®51% % 138/2024 &£ 7 B/HEH® it

b
&
X

He b RR B2 DR A5 1y P it i Sk B Sl B DI
Kk, REHT, REH, KB BER

HDARBHE RS A S TR, AR H 8 2665905
P EBE B R EOL RIS BTSN, Ak K3 130033

FE DUGR RPN AR AR B I A R e P S S (F SMD) Y BRER P RE NI T RE Ty o X0 DU R BRI
i DRSS B4 A o [ A 4R R — i e R Y PP D M S R D D A TR A R, T SIOIR 2 LI % £ BT
A GURS IS @Al T, IR i 5 B ARSI IA R R S PR PRSIy B o SRS, BT EOR 28 B A 4 54
il &%, 7 ASPACE S8 5 B AT FEMIMERE S U0 ST T YLRE 11 246 o S U 45 R AR W1« et 0 1 70 0 42 W 2% AT LA
$2 i FSM By BRERYE B L LA 100 Hz 1E 5245 5 S 0], AR S T 4tk A B0 90 42 o R0 T 00 0000 28 4 o ik |, BRLRORS 132 0 Dol 42
5 1 20.99%% F165.40 %0 5 %5 10 Hz 1E 5540 3l 5940 i B J1 20 B T1 T 35.36 0 1 61.26 00 o Br £ ek 24 ) p A 4% 46l oy

T AT LATE AT AR BN ek R P ) 35 0 T 52 BGF I8 8l B RS a8 it 1 R ), A7 2804 w8 FSME B 4 ) PR BE

X G REAE; AV R

HESES 0439 NEIRES A

1 51 5

PR 5 BT (FSM) 2 5% T A g 8 Bl B v L
YRl , S H AR R R 22 1) SR 1 4 ) B4 B A B
e, LAY W N R PR M RS R R I L Tz
TS AR A TR HOGE F RO 5 R G
S AR S AR A R M BR R AR ThRE . T
e GE ARl R BILAG Q41485 B 3 B A SF- 15 A5 9 4% o RS JEE
A 1 2 5 AT B, JC i A2 TRAL T A I A Sl A
-5 B PR SN, T FSM AN AT LA 2 AL 45 4R 30 15 N 69 =
SIS 1M o m] LA AL G AR AR ML F) 42 1 5k 22, K
1T 48 155 G TR A 1) ) B0 OHE B8 A 5 o fFL gy A 3 A4
il 5k 22 HoA B 28 B Re R 5 A AN R0 CA (R I (B A9
55, 47 FSM F il 5 ik pie ihaliok 17 Pk ik . & Rl
PLUR B 9 FSM B A 47 R K VIR 8l BLURAR 5 T 45 1 45
(SN SN O e S NI (G /) R R s E = S
S i A2 BE ), 0 H BT FSM ) 8 2R Ryl kG
JEE £ 57 B e TRt I 2 B v R R A 1 o B AT, H AT
L AL FSM b i A 06 B A% T T2 AT R i A% JRK
i MO i A 7 B 1 B P, b o 10 0 A5 R e AL
A B IR R, SR R B I B A FSM
HZ T O H SR A R e TS 3 e v PR D A%
EOBBEAL B AR A TS B FSM R e M, BA
PO AL T 0 B P i, HG e i Sy ST Y 2 DY R BR AR
o BRI DU G BRI 45 52 $A e 7 0 5O e 5

