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RESEARCH ON SIX DEGREE OF FREEDOM SERIES
MANIPULATOR CONTROL SYSTEM BASED ON
IMPROVED ACTIVE DISTURBANCE REJECTION

CONTROL

ABSTRACT

With the rapid development of the manufacturing industry, the
multi-degree of freedom robotic arm has become an indispensable
mechanical device in the automotive industry, aerospace industry,
military  industry and other fields. The wide wuse of
multi-degree-of-freedom robotic arm has greatly improved product
quality, production efficiency and reduced labor costs. However, the
multi-degree-of-freedom manipulator is a coupled nonlinear system, and
in practical applications, it will also face various complex external
changes, which makes the traditional control algorithm can not
effectively control the manipulator system, resulting in the problems of
slow response speed, poor anti-interference and low control accuracy.
Therefore, the improvement of control algorithm has always been the
core of the control research of multi-degree-of-freedom manipulator.

In order to improve the response speed, tracking performance and
anti-interference ability of the six-degree-of-freedom(6-DOF) series
manipulator system, an improved auto-disturbance rejection control
strategy is proposed to solve the problems existing in the 6-DOF series
manipulator system under the traditional auto-disturbance rejection
control method. The main research contents of this paper are as follows:

(1) Firstly, the joint composition and transmission structure of the
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six-degree-of-freedom series manipulator, the object of this paper, were
analyzed, and the mathematical model of the motor was obtained by
calculating the torque equation and electromagnetic equation of the DC
torque motor. Then, with the base of the manipulator as the reference
coordinate of the whole system, the transformation matrix between the
joints is obtained by using D-H parameter modeling method, and the
kinematic equation of the 6-DOF series manipulator is obtained. Then,
Lagrange method is used to establish the dynamic equation of the 6-DOF
series manipulator.

(2) Secondly, in order to improve the control performance of the
6-DOF series manipulator system, this paper improves the active
disturbance rejection control method and proposes an improved active
disturbance rejection control method. The sliding mode control is
introduced in the tracking differentiator to improve the response speed of
the system. In the extended state observer part, a new nonlinear function
is designed to improve the observing ability of the system. In the
nonlinear error feedback part, the fractional-order sliding mode nonlinear
feedback error control law is designed by combining fractional-order
calculus and sliding mode control to enhance the stability of the system.
Then the selection of parameters of each part is simulated and analyzed,
the optimal parameters are selected, and the stability of the improved part
is analyzed.

(3) Finally, based on the 6-DOF series manipulator system, the
feasibility of the improved ADRC control strategy is verified. The joint
control system model of the manipulator arm was established in
Matlab/Simulink software, and simulation experiments were conducted
on the improved active disturbance rejection controller designed in this
paper, the traditional active disturbance rejection controller and the

sliding mode active disturbance rejection controller, and the three control
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strategies were experimentally verified according to the existing single
joint control system experimental platform in the laboratory. Through the
analysis of the experimental results obtained under the three control
strategies, it is verified that the proposed control method can effectively
improve the response speed, tracking accuracy and anti-interference
ability of the system, and its control performance is better than the other
two control strategies.

Zhang Dongxu(Electronic information)

Supervised by Liu Bingyou

KEY WORDS: 6-DOF series manipulator, new nonlinear function,
improved active disturbance rejection control, sliding mode control,

fractional calculus
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2W _Ixy _[xz mi‘)?i
-1 +1 +1
= v 2 T 324
-1 +1 +1_ _
_Ixz _Iyz + mizi
. mx, my, mz; m; |

Bl BlptE, AR 2 3 R PYUE RS R3)EE
K=K, +K, =Y K4 YK =33 ST 00006 33 Lt 62s)

tlplll

Hrr, Ky 2% QHERBVE B85, K, 28K 88,
(2) HUBE B RS H e
B, B NEFRF AL RN:
P= Zn:B =—Zn:migr (747) (3-26)
Kb, ¢ =lg, g g OIRENMEM, 7=[X ¥ z EEFHROME.
(3) HUBE (ks B H 772

ghh B RIMSIRE AR TS, THEAZINME RS hits B H TEA:
L= [ZZZ[T U, LUD, 4 |+ Zla,ql )+ng (047) (3-27)

RS 3 2 H S YU EAT ) R T,
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_d[a_Lj aL_d(a_KJ 0K 0P

T, =— R —_
" di\0og,) 0q, dt\oq,) 0gq; 0oq, (3-28)

Z Gy + 1.4, +zzHikmq'kq‘m +G,

k=1 m=1

=D(q)§+H(q,9)4+G(q)
AR TR G AN B HE B BAUE, Bitn=6, :3E-28)HFEEN:

= ZDka + Illlql + Z szkmqkqm + G (3'29)
k=1 m=1
. T . T - T
:/H\:EP7 Hikm = ' Zk T(U/ka/U/z) Dik = ' Z'kYZ’(U]kI/Ujl ’ Gl Zl m U ]
j=maxi,k,m J=maxi, J=

* 32 & L A5 HE Lo
# 32 FraENE

i X

D, IE 5 R A

G, YR FE S5 I 1 5 A3 350
Hy,, B S5 RHE )

