 9%

2.1 NGEREIFEHIRE

LT A DA B AL A E AL S
e T AR AU A, R R R 1Y) < 2 )
BL” DI RELL A P o A SR R % [RDEHER AR 19
FAEEAR BT Rr, DA B A5 A Ry 1R A
RS . M TEEAEE THILLNETG, 7]
PV T IHBREEE A AR Lt R 2 . o
IR H MEMS BEBEAE Ry 3B S 55, | TRE
BEAL IR T LRI BT 5 HE AR XS T 5 2 ] 1)
T VAL, WGE A R BR AR T PR PR R SR AR
AR Bl B, 1T IR B T B AR AR E 1



1170 R DG (hgeso)

16 %

XUH JE P42 R GL I S A HE B AN 1 i,
ReIASE A EER | R EER | IR AL, Tk
SR HH, O RN EIESTA,
Orer 7= R GEH R SLFG LHN , drer 2 R G HL LA

BRI, ug ALY RS2, i) Z LY
4?&1 L, T, S AL AR, o, 2 ALY FE

ERER AR AN, REIEZ B B TR
ﬁl\iﬁﬁﬁii‘fﬁdﬁ’] v, Horh, T & RS 32 B EE
HT1, o REMAI B A

u, by | e | T

s *?—Vﬁ%ﬂ »(T)» S »_%» LR [ b T i

K1 ARGt

Fig. 1 Block diagram of system control structure

AR B FRATL Y T AR S 3R R B A 2, ]
DA S R R0 T b 3 42 A Pl A S50 A R AE 4]
miE 2 firs . Ko, G, = RGERY AL E IR BUE R
M, G, e RGN E L ICA BT, G = RS
TRIECA R, L 2 AL RS AL, R 2 AL
HIBHS AL, K. 2 LR 2R, J S AL 67 200
it 4
iy($) _ Gi(s)

Gl = T s+ R+ Gs) (v
G(s) = G,(s)G.()K, | 2)
1

BT BIR A, AT DUHE SR T R GERY B i A
JE wo FIAEERATE S 0., WAREEEE ) T, LUK
SPFEAIR B I o, Z ] HI5C R
wo(s) =

P(T;+[1+G(s)P(s)]ws+G(S)P(5)G () Wrer
1+G(s)P(s)[1+G(5)]

4

MYV 25, AT UG UE P B 42 il # 7
P AU P L

IGSPS[1+G ()] >1 5

IG(s)P(s)>1 . 6)
HT RS A (6) T, ~3(4)
ATLAfR A

G(s)
1+Gy(s)

Tf + wf
GO +G()] 1+Gy(s)

ref -

P

[ H, R LA S Y 5 BRI 2R St A
JEHRA | BRI LA RSN AR Y sl 2 (B 5 2R

wy(s) =

wf + Weer - (8)
G(S) TGP

i HOE AR A~ 3, AT LA B U JEE
PR SAE rp, o TR B4 T ) S AR E
IEHIAS Go(s) AR T AIVERT; RGERTAME
BRI BN o WFRRPERESS 2 Gy(s) BE, T 5
PN B B IE PR LA K R G SRS

TN O34 B 7 THT, B PR R 25 v, A

wo(s) =

LA
>

\ A

LS*R,

B2 RGHEAHAER

Fig. 2 Block diagram of system mathematical model



% 5 ,ﬁﬂ %i%}‘éa /—{—J‘é: %Tﬂﬁfﬁ%%?ﬂﬂ%%ﬁf Eﬁspﬁﬁiﬁ?i 1171

BEYE T 1 25U IR R Gl i s i B i A
BLAN SR B VR T, B2 E I BB R A% e, 5
BUE SR MR 0GH Al 25 v, PR EE 52
JIREPUBN IR F G ) B B P RO AL
Fef mBDEHHE S BT R . h T EDEHHY
R AR A5 G , LA L 14 A P 728 A AT L R 2R
GERN AT, AT o 1 > R XTI Bl Ay
BERE . T340, BOCHHME B R | B
B, A — R el A% Skt B T [ A R A4 Al
B i) f RE AN A AR B, BEIR T B RS RR
L HE LA

FEPLHL s RE Ty T, 38 AR 3 (7) A S
(8)HEAT A, AT LAABL: (1) i FBHERRTT 1+G(s)
YFEAE, A5 UM B2 P 3 4t 248 00 o 1 BE 4% T
P68 J15 (2) %5 F AR sham i, Bk
PP R T RS ] B AR AR, B R T I I
%, FLHTHRE A A R B A PTG
2.2 EFIURE AT HINIEF

J TS ARG R BT EE T, $E T
BERA 5 F RN 88 A A Mz PR B 1) 23 3% 25 Fn A1
TR E AR B, BE G PRI 5 119 7R Ge B
RUFER AN 3 FiiR .