IR 2 gk A

DOI: 10.3788/CJL231312

B K AFTE B R A I W BRI T FSM 5 il 4 i
427t .
H P45 6 (ADRC) 7] LA R 1T I Mz R Go
Bl RN FEAR 2h A5 R, FLE T S B, 7 ] AR g ) 45 400
JzZ N o SCHERL7 1% & Bl i AL 3K 3 i) FSM, 42 4
— ol S BT B L is R /NI R B A SRR R ik . S
R [ 8 1R FH ek bz 1 B vk X [ o4 45 1 2% 09 2 B0k
frogse W T FSM I BRESKS . B T ADRC AL, T
P E5 (DOB)™ & F s il  F0 [ 38 B 42 il 55 7
ALY T FSM, B T — R8I . SR 2L
J7 VAR J2 T F 108 A% B A v M BB A 7 B AL IR AR IR
TEAY, F T U 4 B R 0 A ) e 7 A K, FSM R 8
e e 22 BAR K . UL ADRC R, 4 T 38153 B
U 0 4 2 B BE L Ak CIR S WL R (ESO) 75 22 3k $%
Fb AT 0 1 25 L X (AR ESO X ) 2 M 7 R ARk, AT
fE 25 5 35 AR MR 7 S 1 ESO TS e Al . X T A
1 M TR FSM A 4 il [n) &, SCRk [ 12 ]Fn STk 13 ]
K F AR IR 2 R U A8 X A A B AR B A AT R {5 S R AT Ak
B AR5 A5 5 2 B of ESO fiTDOB 48 24 sh 4 1.
H SR IR 2 R Dk A5 HEAT A5 5 Ab U TE vk 25 TR Sh 1 52
Wi, S B0 2 B AR S Al T A RN B S 22 18] AT B A7 7E i
25T FLUE B & 5] AL IS 6P sh Al 119 1 sE A 1R
S, PR R BE AR A I 2 T FSM A 45 il
PERE .
B OX DU G B 00 2 PR T B B A 1 4 1 ), AR S

YR B 2023-10-20; fEEBH: 2023-12-13; RABHEI: 2023-12-15; MK BH X EHH: 2023-12-22
EETH: ILAS AR ESE(ZR2021QF140, ZR2021QF117). FFK H kB34 (U23A20336, 52227811, 61933006)

BEIE1EE . sun2007cn@163.com

1306002-1



2515 £ 13 H9/2024 &£ 7 B/HEH,

AR R SR AR A ESO, HE W s gk &Y A P g o7
% (TIADRC) o R 7K & U8 5 & X5 & A i = M S 09 15
S UEAT UE B 1R BE S B AR THE R AR S ESO 1 i
A5 [RTEERE ESO W 04 38 3l AR 7R 2 08 P 2 R A 7
i vp, DT 6 A7 78 8 ) 2 T 7 1) 17 O i B T 46 3
B R B A7 1T R B0 AR R BT A 22 R A A AR
(ZPETC)VE N HT B Hil 4% 3 THIRER PERE . A T KiF
BT 32 07 B B9 A J M, £ ASPACE & |4 91 % H
IADRC \ADRC #1 DOB # ] FSM, I % 45 il SR i 17
X AT o SR A5 R F U TADRC W] DAFE A7 78 55 K
i MR A BT S0 R Bl 0K B Ak T, DA T 42
FSM 9 4 il 14 6E -

2 2k YUY ] Ak RE 2> A

21 LB mMESSE

ADRC J2: 5 5O iE #2 R I —Fh 3 T ESO 1
il S mg A ESO B R G ARt A E 1 5 A8
P sh ¥ ok e — A~ RS A =, I R 48 B s, If 1
s o i A S M o AR R AR e R T
L IER ESO AR &R A7 M4, i b ADRC 5 il
S5 R Y R B g T R BT S8, ADRC Y5 il
ERME LR, F1d,r ASERAGES .y RS
s, w RO LESO 4R PE Y Tk AR 25 W
MEE, ENMEBMEF  z=[2 =2, =z, ] J&LESOMIK
B, d R INAE RS LR S B, A, R Ay S
PD & il 48 250 .

K1 Ayl as 254l
Fig. 1 Structure of ADRC
— M B RGO AN
Jy=—ay— ay T bu, (1)
F gAMYL, (DR
J=—ay—ayy+ o+ (b—>b)utbu, (2)
Ko MR a, M a, AR, 634 B HNCE JHB
TIE N b)) . EPCREZ & vy =y, 2, =y, % CHE
35 LA IR o A R G A B MR kRS AR
25, W ds= @ B (2) S AP 5K AR =S [ A
x=Ax+ButEQog
y=0Cix , (3)
yvo=0C,x + ¢

01 0 0 0
A oo Al—{o 0 1|, Bl—{b(}, E]—{O}, c =
0 0 0 0 1
[1 0 0y, &FSM &S Sbrbm .
LESO il LA it H

2=Az+Bu+L(y,—3) W

y=0C,z
A Ly LESO 34 25 56 1 5 y o LESO fi i o #5 F#AE
J7 TR Y B 8 AE TR — AL — w, Kb, w, I A
v, 15