T, SN NS

I, i

4,44 SeATIEEN I RLE L R

3.5 AE/NT

AT E e TN A2 2 A B LS AN A BR AR i (T S A s K, DAL
WE IR NS &, T8I D-H 2R @ A URE EAT R ECA R R, AR i
PR 3 A5 2175 B BRSO (I8 2 7 R s e, R B H Vi ST
7N B R S R UM 3 152 R . 1K MB M Jud ) s i e TSR AR LA
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48 BTN A m BB 0RHE ARS8

4.1 BI=

Bt EEATN N B S B UCE (018 3h M SR R AL, ARFEAT
OO ATURRE A4 1) B 25 AT vt o A I SR AR AL S8 F PUILIE H I 450 _E 5T N T
PR 73 B SR o T A S 2 DU A LS i UM 28 G i 5k
FE BRESSEEAGTT-ILRE ST AT ESE, XA AT 10 73 B SRR 7 A A4 1
SE SCHERBEAT A4, IFR 70 B i i g AT A . Hk, X et & ADRC 7%
f o AT iU, AARERERL T A%« IS AR AN AR L MR R 22 S S . fJE X
F A BT REAT A 1tk 23 B AT L6 EESRE

2 DM S SiEEERIEAEIR

N

43 BUY ¥ #E4% i (Fractional Order Sliding Mode Control, FOSMC)7E i 5 2 il
fygtAL) b, e 51N 2 25 ) 43 B T R 23 BB P R I A, A LA
FEHIBEIN T R T, B 1 VA (WSO B e A ) R iR A
ERGAAHIF ISR,

421 DBMBIRTEXSHER

3 BN AR 7 (Fractional Order Calculusm, FOC)HS &t AW i &k g, H3
W AR 2, V2 HE N B AN 78, IR 2 5ok T
TEN AR B2 SOBE, Sy FE OB 3 Mg .
Grunwald-Letnikov. Riemann-Liouville 1 Caputol®”),

(1) Caputo:

DW= D 0= [F(nl_ kG / gi),ﬂ di (4-1)

AH, 1eR', neN, n-1<i<n.,
(2) Riemann-Liouville:

F 3 22 FAR 0 (PN & AL FR 4324 7015 21| Riemann-Liouville:
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1 -l
Yad fO =g L0 S (42)
Hr, 2eR*, RLPFICAE Riemann-Liouville F4EE o

(3) Grunwald-Letnikov:
BRI S (DR A 3 BB I € LT

GL 2 T 1 [(--a)/ ] (A )
aD, f(t)_}}To? ]ﬁo (—l)f(jJ/(t—]H) (4-3)

XF, 1eR", HRTENH/NNGE.
422 JBIRIEHIE X FfFLN

TR ) T 1 e ST AE ISR A B R BE A b, AEIBLRAR, W LUK R4t
AR ERPIEAN L, ERGNERREIZE). €% 2 TS ER I AIAS
HE R ZH. HRGIENEIES)G, X RGN N S HLNE —EH
TERL, PRI AR AR S R A L Gl AL T B S T FE PR AT (R R S, AR
AT A B AL P AL BESERIEIRS 2 B A T R BA IR, IR REL4ERS R
gL E AR L

BRAN:

x= f(x,u,t) (4-4)
BB VI R 48 s (x) R FLR AR AT H 45 1] BR O -
) _{u+,s(x) >0
u ,s(x)<0
X, wrzu, XTRE () TEIUEATsY, 5] KA & 77 2 ik R4
REZERN IS Z) BT . P25 R EE B2 s (o) /R N = AL IR,
PR RGN IES:, S FoR 780 i R SR . 1
B dIE Bty FFZEH R RHRIL S . W 4-1 PR, RoR KRGk
A =FE 0L BB DUT 5
(1) fFEME: fFEBORSAE 20(4-5) BI4% 6] B HUR AL
(2) faEME: EMHERGREEEI)G, IR RSB ZTEENR
(3) WA BT AR B sAL, ORI RS AR A o A
oR E g2 i) T 18 3h AR

(4-5)
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s <0 $=0

Bl 4-1 FEVIH I b =P e i3s3 5
T LA A R S T A 2
(1) St
s=—gsgns,e >0 (4-6)
Horr, eimd i, e fHBoR, iR,
(2) fadvair
s=—gsgns—ks,e>0,k>0 4-7)
Hr, s=—ks RIEUEIET, HMENs=s5(0) .
(3) FUELL
§=—kls|" sgns,k>0,0<a <1 (4-8)
(4) — S
s=—gsgns— f(s),e>0 (4-9)
Hr, f(0)=0, Hs=0Kf, s/(s)>0,

423 FEMEEEmAEILEIRT

N T R LZ S B EHIR A, 25 S BN R 0 R B R G RIIA T
METHT R R T, T A R I Bl iy R R G BHR . BARE -0 R s

(1) W B IE AT N -

s=c,e +,D’e, (4-10)

He, o, #EH, ¢,>0,1>>0, N@-10)0] LA H, & BB HE £
TE kR B, wrLGEL AN B IME, 1 RGEBEIIHERE.