_ooMEEEE

PR3 T R PRI & R AR AE ]

Fig. 3 Block diagram of mathematical model based on double speed loop observer

XL 34 RUH B A 000 5 45 AR, m] LA
Gp(s) Fr ME LAE T 4 16138 43 1 b B A% 328 o 4K,
C(s) T RS IERIH . G(s) 5 I 155
L BRFRAL 3 PR B Gp(s) i %, 5 RS bR
iy HAF T T R, IR LS WS e B
f C(s) BB P B B0 iy A isdBA 1957, AT
ST PR A 1) B 5 5 2 RN A 2R B Y
M

T A A, G B P WL AE 5] v R G
i o, FNERIEESE P B Ty SMER AR 3
o ZII R, AT RIBIAK(9) . FARFREIA
TR, B G(9)P(s)=Gp(s), M=(9) AT faifb R A(10) .
wo(s) =

P()T s+ wy +Gy(5)G(5)P(5)(1 = C()Gp($))Wret

(1=C(5)G()P(5)) + G ()G (5)P(s)(1 = C(S)GD((Sg)%’

wo(s) =
P()T;+w;+G(s)P($)G(5)(1 = C()G(S)P($))Wret
(1=C($)G($)P()(1 + G ()G (5)P(s))

10

A K (9) Fa=(10), 7T LIAS H: X F
SHEEAGES, RS AT I &[5 IR
AR 2 g R A BB DG R S Ak, 5T AT
P 5, BB 1-C(s)G(s)P(s) 51 A B & Fa 58 1)
AL B R 1-Clio)G(jw)P(jw)||>1, 0<o<w,, N
%250 6 WHRTE O~y ] 1448 3l B AT 3076
CEWAS

MRIGE e e e T B, 51 AL &8 5 R4
SV B W S L

IASC($l <1, (11
Horr, A (s) fRRSEBRBERUFIARFRIAY 2 18] (445 5y
o, A
Go(s) = G()P(s)(1 +A(s)) . (12)
7SR Y P 0L B2 R+ DU % 11942 i 45
Fy, AT T L0 i FH A S LI 4 2 Ll il FH X

B P O 1, AT A — 2D AN SRR Y B
(PR g Ak 2, AT B i B IR R e P



1172 R DG (hgeso)

16 %

S AT

3.1 [EtR{ES3Ebsis

R IR A T2 TR o A SRR A 15 MR L A )
U R, 43 S MEMS FE A2, 62T b 08 [
MR B A A L, AR AY 1 kHz f R FE
B IS 3 GRS A5 5 HEA T RAE FIA7 %
3 PSS HIAL IR R AE I U 5 A& 4(a) CREIEI DL
W FRR) T, Herr el A R AE A 1 MEMS
FEBRA5 T, 202 R RAE M H E RDEHHE 5 2t 25
25 W BE A, W2 R M LT P iR
T o Zeah PR Ny i AR A5 B A S S a0
] 4(b) CE &1 LA L W) BTz, [ gk 28 A Xt
i LIRS MEMS BEIRA(E 5 s TP d 57 it A2
PeAS B (5 S A, 2028 A% RS B R
W 5 2R 2553 2 ) (R 38R A 5 A DR sy
AR AT B AT S B, Lo R R S Ok
LR BRIR {5 A T IRE ST AR B A B A S A
K. MIE 4 ATRLE H: OMEMS FE B2 A e e K
R 4 +£0.06°/s, H [RIGHIHE 515 21 i o i 15 55 ik
7 AT 15 +0.02°/s, Y6 4T ¢ B2 M 7 f /N 22 £0.008°/s;
Qi 3 W52 3 B #7 9 ( <50 Hz) N A {5 5 B i

4
0 10 20 30 40 50 60 70 80 90 100

fHz
B 4 BTG S AT H

Fig. 4 Comparison of signas and spectra of various sensors

0.10
(a)
0.05 ’
< 0
z
3 _ \
= 0.05
>
—0.10 — MEMS
— Encoder
— Optic
b 0 1 000 2 000 3000 4000
t/ms
25 (107
T | MEMS
— Encoder ‘
20} — Optic ‘ ‘
= \ ‘ \ ‘ ‘
°<,1.5' ‘ ‘H‘ ‘\‘“
.%’10 “ ‘ ‘ “\ H\\ “ “‘\““““\dw“ f‘
S Lo [ AT T R
s ("\'4.H
Al
110 i Y N f
A o