A(s)=|sT—(A,— LC)|=(sFw,)’, (5
AT DLAS 2 U800 5% (%) 38 25 56 B

L=[l [, L,]'"=[30, 30> ©']. (6
FIH PD $ il 2% 52 B4 1 R 28 a5 22 B i 45 i A 1 ik
71, 0

u():kp(r_zl)_kdzZC (7)
FSM % gt 5 il 2 iy AN
:MO*Z.%
U= (8)
{75 DA A% 328 PR By — D JCE s B R G
k
G(s)=—2——, 9
() s+ s+ B, (9

FKHSH T,
k= w!, ky=2w., (10)
Ko NG TE . M, 0 2 S50k, B by H
S 25 58 A O, DA ] A 45 i 2 15 1o
22 ZEBRMEHISRERES
S AR IE AR £k M A R AT LUAE S B Bl i — 38
WISk, B SR LESO fy Wi 850k BE B L M) BR R
G, HEFEEKRN o, HEK KW o, 2 ff
LESO X Mg 75 808, 25 A P 40 458 il 1y 52 8+ ok W
Mo 43 AT LESO 7 58 38 B % 1 H Ak oF A1 Mg 75 1 i
M 52 M o
FE X LESO M % 22 H
Ax=x— z. (11)
A (3 £0(4), T IR E] LESO 1R 22 3h 112 .
Ax=(A, — LC,)Ax + E ¢ + LE. (12)
LESO i 2 8l S HE B AN &l 2 i .

K2 LESO %% h S HE R
Fig. 2 Error dynamic of the LESO

1306002-2



2515 £ 13 H9/2024 £ 7 B/ EH:

M @ B Az, 14 358 bR EC N
s*+ 3w,s + 3w?
Gd<5>: B ,
s 4 3w,s" + 3wis + Wl
A Go(s) %R LESO S ah il T Ml . 1 8 000 75
M98 w, 3 9 M 10 rad/s . 20 rad/s .50 rad/s. 100 rad/s,
M ZE AN [R] SO0 45 7 98 T 19 LESO It 8l Ak 31 A 45 2
NG5SR AN 3 s EARSI S, T AL T 5 B GE
WA w, BN T

(13)

I3 AL 8 58 T LESO e 8l A 1 i 451 5 i 1
Fig. 3 Frequency response of disturbance estimation for the
LESO with different w,

M\ E B Ax, (AL 5 BRI ER
—wls’

s°+ 3w,s? + 3wis + w?’
A G(s) R LESO M5 ] i v Al . 2 58 000 2%
M 9w, 53 9 A 10 rad/s . 20 rad/s .50 rad/s . 100 rad/s,
B 4 7R T AE S [RDUI 2% 4 98 R LESO B s 41 il 19
R N o AE R B, 193G, LESO X M A
B0 BE 7 AR 25 o 7E SEBR A b, I R R AR A
B R, BRI w, AT DL E XS T 008 Ak 11 5
il 68 77, (0 & LESO X &5 4t W 75 Sk, 75 e Al it .
It LESO A7 16 — A 40 3 6 A i 75 il /9
I IE

(14)

Gé(S):

FlA IR TR) I 28 45 S LESO B 75 1 il (9 451 3 i 1o
Fig. 4 Frequency response of noise suppression for the LESO

with different w,

3 FSM &4 #tiR

F T Hankel 55 B (1) HE 12 )7 1245 B FSM A9 45 Bk A5
RIVOT R S RL(E BN A B LESO Hr 35 11 A1 4 BY
Pk RS M #8 (MESO) , 1T LA &7 00 00 28 %5 $e 30 19
RS B FRAR R G A EPE . R T AL it
VLB 35T R BN S H R gkt
3.1 FSM R #iRER

K PR BEMLAE 5 1F 8 JF R 3R 15 5 X FSM & 48
AT, R4 FSM & 4t 19 5 A i o B0 o #4  ik o
Wi ;5 5 g (AT ), k=0,1,2, -, X — 4 & 8 K1Y
n << N, ¥ 1E Hankel 46 /4 H, 565 % H7] 5 H
g(T) g(2T) g(nT)

g(2T)  g(3T) gl(n+1)T]