(2) 1B g, I T 5 -, 38 7 R 43T,
I O Rk AR o R, SR R GUIRASAS 12 8 B g AR T i s,
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RiEAXWT

oD!s =—k,sign(s)—k,s (4-11)
Hrr, ke ke RHEAERE, A RDBNRIIH Kk >0,k >0,0<A <1,
4.3 B BIPIEHIgR T

HH 2R 3 Bl b ag B H 7 BRI 3 1 AR T
7, =D(q)g+ H(q,9)q+G(q) (4-12)
MAaX@E-12)FTUE H, NHBHEZRBYE ARG R4, X THE R4,
H Pr il 77 v LA 1R A7 (4 A 34 0500, 785 75 H ER RE Ef e LRI Fro s ) 2 15 11
BRI T7 1 IRASEE A S 542 1 R OG5S 4 B i o AR SR FH MO 23 By i 3R
B&, BI7SH HEE R BAUE 1) 6 N RTEE 6 MHATHER RS, S H AR
SERIRFE S ES, RO R RS A B SRR E — AT, YRR M
S BEATPLBL AR, AT SEBISS 5015 18] () figAdteo-ol . ks X (4-12) #5181 5
TGRS T«
G=-D"(9)H(9,9)q-D ' (9)G(¢9)+D (), (4-13)

9T SEHUR AR, SRR R U = w0, 1,,15,1,,u,] = D(q) 'z ,
WA 7=D(q)-U, HhU ot uel0,5) Rszhrismii. FIHIIA
R, K d-13) 8 K (4-14):

i=-D"(@)H(q.9)i - D" (@)G(q)+U (“4-14)

29=0, f(6.0,00)=-D"(@)H(4.9)q—D"(q)G(q)» T N@4-14)LH R

S EIPAE iy vt
0=—1(0,0,0,t)+u, (4-15)
Kb, f(0,0,0,0) YT RGZ BRI

Rl 48 & 20(4-15) 857 3 T o RGN ADRC 5 #l 4548, 1k 4-2
FrR o
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:Qg}—ﬁ+»%ﬁmﬁﬁf fti 7 el | g
3 2 ITIH T. D)
fﬁfﬁﬁﬁ“ ¥, |z Lowl i || fEmE >
L »(Q) 3| K Pl
A < Y
1
= b
23 v
z, eagt
kiR |
4 ESUMIEE

4-2 HOAR B YUz S5
42, ORI KTAE, 9245ERTM, q2E59MREES,

g, X (55 4 BRERABINMAME S wRAFNTH: 2, 2, RECHRY
MW R GURE R Z, RGN
43.1 BIRIREFM Y 8T R E A
ER BRI )7 1B 1T R I D W UG A5 57 SR 14068 8 AR 22 S5 DR 2R 2, i R 1
HPE MR, LU G 5 R, 8 BRER U a8 SE I I AR,
R NG THIREAE S B, G RE 8 EEW R FR:
& =X,—-¢

X, =X, +hX, (4-16)
X, =X,, +hfthan( &g, X ,,r,hy)

X, NG ERTM, Xy NIREME S, & NRESRE, X, NI E
T hRFEES, rONEER T, R ORIERE T, fhan(-) g iR G RRR
.

T GER A AR AE A5 S5 IUN, d T PEVERTTICHE A REHR R . BIEASON
TR R R AR 5 P R B P [ T k2> R G, SR FH A o PR R
oy o SR IEAT S0, BE A IR AR I PRGE P, SRTTERER O 2 (PR RE . TEARER R
(DG s aw L Y

32



S AN e T R VAT

(1) BX TD(Tracking differentiator) IR &2 B 41T -

Xn=49,—9
4-17
& . 4-17)

n =% =4
A, GRRGIMNKNT L, q BB, xR R, X, £ 91
MoHES .
(2) JERHUBEE I -
S =X, +X, (4-18)
Arh, o RN RE, HAUE e >0,
X (@4-18) AT, 133K (4-19):
§=ck, +x, =cx, + 5, (4-19)

E £ SLRIBER ST, PR 5 B sign(s) B A BR MR P %,
R ANELE S B ML T sign(s) BB T IR, 7E X -1, 1199 08

M m A D ERRB, KRG HIEIRI G . 1 X 1= D) g %
thU—e E J5L s P ) B8 5 B G AL Z PR 1, S 7T A4S RGUIRES A&

RENE PO T I IE 2, JFRENSIABIRRBIVERS, M s bEHR A . PR SC ke

3 XU 1 D) e ﬁmmmf- B BRIV R N
' %4 (4-20)
b
Hep, e2—1MHEHREE, k>0,k >0,
R4 2 (4-19)F1 K(4-20) 75
. e” -1 o .
s =—k, T_kz =X, + X, =CX, + X, (4-21)
e’ +1
1535 T R = X, HiEAN:
(kS k) e, (4-22)

"o +1
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DAL LT AR BRI e 2 25 R R TR O -

X, =X,
2 _
X, :(—klZZS—_i__i—kzs)—clx12 (4-23)
%% Lyapunov PRI
V= S% (4-24)
X} 2(4-24) 3k 743 :0(4-25).
V:xzs@hg;%—@@so (4-25)