AN, EH RDEHHE 515 20 0 3RS 5 i A0 i (A
/N, FEFBE IR 5 5k 2, MEMS [E 25 5 iR (H
Ko

AN, R T K MEMS B | SCLF g | (R
SO = Fh A AL IR AR B A 0w B PR RE, WA AL
B o1 M AR AE G- 5 7 Al | il T ah i
SR B SR G B NS G S . LA
[BDGHHE 5 15 2 0 3 A5 5 A E T 5 /)N, MEMS
FESR(E T B e K BT LR ReAsL 5 5
WLEE, BEHR B B AR A O & S
WA SR 55, SRR G LT BE S8 Ny ok B AR FR Y
{57 REEW A, FE47 5 22000 B 2R I &5 S =
PR AR AY ) AR AR S - 5 o AT T MEMS
FE MR Ay B A IR 4 1 O v, AR SS9 4 B AT
WA 75 B850 /NI G AT B R R A 7 B AP FR PR 3R, 1T LA
PE RS RGN R I T8, A4 150 2R G0 A il
B
3.2 (RiEMEEEXTEE LG
3.2.1  Hrgkee RSB

W G HLE G O AL R 26 1R B BREE A
5%, AT LAIRAS A TC TIN5 45 14 1 R Ge it
S 17 it 42, & S CR B UL PR WD BT &
L 52 e 7 28 174 8 0% 0 R A B[], AT A& B
OFZEEAPNG w7 N E R ol ¥R A
LB R 40%, PHT B 29°8 0.055 s; @ BIAT
POULIES 5, R GERa B iR 7 it 2 A 20%, 14
TIFIE R 0.025 s SEEG 25 UL 51 A TP U
v F G0 B B BR e 7 £ 8 R SR T, I L
T AR A R R G DL . AR IR
SRR B TS AR5, R EE 5 71 Fn
AR B0 R 05 e AT LA B 5 B R e ]

1.4
— With dob
1.2 — Without dob

1.0
0.8

Degree

0.6
0.4
0.2

0

20 40 60 80 100 120
t/ms

s Btk B 20 He P

Fig. 5 Comparison charts of step response curves



55

B, I T RGeSl A N R
322 ERRREEE

Ry 33— 25 DU OBCE 5 2R8I 5 1% e iy 4 BE
R B BIEERRE G L, 2577 6 R PR
ABRAE N 10, 55N 0.5 Hz (I IEZF8 55, 18
SIAFIAS LI 28 ) RO JE FR 4 ) R 48 H 4331
PR IR(E S BT, S g g R A 6 CEIE I
AR F RO s o K] 6(a) A BE AR5 BRIER 45
P H e 2 R AT HI0 LI 25 B4 UL B8 A i R 4
(1 1E 52 B 2, 12k AR T TP LI 2 4 3L
L A T R G R 1E 5% g [ 4R, WA 2 R R B
IEFZFE 455 . & 6(b) byl i BRI 1R 22 ih 2 .
PSR R AP 25 4 BGRB8 T R 42
(A 1E 5% B 2R 22, LN AR I AT 4
4 UL B A T R e 1 IE s o 2R iR 2% . AT LA
MEL R DL G OFEE 6(a) 1Y 1838 BRER Hh £
ALK IR, FEBAT 5 1AL 25, 0 8 g 17 i 2k 7E
I AN I B G o ik WS R B 1T 2 1 4%

3.0

—0.85

1.00
L W
2.5 -0.90 0.95 Vil
201} -0.95 /| 0.90
~1.00 0.85
1.5F  -10s 0.80 )

2300 2400 2 500 2 600

13501450 15501650
1.0F

0.5+
0F
—05|

Velocity/(°/s)