_g(nT) g[(n—‘—l)TJ g[(Zn—l)T}

C
CA

[B AB A" 'B], (15)

CA"!
X :AeR”"" BER" CER"" DER "' HZR4G
B2 KU M 5 T 507 R G R AR I 8] . %44 H 647
S AR, 15
H =Udiag{o,-++0,}V'=
[Ul Uz]diag{zl,zz} [Vl Vz]T:
Uv.xvit+tu,xv,~U,x\V,, (16)
KXo =0= >0 o, = =20,=20, UMV
N IESEHE W, X A AR O Hk R G BN b,
U =lu-ul,X =dag{o, 0}, Vi=[viv
B (15) 5K (16), il 2 REHINC 5 B
ZHL

C=U,/% %47, (17)
B=Z VI #—%. (18)
E H ) Hankel JE 5 H N
c
H, = C,A A[B AB A" 'B]=
caA!
UJE AJE V], (19)
ML AT E S48 A,

A~(Jx) 1U’f‘ﬁm/lwz—l) | (20)
— ML TR D|=g(0)~ 0,/ f A.B.C.D
SR T LUBER R 58 1A% 32 pREL .
32 FSMEREZHINER
R A8 R £ #1) 11) fr A Hh B8 L 3 T Hankel % B 3%
ARG 155 R G AR

1306002-3



2515 £ 13 H9/2024 &£ 7 B/HEH,

314800

$*+ 60.71s + 19430
IR ik oo 57 32 SR A5 f0 B0 i 5 9IRS B R &
5 R A7 6 H L R B8 BE R R G ME R PR, XL W’ S
s o

G(s)= (21)

55 FSM JF B4 daf e )i
Fig. 5 Open-loop frequency response of FSM system

4 PR A Prdi s AR it
4.1 BB ESOFIt

HEg A EsHAR, XEER S, =0+
(6—bo)u g R G0 A3, AR F AT B R gt Al
21 ao= 194300, a, = 60.71, 6 #43 & A1 (2 HF 40
H by, by=2314800) , B R E L& ,x, =y, x,= 7,
o=fMWx=[y v f1" LW ITENRY K
R, R () IS A

x=A,x+ B,u+t Ef,
y=0C,x , (22)
yo=0C,x+ ¢
0 1 0 ] { 0 }

A A,=]0 0 1 |, B.=| b, |,C,=
10 —a, —a —a, b,

[1 0 0].E=[0 0 1],
MESO Al i1 H

2=A,z+B,ut+ L(y,— 9,
“HLlno=sn) (5
‘)A}m:sz
Ay, WMESOfij it o 2 E 2R
A(s)=|sI —(A,— LC,)|=(s+w,)’, (24)

A LAAS UL 5 A4 1 A5

3w, — a;
L= 3w:i—3a,w,— a,+ d}

3 2 2 3
w.— 3a,w. + 3(51] — ao>w(, + 2a,a, — a;

4.2 MBI B ESSFEIZIT

IADRC F 2 i R /R 2 38 Ik 4% \MESO #il PD J2 {5t
P il % 30 A AR, W IR 6 fir s o b, R R B R D Ay
XoF DU G2 B PRI 1) I k4 5 1 AT A B, O o 0 A e
IR R R S B A Y5 R S MESO /9 A, R
MESO L HUR A 5 B AR L E M . IR 2080k
A AR T B R & A W Sh i B AT MESO W
D7 A Bl [l 3% 3] R IR = 8 ik 2 v, DT AR IE R R 2
U HERA T . PD DL MESO i+ 19 R GEIR S
Vi S BBk T B B A i o SO0 I ) S 4G 3 AT A L 0
il P 2l TH P W RE o D T s INAE AL I A R A
M9, R F ZPET C AE Ry iy i 458 1 #5 52 55 FSM 11 1R 5
PERE . B 6 BERAE NN IR RG0S AR 4
KRS W H  OMESO M PD R Bl # . z.=
[z 2 " & MESO X 3, LUK H A5 2 A3, d 32
MESO *f & 4t S 4 8 i Al i, 9, & KRR 2 iU 48 1

. (25)

6 PRy A BT A A5
Fig. 6 Structure of TADRC

ROR =B P AR AT LA
¥=A%x+ Bu+ B,d+ K(y,— 3.