H1 20(4-25) 7] LAFE HY H X 1E D7) 0 40 tanh(s) A4) f 10 48 208 30 A3 2 0 1E0A
%A, B DURIE RGHE AN BOIRES

AT SRR T AR B o 2 P I e R AT NS R, 5 A G BRI ) 2R AT
FO G, SR AR R ETR. B 43 REEMKGE S T, RSB 8815 15
SRR o A R R LU P P 4-4 R TR BRI S SRR MR AR O LA, 3K
i, & 4-4(a)2HH AMEE R IEZRMAG S K, K 4-4(0) 2 M R ER o 580
JEE S B

20 T T T

—— — R BUBRER ) 2R B 15 5
—o— P BUALER () BB 5
— S

o PR ) BB 5
— v~ (CSIRER ) BN

18

16

14

12

>~ 10

*

4+t ) ob— S~ P -
16 18
2
0‘ o . PO NP — P §
5 6 7 8 9 10
Time/s

B 4-3 TR R S0 415 % 0 R 0 7 45 £ T 8238 2 % L T
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> 0 \ / \
02 \\ // \
: ) ; \
04 \\ //
06 Y\ /
08 \\ //
B ‘ N » 7
0 1 2 3 4 5 6 7 8 9 10
Time/s Time/s
(a) WA FME AR IR E 5 (b) TEBLERER 73 A UE U Ja HIME 5

Bl 4-4 T RRLRERERT A 25 A DB 07 B

M 4-3 LR BEUS AT Y, TR R IR S 70 2% LU A% SEER AT 4% 10 i N3 58 B PR
HBEAHBW . IWE 4-4 v, ERIEREA G 25 OOR OR B R4 8 Bk RE
4.3.2 FEIEER IR E

PRSI 452 ADRC (A%, 1T ARZENE pREOE 3 SICIRA M I 25 fr) 2 22
w3, ARG BE ST o o T AR SE AR 2k ol KAE S o B AN 6 T 8
AFIEYE, L fal(e,a,6) BEUR ) M BLm M= LR 1), %4t fal(e,a,6) &
BT PR

>0

|e|asign(e), e
fal(e,a,6) = ¢ ld<o
§—a

(4-26)

>

b, e NERiRZ, a NAREIEN 7, & NIERIA 7.
RHEAS SR 22 TS = A e B 25 & 3 E A, Bt 17— Mg Ak

Ltk ek B han(e,a,6,k) , AL SR R AL MR fUALTT 3 AP ES:, BARBCUHNT

e 5<|e|<k , han(e,a,6,k)= |e|a sign(e) s

Xle <6, han(e,a,d,k)= ptan(e)+qe’ +rtan(e) ;
Y k<le, han(e,a,5,k)=k-e,

DRl ] AAS B etk o B RIE O :
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ptanh(e)+qe’ +rtan(e),|e|£ o

han(e,a,5,k) =1 e[ sign(e),& <le|<k (4-27)

k-e,k£|e|

i ST SRS RS, 4 o] < 6 7 B S R (4-28)

han(e,a,0,k)=0",e=0
han(e,a,0,k)=—-06",e=-0 (4-28)
han'(e,a,8,k )=ad*" ,e=%6

g &R @27 (4-28) A 15

ptanh(S)+qd> +rtan(5)=35°
—ptanh(S)+q8* —rtan(5)=-5" (4-29)
psech’(8)+qd” +rsec(5)=ad"”

R (4-29), FIAF P47 BUEA:

0 sec’(8)—ad " tan(S)
tanh( S ) sec’ (5)

g=0 (4-30)

_ad"tan(8)tanh(S )-8 tan( S )( 1-tanh*(5))

" tan( S )tanh( S )sec(S ) —tan*( S )(1-tanh*(5))

W R A LN o 2 han(e, a, 6, k) RTE AN

han(e,a,d,k) =

5 sec’ () —ad*™ tan(J)
tanh(5)sec’ ()
ad®”" tan(S) tanh(8) — 5 tan(5)(1 —tanh*(5))
tan(J) tanh(J) sec(S) —tan *(5)(1 —tanh (5))
|e|a sign(e),o < |e| <k

k-e k< |e|

tanh(e) +

tan(e), |e| <o (4-31)

A, e NERERIRZE, kN, a NARSIERET, & NIEBIE T

N T BAER R AR I B R, SRR ARS MR B AT T L, AR
Wk 4-5. K 4-6 F11E 4-7 Fion(EHR R b KR8 )o B 4-5 RAEG AL R BEAR
FISHUE N2 R 05 B, A E 4-5() 2756 =0.01 %4 F, M a [E15 3
il B B 4-5(b)@1Ea=025 %M, SRS EMRIRNTHEE. B 4-6 ZHE
JELNE R BAEAN R S HUE R R R E A, Hd K 4-6(a) 2 1E 6 = 0.01 (1
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LRUTRE R 2 A 3