With dob

—1.0 }—— Without dob
—— Refer
-1.5 : : : . . . .
500 1000 1500 2000 2500 3000 3500 4000
t/ms
(a) AR5 MRS,
(a) Tracking results of velocity signals
0.08
—— Without dob
0.06 With dob
0.04 A
. 0.02 A 5
5 oF | ‘W N i "y J i M Wl LA i h‘“ '
B bl g Y TR
3 P i ‘W " Yy Ww
o
~ 0,04}
—0.06 +
-0.08
-0.10 : : : : . . . .
0 500 1000150020002 5003 0003 5004 0004 500

t/ms
(b) MR ZE IR LS R

(b) Tracking results of velocity error
K6 5N HIZx LAl

Fig. 6 Comparison of sinusoidal response curves

JRiB X sk, WAL B, 51 A W& 5, TCie e e
JEITFAb, i SRR B B KA 53 e/ IMIE AL, R
N7 26 35 R DA Gy b BRBE S 215 55 @it — 24
T P R i 22 il £k (DL 6(b)), AT LA G Wi
B, AL R, 338 5 0 R 25 7 3 2 A
ALRE] 0.1%/s, 5IANLIRS 5, 482 M ] 15 25 0 K
AR 0.02 /s

IR AE A, 5 LA R IS 8 KU
IRE ) 7 T DASE Rl T A MEEE I ), 4R &R
S g M RE
3.3 ikEhkESIxTEEE0LG

et sh ke o B e THRE G ROt 5 it
FTYGAE, 1 77 07 b i 52 20 i EE 8 1 B IRp Al
FEBUHIL S50 T AT {07 il A o) G2 X6 L B B XL 25
PIARCPEA TN . B SE8 7k Ry 43 5 X 4
A A (025° 2 Hz) . (0.5°, 1 Hz) . (1°,
0.5 Hz) . (2°,0.25 Hz) 4 20 A [F A R A S0 R 25
B, A SR ERBEE Bl . 8 SR AR SGET P R
JEAR 5, X B A JE T 0L B 1 35 SOk J3E A
SR 28 P R T AR QT A0 B IR R 22 iR 42,
E7CEE WIHPIHRFBO R, Bl 7(a) ETETREE
Sk 2°, B 0.25 Hz IE %P 85 5 T i &
Wesh M Zexs b g 5 o Horh, 4RI A THM
N5 SF S 32 pih e e sl O, 20 26 Sk 5 | AT
AR B R £ U S L (LA R IR o & 7(b) 7
RS Ry 10, Bk 0.5 Hz B IE 355 T 0y
FE U B 2R g SR . /] 7(c) SR AE IR EE N 0.5°,
AN 1 Hz WIESZIR BN E 5 T 3 B I s ih 46
XFEEEE A, B 7(d) R AEMRBE R 0.25°, Bk 2 Hz
HITEBZA S S 5 B p i shith e vt e g 58 . ]
PLEBL: D @ik WA 7 (a). 7(b) A1 7(c) HBLGHE
JE PR IR A1 25 28, 76 0.25 Hz, 0.5 Hz FlI
1 Hz S35 00 1E 5% 30 sh A5 5 ™ FEE 48 ) 46 9 Rt
SIJVERVERT, LT MR +0.2°/s 1R
Bl T AR [F) A5 A2F T 35 X0 5 A W0 28 %) 42 11
BT DUV G 3 LT e 8h; @ WA A
2 Hz IE5% 4 sh 20 T (LI 7 (d)) i 8 38 R i
2R, AT DA ER, W R LI 8 s AR ) e
W B9 B 1 3£0.3°/s, F T U B 2R LI 2 1)
) 7 (5 3R U0 ) W kN 28 0.1/, SR FH XYL
R E PO I 2 1) 0 - 5 R SRR S e 20.9 dB
=3 30 dB.



1174 R DG (hgeso)

16 %

0.5
0.4
0.3
0.2
0.1

(a) (2°,0.25 Hz) — Without dob

— With dob

—0.1
-0.2
-0.3
-0.4
—0.5

Velocity/(°/s)
(=]

t/ms

0.5
0.4 (c) (0.5°, 1 Hz)
0.3
0.2
0.1

— Without dob
— With dob

—0.1
-0.2
—0.3
-0.4

Velocity/(°/s)
(=}

500 10001 5002 0002 5003 0003 5004 000

t/ms

500 10001 5002 0002 5003 0003 5004 000

0.5

0.4 (b) (1°,0.5 Hz) — Without dob
: — With dob

0.3

0.2
0.1

—0.1
-0.2
-0.3
-0.4
—0.5

Velocity/(°/s)
S

500 10001 5002 0002 5003 0003 5004 000
t/ms

0.5
0.4
0.3
0.2
0.1

(d) (2°, 0.25 Hz)