(26)
5= Ci
. 0 1 0
: A J— 5 B p— , B( f—
A [19430 60.71} {314800} 1

ﬂﬂ—D 0] x=[2, &) &K/ uEW%E

x=[x, x, "B K I8 D 08 25 56 1%

R B R ORI Y, TE Y A 3
d WL MESO B4 JROIR 25 18] 1, AR 3 28 S8 A%t 0L
A% B AT &, 7T LUK (26) o i 338 3 o A
FHE d A AR, K (26) T H

¥= A%+ Bu+ B,d+ K(y,— 3. (o)

1

‘)A/,(:C.i
U DI B 25 M K n] DL AR F]

1306002-4



2515 £ 13 H9/2024 £ 7 B/ EH:

P, —AP, A"+ @
K=P, .Cc'(CP, .C'+R), (28)
pP,—(I—KcC)P,, ,
Ao PO IR 22 5 22 50 5 @ I R 43 3l Ay ok R M 7
Ty 2 R A R 5 M 7S DI 2 R B 5 T A B R
F2(23) h MESO B i AME 5 H & 48 55 b
Vo B4 R R IR = U8 U A% 0 F iy, MESO AT LU IR
z2=A,z+B,u+ L(j)k*j/m>

(29)
Vn—=0C,2
Pt T LA Y
u:bio{kp<l’*21)*kdz2iézi|0 (30)

4.3 FHERIRESSFIZIT

T2 25 IR B 4 1) 1 38 2o AE A o 2% 5 AR SO AR
PE AR 3R G I AT e &2 o, AT LA RO 8 R G0 98, 0
AN EEVAG ISR N E 3= %5 Wiy 7 =i

T HSH RS A

Gz l)=Zﬁ’]ﬁ”({l)B“('{l), (31)
Aﬂ(z 1)

Ko “FRHARREW RN I B E;A(2 ) FER
2T, T A RS TR B2 ) A
Bz ') A B R G AL R B4 T30, B2 1)U
SHAREES B EERAREEE L.
ZPETC A DL TN

Al LS Bu(x ) Bu(2) b — AR 98, TR 4
A (33) o fE— AR S K, FSM & 48 78 5 A4S 4 s 7
B AE

ZPETC 0l & A — 1~ 1o 8 18 % A% , HL i 0 B A 194 25
A H K, A0 S DA BR 2R G0 Y = A B A AE A LB R
23t ZPETC UK G , R kR B 17, K L 7E ] 26
P ) 45 0 1 25 N ELBEAS ROR, — K PR R i
TR RG ., BRI R G 5 BT LR AR SF
B ZPETC By 8 5 AE H v LLJS 7T B8 Hb 7 2 3 4l 7 9«
SR I 5% 45506 P B0 2 0 4 PR 1 A7 B AL 49 31 A I
SERNE T TR .

P 7 FSM PR R
Fig. 7 Closed-loop frequency response of FSM system

B 2" A (2 ") Bu(2)
F(z)=—— o (32) PR 52 40 ) £ 15 B M
Bﬂ(z [Bl,(l)] G(S):
MAZPETCIR, RAMCERAS —0.01955' + 18.74305" + 5022705 + 449030000
(e )= G )P (e )= BB § -+ 12595* + 13940005 + 341700000
[B.D)] ZPETC Al LA¥cit A
.\ 255.9152 — 897.6370 " + 11730z * — 67554282 + 144.22042 "
F(Z ): o (35)

1—1.4657z '+ 0.5040z *

5 PEREXT H L g A A5 2R oty

T 5 UE R AR, 4300 R ADRC .DOB & it
$£ TADRC #& 1 FSM, 3 #E47 %F Eb 43 B o R 7 52 56
Bl BA VLR 77, ADRC 1 DOB 2% JH 5 /R 22 I8 i 6
TN 5 5 0 AT A B, DT 0 ) M 7 (EAS 5 00 0 68 2R A 7
Rl A, FR 2% [ RE A ZPETC, B i 2% 35811
Al &% SCmk [ 12]F0 SCmk[13] . S2mF S i 8 firw,
45 AL [dSPACE S5 R 4t & Bl 3K 3 FSM .
UK 5 5k U . ASPACE SERF ) BL R 48 )2 th
dSPACE 2 "l & 09— B F T 458 1l 3 G2 % A& R 52 B
B I 1 2 T g T AE 7 &, 7] R A Matlab/Simulink
BT G 1) 54092 A BOAC RS, K R 28 31 92 e s 4 3R
g rp, S IO o B 0 S A R, R K HE T