OUT, R a AR R K B 4-6(b)21Ea =025 FIGHL T, & 5 EAREIH
PR B 4-7 RPTMAELYE R BAES BRI, BRI A,

y=fal

—o—2a=0.25
===a=05
04 L i L |——=] 04l . . N N . . . ===b=02
0.01 -0.005 g 0.005 oo -0.01 -0.008 -0.006 -0.004 -0.002 0 0002 0004 0006 0008 0.01
[
(a) ANJF @ fE B pR Hh 22 (b) ANJE] O A Y R 2k

K 4-5 ARISEE N KL GTARZ R 20 1 K

y=han

. ===a=025
0357 ——a=05
ol £ ;s . ., | |7 04 . . _[mb=02
001 -0.008 -0.006 -0.004 -0.002 2 0002 0004 0006 0008 001 : : . . .
(a) AN afE R Hh 2 (b) ANIA] & BT B B A £k

K 4-6 AFRIZEAE T KT R AR L e B0 1K

03

021 =

011 -

01+ -

- y=fal
02 ~ — — —y=han | +

-0.3

8 % -4 2 0 2 4 6 8
€ %1073

Bl 4-7 PIASARZNE R S HOREAR 1R T 10 07 311
MBS PN B ESAEAS [F) ST X R B RERE i 1) 47 LI W] LA HY S B 7
AR o HOLE L B3 B R P T PR S o T T AR AR e R g D

37



S AN e T R VAT

PePEREHEAT 5 FUIRAE, 7F Matlab/Simulink H1#4 # JELR M s BE e 2 45 44, &
4-8 fliR. Horp, newfal BERFIRALLIERE, vR—ATHERSENHRINGS,
NECH R E, o RIERF T, Y AR A G S v SR E R R E .

THEHXAAFELMERBLR, MAGBS Y& WABBRAERKIEZES,

v=ux,+w=sin()+w, Hrwg EEgGH TGS, REBWE 49
INo WA TG SVEARNG S, it ARZ v o B I IR as 5, 13 B8
FfESE. SHMEFZ: =20, b=03, a=001, k=065, HLyyEENE

4-9(b) iR

\y

» (]

newfal

=

simout

P 4-8 AR oA g b 45 14 1

Time/s

(a) A FMEA I RS S
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1.5

—Oo— AL G R AU ER R 5 5
PRER (S5
—— BT R AR LM R B IR ER (5

*

Time/s
(b) ARk ¥k Kok
B 4-9 A2k 11 B8 400 e 7 B
M 4-9 ARZ bk o B dp B2 PRI RT DA B, 7 R R AT 15 5 B R Y
M E TP, I ARL M R R S R R 4-9(b). AT FLET 4-9(b) B TEOK I AT

CLAE HB B AR 2814 eR AL han (980 SRR T4 G AR 261 e 2L fal JE R, A
LB R AR LM R han JEW 15 T EINEEIE B ARG S, VO Y201 i 2 i
FREFRZE /N
4.3.3 B SRS EF T RIRE M S
gih 4.3.2 W IE A AR LR M R BOME T SRS W 2%, 15 3 o i aketR
N2 R IE XN
=z,-Be

z, =z, — Bhan(e ,a,,0,,k)+byu (4-32)
z, =—[han(e, ,a,,0,,k)

;H\:EI:'7 € %EEET-L%%’ Z I—\Eiﬁ]liljy EI/]EEETT; EEERY) Eiﬁlﬂjy@ﬁ/\'fm?’ Zy 7\%/%
GHLSIBIWIE . B, By B RABUHREY HAREWMEHE 5 RE. 0, a, 2
LM T, 0, O, UG T, k RIELMEREUEE, b NaMERBIfhTHE .
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IR LI 5 2 ZE2 X o H A5 5 BEAT L, e WA 1) R e 4% IR A
§SE 70 PIBS): 1| SUNA YNt EE s ka3 A E et EriNE bk v e SR TIPS E /AT TN
ARG HIVEREREAT 7 04T o 1] 4-10 FHIET 4-11 2 B 244 SR A U0 I 8 5

HAE S, ME 4-10, 4-11 X RGHER z, « z, PLRILBME z; I h
LR, SO T T SRR AS LN 28 B AT AN A R BE

6 T
WME 5
-6 -7l
—k—72
73
/
/
I
I
L
111 12 13 14
3 4 5 6 7 8 9 10
Time/s

K 4-10 otk R SRR UL 25 X B BRAS 5 A 1 ]

? | | ' | WIS

——1z1
—o—z7
——yz3

Time/s
B 4-11 Sk B9 SR AL 25 6 1E 9245 5 B Afi 1
ST BSOS AR A WL g A e PEBEAT 20 Ao AR HE IN(4-15) IR 2t R 4t
ATEAE .
X, =X,
X, = f(x,x,) (4-33)
y=x
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R bR S O TN RGUFTHPIRES L &' X, 8% =/ (x,x,), JFLA:

X, (1) = w(t) (4-34)
B (4-34) T HKARZS %, () = w(o) B AH w, , RN (4-32). HK(4-33)M
ﬁ(4'34)?%’ C=Z V=L X, 62,7 X,, =27 X, f i x = wo 2

EHE, Bxs=w,, % RGES5XE-32)0REFHITHEN:

—82 Be
é, =e, — f,han(e,) (4-35)

é; =—fhan(e)—w,
B AR (4-35) A :

e=—A(e)e (4-36)
oy
B, -1 0
Ae)=| BPame) oy (4-37)
,B3h;;1(el) 0 0
L & i

5| 2 1(Lozgachev.1998)[04: Ui FAFAE— /N E 54 M2k b RIME S N IERHIAERE D,
HIE R n=(4-38) o, (A5 FE DA(e) 52 1E & X FRHRE, T 7 FE2H (4-36) il 2
I RRE o

d, d, d,
D=\-d, d, d, (4-38)
- dl3 - dzs d33

IR EE A, A0 B IR R (4-36) T FEA R R R E Y, R
BN BRI D o R T IUE I :
XPHERE DA(e) AT A0 PR, #535X(4-39).

D11 - dll - d12
DA(e) = DZI dlz - dzz (4'39)
D31 d13 d23
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D11 = dllﬂl + dlzﬁzG + d13ﬂ3G
D, = _dlzﬂl + dzzﬂzG + dzzﬂsG

D, = _d13ﬂ1 - dzaﬂzG + dssﬂzG (4-40)
G- han(e,)
€
WS DRXFRIEE R, R E L LT 4 A%
dzz = _d13
D, =—d, (4-41)
D, =-d,
D,>0 (4-42)
‘ D11 _dn >0 (4_43)
_dll dlZ
D11 _du _dlz
o dn dlz _dzz =0 (4'44)
—-d, —-d d

22 23

Sd, =1, d,=eWd, =¢, WiFLERATHE,
d\, =—&f, +dyp,G—p,G (4-45)

1+&B’+68,G-¢B,G

d23 - BG

(4-46)

& B=B,~ B, WARHER(4-40)7T KT D, (e

LG PG BEOPC o

D, :ﬂl_g(ﬂlﬂz+ﬂ3)G_8ﬁl'82G2+ B

RNGHR, e bR#zE 0, Frbl ExnT DAL M-
2
D, =p +% >0 (4-48)

b U 2 R W R A A
B>0 (4-49)

o :

B<0 4-50
BB+ BG<0 (4-50)
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RG>0, B0, #ZIEL, WRiEe LRELE 0, H(4-45)R1(4-46)15 21
BG (4-51)

A @-50) 8L, WAEdy <0, d,<0, X5 IEER RV AL 2

RKTEFE, A& @E-50)A% . %11 4-49) 8, (4-51)5 15 H R A
BRT TR, B AWK AIF4-49) 2 1 £ X (4-43) 2%+

K (4-43)(4-44)(4-45)F1 d,, = O RN AP 135

2 2 3
Dyd,-1=LEELG | B ABBSE (4-52)
B

HH0(4-52) AT 51, 25 AF(4-49) 15 X (4-43) AT
¥ R@-40)17 5T, 3

D11 (d12d23 _dzzz) - 2d11d12d22 - d122 _d112d23 >0 (4'53)

¥d, =d,=d,;=¢e(c—>0) AR (4-53)F 153
D11d12d23 _d123 _dzs >0 (4'54)

B (4-48) F(4-5 DARN N (@4-54) £ vpr, HEFRAS

-8B ~(BS.~P)
D11d12d23 _d123 —d23 — ﬂ1§22G — ﬂlﬂz Bﬁzlgz ﬂ13 — B’le,G >0

D]t 2% 1 (4-49) o] LAS AR AN 5 20 (4-44) T
CREPTR, Ak BS, — B0, RERSIRE]ANERE D 7T & 51 ELATEOR K 5%
1, EHERE DA(e) AXIFRIERE, I RS0 W 2 Lyapunov #idE s g 1

(4-55)

434 SHHBEIES IS E R IEEHEE T RIS RS

4 it 2 5 il B B TD REUI S 5 15 ESO WL R Botk s 1)
PR 2 PO 2 O RSN EAT AR , 7 0595 1 B AR R % 2 I s i i
I R B Sl A IR, TS E BB B R 45 & 5 B B4
B A SR 2 e ST 4 KOV S 1 D5 82 0 A R Sl
43R R S 10 1B R
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eGR4t vk 22 ImiE R Rk A T
€ =Xz
G, =X, 72, (4-56)
u, = p, fal(e,,a,,6,)+ p, fal(e,,,,0,)

Hrr, e, ey TD frth {5 55 BESO MMME AR ZEFREWME, By B
WREMIRZEWM D M RE o« o RARENER T, 6 RIEBEH T

MR AL GEAR LN R 2 SO BRI SR, Bovh 0 S i B AR 2 R 7 I s
il JE I AR ) SR IR 245 5 BEAT AR AR AT 5, B2 m P e e St
AR I > B ], A RE S T RS R S5 G0 B AR 2 3
WA BRI, 52310 BPrinBoaRZ i A R RE T

z, (4-57)

Hrr, e, epRlEiEH TD 5 ESO WG 5 HIRZE SAREMES, v

v B TD HIEREAE S E S, 2. 2z, 2 ESO MG S, u, RILSFMERE

WIS, w RAMERIRRIGE S, > R TR B S IR H .