—0.1
-0.2

-0.3
04} — Without dob
' — With dob

500 10001 5002 0002 5003 0003 5004 000
t/ms

Velocity/(°/s)
(=}

K7 RRESSERANET My shte

Fig. 7 Anti-disturbance abilities under different experiment conditions

RS A R T 5T A5 Y XL
JEBRAZ i 7 75 T L 25 B e P 5 X SR A
RS AEE 5 755 RS I i fiE

4 FIAE 5

ASCE AL TR 5 R GENUE IR
FE TR, TEXE R G fh i s G THE S 0T Y
Senh b, I T NANE IR B A S B AR
FHALBE e IRAR P 1, SR FH M AHIHE Fisf 452/
F 63 S M £ 52 B B N R AT 3R, AR N
PRE AR B, DT B o 2R G il N R0 3 B fig

S CHE:

J1o 5, i) A KT BEIR AR 5 0 00 2%
P 2%, SCIRRGH BE P 2545 i 254, 1E—25
PETF T G5 RGNS N R T R T
SR S RPTTRRE JT . SRR A R AR, T
W25 5 8 U 32 PR T R G F I 4 A BT 4
Tk, B2 G R0 R E B 0.055 s FEAK ZE 0.025 s; [F]
AP LA T XA [R5 FEl 43 (0.25 Hz~2 Hz) Y
THIRE JT; RGEPREIEE 20,9 dB $#£71 % 30 dB.
AR SCHRE H A UL PR LI 8 A S B TR N o
X T G HL - G PRt B e ) IR E A B B
BEZEME.

(1] RFE, KE, 0w, F BRARBOER IS T AN JEBUR A BB AR 047 (7], &osh 5k 42, 2021, 50(7):

20200230.

ZHU M ZH, CHEN X, LIU X, et al.. Situation and key technology of tactical laser anti-UAV [J]. Infrared and Laser

Engineering, 2021, 50(7): 20200230. (in Chinese)

(2] &Mk, mis . LEEMRERA R T ANEORERE ], BB A, 2019, 40(6): 42-47.
YU H L, WU SH H. Progress and development trend analysis on US directed energy weapons against unmanned aerial
vehicles [J]. National Defense Technology, 2019, 40(6): 42-47. (in Chinese)

(3] @&, &7, e, RN T RET]. B A+, 2019, 40(1): 35-39.
GAO B, ZHANG N Q, FAN X. Analysis on the development and application of anti-UAV electronic warfare[J].
National Defense Technology, 2019, 40(1): 35-39. (in Chinese)


https://doi.org/10.3788/IRLA20200230
https://doi.org/10.3788/IRLA20200230

o505 %i@é, /—{—J‘E: %Tﬂﬁfﬁ%%?ﬂﬂ%ﬁ@ﬁf EEEIZS %%7‘7& 1175

(4]

(5]

(9]

[10]

(11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

5. AT =P B ARG AL D], mat: B TR, 2019.

LI L. Research on video based airborne target detection technology [D]. Nanjing: Nanjing University of Science and
Technology, 2019. (in Chinese)

BIR, B S, Lt se. RTCANLRGEIITE AR BOCHEEAR T [T]. ALF-5#, 2021(5): 52-56,60.

XUE M, ZHOU X W, KONG W L. Research status and key technology analysis of anti UAV system[J]. Aerodynamic
Missile Journal, 2021(5): 52-56,60. (in Chinese)

F9R, FOHE, TR B4 HOCREGER 2 E R T iz HT 7). #or 5 205k, 2020, 50(5): 515-520.

LICHL, LIM H, CHEN Y H. The application of laser weapon in the army's whole area operation [J]. Laser & Infrared,
2020, 50(5): 515-520. (in Chinese)

YAO J. Target tracking system for UAV based on stereo vision [D]. Hangzhou: Zhejiang University, 2018. (in Chinese)
At AT FPGA #9353 B ARteil] 5 3k 3% & 403801 [D]. FIat: B AUHL TR, 2018,

ZHANG Q. Moving object detection and tracking system design based on FPGA[D]. Nanjing: Nanjing University of
Science and Technology, 2018. (in Chinese)

R#Fy, F e Ot RER RS BUN ROP ASTPLIE R mE [J]. R K5 FR (8 KA 5 TARBAR), 2021,
54(4): 379-387.

ZHOU X L, LI X F. Integral backstepping active disturbance rejection control strategy for the electro-optical targeting
system [J]. Journal of Tianjin University (Science and Technology), 2021, 54(4): 379-387. (in Chinese)

AR, F AT, AR, AR E T B RO 2 L AR ) (] 4226 55 R, 2021, 38(1): 13-22.