K8 FSMEHTH
Fig. 8 FSM experimental platform
KRR, PO BRI g% DAY A AL E T &l AD
FHAEJG HEA ASPACE, /£ dSPACE H #E 47 42 i 512 11

1306002-5



2515 £ 13 H9/2024 &£ 7 B/HEH,

THES 7 A 0 R JT 24T DA B4, 8 5 SK B B
% K 5 BIK 2l FSM #% 8, DA S 30X FSM (1) A 24 %
il o A AR g8 R AR R 0.1 ms, #5246 2 A TE 0. =
1000 rad/s, W &5+ 9 w, = 1200 rad/s.
5.1 SRIEAF S

BT IR SIS 45 2 = Fh A 5] 28 1 e 6% A5 4k iy
N, Gn 9 B s o DOB 1 e 4 F1AH A5 1 7E 20 Hz [
S MR 25 A, 33X A B U 2 B BL AR PR T 3K
B o XF T ADRC, T H A Hl 4 A & & A 0o )i, vl
DA - e 0 o) AL A O 41 , DR IS 5 B A B I 2 L DT
HA B R E . M T ADRC,IADRC £/ T
150 Hz I AH A7 i 5 5/, 150 Hz Ab 3238 T ESO 3
W TE T B R ESO B2 0 1E WL 4 3 .
Kt , TADRC EL A7 5 G- 4 P 30 000 3l e e
52 REEMBESH

R UG E 3 R OR [ 45 A 09 BR R RO LR AE N
0.15° i % 4 100 Hz W IE 3% 55 S H i A, 3PP AR [
2 ) ) MR ASKCR R R MR 5 25 A TR 10 T, TT LA
TADRC [ BRER R 22 /N o S T8 SR ERPERE XS He o B
A7 3 S, 300 DA TR) — R AR A [R50 3 0 IF 5% 45 5 Fn
[f] —H3 %8 AN [l R B A T 5% 55 2 F A, IR A
A7 B ¥ 7 iR 22 (RMSE) 1E hy BRERZCRIF A 48 4, 45

B9 FSM FGuMt sl 1k
Fig. 9 Frequency response of FSM system
RFIME PR R 1N 3RS &S %
AR TR} — WA AN [ B0 il {5 0.157, 3 5% Oy 20~
100 Hz) IE52 455 T A BRER B T AR IR 25 . 322 0 3FPA
[7] 42 1 5% 75 2 75 iy A ] — 3303 S [a] i (B O3 h
30 Hz, I@ {8 0.03°~0.18") IE 3% 45 5 F A BLER 45 J5 AR

10 BRERSEHE ., (a) IADRC 100 Hz #EE & 5 (b) ADRC 100 Hz 8 B2 5 (¢) DOB 100 Hz #RER I 5 (d) = A0 AS [l £ il 8 19 100 Hz
R I 4 X 15 25 X L
Fig. 10  Chart of tracking experiments. (a) 100 Hz tracking chart of IADRC; (b) 100 Hz tracking chart of ADRC; (¢) 100 Hz tracking

)
chart of DOB; (d) comparison of 100 Hz tracking absolute error of three different controllers

1306002-6



2515 £ 13 H9/2024 £ 7 B/ EH:

K1 OWEAE N 0.15° R [ AT IE 3% 5 5 1Y BB 52 56 1 7 AR
W
Table 1 RMSE of sinusoidal signal tracking experiment with an

amplitude of 0.15° and various frequencies

RMSE
Frequency/Hz

IADRC ADRC DOB
20 0.3282 0.4331 0.5494
40 0.4223 0.5026 0.4739
50 0.4862 0.5565 0.7277
60 0.4970 0.5952 0.7946
80 0.4932 0.6344 1.0028
100 0.4919 0.6210 1.4202
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Table 2 RMSE of sinusoidal signal tracking experiment with a

frequency of 30 Hz and various amplitudes

RMSE
Amplitude/(*)