0

M 433 NIRRT, HEBOER Y ORISR E R, 2, 2% x,, zE
il x;, H han(e,a,d,k)$i 0, B, % han(e,a,8,k)=0, [FIf v, =v, z, =2,

A LA 2] 20(4-58)

6 =v,—z,=e, 158
é,=v,—z,—bu (4-58)

RN TR S e(e) , FETHRE-5SOMREMD HE, EFREAERTE
AT O B b 25 5 0 BN AR 43, Wt B9 0 B i 4 i i X (4-59) BT

s=cye +,D’e, (4-59)
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He, o, BEH, ¢,>01> >0, N\X@-59TTLLEH, EHBEHEMERTZ T
MNZE B, AR R B E, [ RGIEBIFHEIIERE.
X 70(4-59)HE4T 3K F15:
§=ce, +,D’¢, (4-60)
XA e s v, k51 N 2 B R 4315 21 23 B g B s i A an =X
(4-6 1)
oD!'s =—k,sign(s)—k,s (4-61)
Hrp, ky k, RHAERE, VRSB DHR, ki >0k, >00<y <1,

R AR ) 8 SURPE o (4-6 D) BET AT, 1931:(4-62).

§=,D;7 (—kysign(s)—k,s) (4-62)
45 0(4-58) (4-59). (4-62)KRAGHEHIEE N
u= %( VDI (~kysign(s)—k,s)+¥, - D} P cre, ;) (4-63)
%€ X Lyapunov pR%Y:
yos (4-64)
2

W Lyapunov f2 e ME R BROT R0, M54V = ss <ORROL, BIYH & T A2 il ik
M. Rt R (4-64)i3817 3K 515 550 (4-65) -
V=s§= SODtH (—k,sign(s)—k,s) (4-65)
FIH sign(, D) (—ksign(s))) = —ksign(s) 715 5| 7(4-66):

sign(V) = sign(s)sign(, D, (—k,sign(s) —k,s))
= sign(s)(—k,sign(s) —k,s) = —k, — k,sign(s)s

(4-66)
BT &y, ks, sign(s) E#ERT 0, Mitsign(V) <0, a2y <o, Frelisid
Lyapunov A& & PEE#, Al RP Bt o Mg 2 e . A308 7 #E
I 1) RERR 99 VAL ) T U BHIR LS, SR OCH I 1) b5 £ tanh(s) SRACES sign(s) b

#, Mo B Bugin fin4-67) -
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) ~ e2s _1
S = ODtl ﬂ(—k3 m—k4S) (4—67)

FH 3R TR R B J7 70T DAIE B SR tanh(s) 355 42 4 08 1 B 42 1 8% i A e
MESEAE . LB TTRE(4-58) (4-59). (4-67) T 1545l bR B @(e) [ 2L 20 H 30 (4-68):

e2s

-1 ) _
ke, — 1—k§)+%—wifﬁg%] (4-68)

) Z%(thlﬂy(—

A 15 FOSM-NLSEF 321k 2 =0(4-69) 7w :

e =x-z
e,=x,—2z,
§=c,e +,D’e, (4-69)
1
D7 (—k
M opin

29

-1
" —k,s)+v, — [X_ﬂczez——ZBJ

4.4 REFNT

AT T EXS N A B UME RS H A o A ADRC % i SRS 3R 4T 7
MBLit. HOL, MR BT IR R ER RO 4%, SE R AR GRS
o BEUE— PR R AR 2 bR HOR ot SRS NG, ST RGP RE: 2
JRAEARAE R Z S BB HI BT SN BBz, iR E A B g
W5 AR GRS Ik o FFXT G B 2 34T 0 FOGS b, BRiE et i SR P g . B
Ja, XA AT AR ENE S M, P B U Y A S (Y R E
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£ 55 ETHHEERNEHNNBEHERIKIME RE
ARSI A o

51 g5

R T T L 9 WUR R R G A A ) s A S ) e, o iAE
MATLAB %A1 g Sy U B 428 ) 28 455 1 07 LA ZR A B OGP ) R G Sl P 4%
R EE . A ER S, iR ADRC. {448 ADRC Mg #E ADRC %
it R 7S B R B U 2R G AT 07 ORI SIS B o S X 7 B RN S50 1 45 R
oHT, BHESFRMAGS T, S ARDC #6] FHUBE 2485 5 i 11