JIA T, LI X ZH, ZHANG X L. Neural network sliding mode control for vehicle inertially stabilized platform[J].
Control Theory & Applications, 2021, 38(1): 13-22. (in Chinese)

FRER, 5 F0, AR I T[RRI AR L G 73 BeAsURt R 14 2 R R [R) A0 v AL 1A R e R ) e e AT 5 (0.
P E BT A $ 4R, 2021, 41(16): 5737-5747.

XING Z ZH, WANG X H, ZHAO W L. Research on reduction methods of cogging torque based on segmented skewing
magnetic poles with different combinations of pole-arc coefficients in surface-mounted permanent magnet synchronous
motors [J]. Proceedings of the CSEE, 2021, 41(16): 5737-5747. (in Chinese)

X K BAA IR #) & 89T 5T K (D). 9% T FRHER A, 2020.

LIU M. Design and development of servo control system for photoelectric pod[D]. Xi’an: Xidian University, 2020. (in
Chinese)

P EHC TR B IE NS AMEDT AN T (V] i 42, 2022, 43(5): 61-67.

CUI H M. Research on friction compensation method based on intelligent differential algorithm[J]. Journal of
Telemetry, Tracking and Command, 2022, 43(5): 61-67. (in Chinese)

FH, G9, REL, FOUBREFARIRRER BT S L]. 3 Epus £, 2017, 34(3): 77-81.

LI L, XUAN M, JIA H G, et al.. Design and optimization of vibration isolation system for photoelectric stabilized
platform[J]. Computer Simulation, 2017, 34(3): 77-81. (in Chinese)

ARAR. B F-F & FUMBRIZHAA 2 [D]. KA hERFEA RO ERBIE T, 2018.

DENG CH. Research on prediction tracking control on moving bed[D]. Changchun: Institute of Optics and Electronics,
Chinese Academy of Sciences, 2018. (in Chinese)

IV, BRM, T &, F. B EALREIE R DG B SN SRR MRS e I (1], B 45 %% 42, 2020, 28(6):
1344-1352.

WANG ZH SH, TIAN D P, SHI L, et al.. Equivalent strapdown inertial stability control of photoelectric platform
considering the effect of mounting base[J]. Optics and Precision Engineering, 2020, 28(6): 1344-1352. (in Chinese)
&b, R, BT, T TIAMERRE SR RGBT ], vt 5 413, 2018(1): 22-25.

PAN SH, YANG Y, CHEN D D, et al. The design of inertial stabilization platform based on disturbance
compensation [J]. Machinery Design & Manufacture, 2018(1): 22-25. (in Chinese)

BEF, T &%, . R B A i R S T AR (U], 424) 42, 2021, 28(3): 553-558.

REN Y, WANG Y M, NIU ZH Q, et al.. Application of high-order terminal sliding mode control in stable platform[J].
Control Engineering of China, 2021, 28(3): 553-558. (in Chinese)

BT, Ak, F WA, F . TSR LN A8 A A RE TR A5 e MU ML Pl (D). Sk 5 %% 42, 2019, 27(12):


https://doi.org/10.3788/OPE.20202806.1344

1176 HrEYG2E (PRS0 %16 %

2628-2638.
XIA X Q, ZHANG B, LI X T, et al.. Low speed sliding mode control of permanent magnet synchronous motor based on

extended state observer[J]. Optics and Precision Engineering, 2019, 27(12): 2628-2638. (in Chinese)

EEEN:
B (1990—), Z, M R LA, 1

b, WY RN, 2018 4F T op [ Ao
Be K 7 O 7 R % BS54 BELBE 5 B
PAFE L2y, FENFEREEOLR
PEHIAICN R GE07 HITSE . E-mail:
cui_huimin2012@]126.com

= 3CHE(1990—), B3, iDL T LA, T
&, TR, 2021 4 T R Tolk kK
SORAGF 2B AL, F BN F A
RGN A E SN m R ER
E-mail: kangyuan45@126.com



https://doi.org/10.3788/OPE.20192712.2628

	1 引　言
	2 基于双速度环的观测器设计
	2.1 双速度环控制模型
	2.2 基于双速度环的扰动观测器

	3 实验研究与讨论
	3.1 陀螺信号对比实验
	3.2 低速性能对比实验
	3.2.1 阶跃响应实验
	3.2.2 正弦响应实验

	3.3 抗扰动能力对比实验

	4 实验研究与讨论
	参考文献