IADRC ADRC DOB
0.03 0.1586 0.2850 0.1314
0.06 0.1959 0.3121 0.1998
0.09 0.2486 0.3427 0.2854
0.12 0.3058 0.3781 0.3701
0.15 0.3678 0.4202 0.4598
0.18 0.4325 0.4668 0.5500
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Abstract
Objective As an optical beam pointing control device, fast steering mirrors (FSMs) are crucial components of essential equipment

used in various fields such as aerial imaging, laser communication, and space exploration. An FSM driven by a voice coil motor has
the advantages of a large stroke and low driving voltage, and it is easy to control. Quadrant detectors (QDs) have been used in FSM
systems as angle sensors due to their low cost and wide measuring range. However, QDs are greatly affected by both Johnson noise
and background light noise, resulting in large measurement noise. An active disturbance rejection controller (ADRC), which can
effectively estimate and compensate for disturbances and unmodeled dynamics, has been applied to FSMs to improve tracking
performance. Large measurement noise contaminates estimations and degrades disturbance rejection performance. Large measurement
noise thus poses a significant challenge in controlling FSMs. Therefore, improving the tracking performance and disturbance rejection
capabilities of FSMs driven by voice coil motors with relatively larger measurement noise is critical.
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Methods An improved ADRC (IADRC) was proposed by combining a Kalman filter with a model-assisted extended state observer
(MESO). First, the effects of the selected gain of the extended state observer on the performance of the ADRC were analyzed and
revealed a trade-off between disturbance rejection and noise rejection (Fig. 3—4). Second, a model identification method based on the
Hankel matrix was used to identify the exact model of the FSM (Fig. 5). An IADRC was then designed (Fig. 6) that primarily
consisted of a Kalman filter, model-assisted ADRC, and zero-phase error tracking controller (ZPETC). The Kalman filter was used
for noise filtering, and the necessary signal was input to the MESO. The MESO-observed lumped disturbance was then added to the
Kalman filter state equation. The model-assisted active disturbance rejection controller was chiefly composed of an MESO under
linear state error feedback control laws. The MESO was responsible for estimating system states and lumped disturbance, and the PD
controller was designed according to the states estimated by the MESO. Finally, to improve tracking performance, ZPETC was
introduced as a feedforward controller.

Results and Discussion To verify the control effect, the FSM was controlled by the IADRC, ADRC, and disturbance observer
(DOB), and control performance and disturbance rejection experiments were conducted on a dSPACE platform. The experimental
results show that the TADRC significantly improves the tracking performance of the FSM in high-frequency ranges (Fig. 9). The
results also show that under a sinusoidal signal with an amplitude of 0.15° and frequency of 100 Hz as reference input, the tracking
accuracy of the IADRC increases by 20.99% and 65.40% and the phase lag is reduced by 35.66% and 78.31% over those of the
ADRC and DOB, respectively (Fig. 10). The comparisons of tracking performance were made more general by using sinusoidal
signals with the same amplitude and various frequencies as well as with the same frequency and various amplitudes as reference inputs.
The experimental results demonstrate that IADRC outperforms both ADRC and DOB in terms of tracking performance, showing a
maximum increase in tracking accuracy of 65.40% (Tab. 1-2). Under the condition of zero input, a torque disturbance signal with an
amplitude of 0.045° and frequency of 10 Hz is introduced, and the disturbance rejection performance of the TADRC is improved by
35.36% and 61.26% over those of the ADRC and DOB, respectively (Fig. 11). The IADRC can realize the accurate estimation and
suppression of disturbances in the presence of relatively large measurement noise, thus effectively improving the control performance
of the FSM.

Conclusions A new control method based on ADRC for an FSM system was proposed. The Kalman filter was integrated with the
model-assisted ADRC to avoid control performance degradation caused by the MESO sensitivity to measurement noise. The lumped
disturbance from the MESO was contained in the Kalman filter to achieve accurate estimation and rejection of the disturbance and to
improve the disturbance rejection capabilities of the FSM system. The study showed that the IADRC can effectively improve the

tracking performance and disturbance rejection capabilities of FSM systems and has high practicability in practical applications.

Key words optical communication; fast steering mirror; active disturbance rejection control; measurement noise; Kalman filter
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