an>
(aYy

52 HIMERXTIEHIKEFEN

SIS = MU BT I SR 00 P S BN BAHL. SRS B
AL IRES . WOk B A b, Horb, BOCHTIZN R by B AL 1
RS « A RERAD A IR A EEMAE AR, RAEIIRCE R, SRk,
R S I B R R R AN [B) 6 R, AR A F T R IR SRS 5, ARG
. VERERSE M Rl WA B 25 F T4 B LA Hh o e I 6 AR 28 T B A
A1 _EATHUE R fEH cSPACE _EAZHLEA F T x4 ) 248 2 Bt A com AL & (1
SR, BRI /2 Matlab2018() A . BEkY HI sl 28 10 S ¥ il
0-25Nm, HLJi 2.15A, HE 14.5Kg. KITHAN) LS4 BosdE A
100, F K 54.4rpm, FE RN SOW, FiE HIE 48VDC, FiE Hitth 2.7A,
BUEFEH 0.21Nm, KRFTEEN 1.04Kg, k5T laremin. HIHAL BES & i i
HATIA 1800 #5/5y%h o FARSRAELE FATHL R @S B R B DU B 0G4 )
BOEBRIEIE T CSPACE &I #8 r= AHIE 5, H45hlE 5 Ak B LIk Eh 2%,
SCHUS SR B ¥, WA BN RESRAF O I, B A B . il 5-1 s
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FREFr 3 (TD)E FH F ARG 5 5, S8 h . r KN B R
PREUE SRS . 51550 TD S5 ANF R/ A SC I N AR, BEvh it s
TD, HFZEFWIISHAH: WHEEILERAL, &, WETRS . Kb Rc
MR PNEBEHRGRZET 0 M, REc MEBR, RGBT 0 WHE
ERER, (HACR BB R 2 AR I R E Kk, b —KT 0 M. NI
B SHEIRBGAT U B Hr . B 5-2 Fion N4k =0.01, &, =100 8, BUARF ¢ H
FHBII AL TD WS 2. & 5-3 B2k, =100, ¢ =2000F, HUA[FE k{5453
F WL TD R 2k . & 5-4 Fion A2k, =100, ¢ =200, HUANIE &, (E15 3]
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[T, (HAR2 Y o BUE B FEAMER, ReEHIE s, & BMERAR 200
IR, kKRB REIE IR . S5 THG R, e, =50, k =0.05,
k, =50,

532 BUABMTHORTSINER S HEE

I IKRALI &2 ADRC [IRZ 0B 73, He SR eSO BEA 8 1) SACR I 52 M 1R
Ky B TR WL 25 2 ) B e 0 TR R 2 2 0 HE . R A
@325 B, By By a, ay, 8, 8,, k, bREFELEEENSH. FH#HT
AR :

(1) R@-32)F i a, fa, SEIEaE, BESFaBEBEZO0<a<1. J&
A S CER[6515 S HUE U AT IS5 18, FEAR SCAE L300 FUNT L @, = 0.5,
a,=0.25,

(2) han BER—PAESANERR B, A LF IR I R A S PRI (K RE 2, han
BT A0S IUE AR B, IR/ RE BRI BOIE P RE VAR, 8 HUE N
0.01, Kk /& han BRECH A, BUEH 0.65.

() ZH b 2T u FAME BN 7, HEUEASRROR, XL .

(4) =AM SR B AR A WL R Re, HAE RO AR m RS M ER R
G REAE S P AR, (BN ) 2 B AR R A 1 o Je I v A SRS T ) 8 5 vk
BEAT DA

R R — AN R R S
Y=CX -1
X, 4. B. CREEBR, X. Y. Ugndi, 40 4ppiREEE,

S BT AR X A% Y R R R AR B0 1R R G

{X=AX+BU

7 =AZ-L(CZ-Y)+BU =(4-LC)Z+LY + BU (5-2)
R RAMNERGIRE TR IRENe=2Z - X HIA B[R ETEAN:

¢=(4-LC)e (5-3)
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010 B,
A=|0 0 1|, L=|B|. C=[l 0 0]
00 0 B,
T2 e e axitaln) F 0, RULERFE (4 - LO) R E(E £/ F 0, H1 bln]
/%];:
-5 10
A-LC=|-B, 0 1 (5-4)
=B 0 0
H b QAT AR AR T R -
A+p -1 0
| AL=(A-LO)=| B, A —1|=X+BX+BA+p; (5-5)
B 0 A
SR
R+ P2 +LA+B=(A+w,) =2 +30,/% +30, L+ 0, (5-6)

Bl B, Bos B WIHUEN: B =3w,, B,=3w;, B =a0 .

it ERGEREW, NFEEWE o, KTE, FEARERSNT 0, Wil
AT LA o DRI R FH v 5 R DT HH PR Y S V20 S0 AT 8 , IR RAR S B
/2B B AR B AN e 1661, [ 5-5.5-6 Al 5-7 FEANF 96 5 o, 1 F Btk 2 ESO
WMMEAG Y, > v, v IR EE R

12
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——w0=15
1 - = -w0=10
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1

— 0.95
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04r 0.6 07 0.8 0.9

i

L 1 1 1 1 L 1
0 02 04 06 08 1 12 14 16 18 2
Time /s
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533 DEMBRIELHIRERIRITHESHETE

M 4.3.4 N H1 A BN T AR R e M R 2 I R R TR BT I S BN 4
ook A, B EEEIEHES kK, kAR SE Cc, . P T24c, .\ k.
k, 0531 W98 ¢« ks k,BUETTEAML, @20 )E, £S5 EN
200, S8k, k,AHN 0.5 F11500. XT8Nk A, B EEE FHEA R
GIMEREE & —E M, FHES g BT EER . B 5-8 B2
B=0.018, NFEAE T RGN EEHHaRR ). B 5-9 a4 A=0.1
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ik K PR ZHE
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ADRC e ESO
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