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RESEARCH ON IMPROVED SLIDING MODE ACTIVE
DISTURBANCE REJECTION CONTROL ALGORITHM FOR
A CLASS OF UNDERACTUATED SYSTEMS

ABSTRACT

Underactuated system refers to a class of nonlinear system whose
control input number is less than the system degree of freedom. Due to
the characteristics of nonlinear, parameter perturbation, easy to be
disturbed, simple structure, light and low power consumption,
underactuated system is widely used in the fields of national defense,
military, aerospace, geological survey, etc., it is still the focus of attention
of scholars in the field of control theory and engineering at home and
abroad. However, the unique nature of underactuated systems makes
them face great challenges in practical applications, because they are
usually more susceptible to external perturbations and have higher
requirements for control algorithms. At the same time, most of the control
of underactuated systems is still artificial control, which not only requires
a lot of labor costs but also lays hidden risks for personnel safety.
Therefore, the research on the control strategy of the underactuated
system plays a vital role in the field of engineering control, which has
far-reaching theoretical significance and extensive practical application

value.
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Although underactuated system has some limitations, its flexibility
and adaptability make it a potential solution. Based on auto-disturbance
rejection control technology, combined with sliding mode control theory
and particle swarm intelligence algorithm, this paper carries out
experimental research on the attitude control problem of a class of
underactuated linear one-stage inverted pendulum systems, and compares
the effects of other classical control methods. The superiority and
reliability of this research method are highlighted. The main research
contents of this paper are as follows:

(1) In order to meet the performance requirements of the attitude
stability control of the underactuated system, the working principle of the
underactuated system is analyzed. Newton's second law was used for
mathematical modeling and analysis. At the same time, considering that
the system is controlled by the motor, and the excellent control degree of
the drive motor determines the control effect of the underdrive system,
the drive motor was also modeled and analyzed, and the models of the
underdrive system and the drive motor were built and simulated.

(2) In order to study the stability control design of the underactuated
inverted pendulum system, several classical control strategies are used,
including PID compound correction control, LQR algorithm control, state
space pole assignment and linear active disturbance rejection control. By

analyzing the characteristics of these classical control schemes, we find



8 W YN T e VAT

their limitations in solving the stability control problem of underactuated
systems, and then design an improved sliding mode active disturbance
rejection control strategy.

(3) Aiming at the problem that the traditional auto-disturbance
rejection control technology can only control single input and single
output, a strategy using two tracking differentiators was proposed to
extract the displacement and speed of the trolley and the reference
displacement and speed respectively, and the nonlinear control rate was
changed into a linear control rate in the form of a combination of control
quantities, which realized the real-time control of the yaw Angle of the
pendulum and the displacement of the trolley. It breaks through the
problem that traditional active disturbance rejection control is only
applicable to single input and single output. At the same time, in order to
further improve the response speed of the tracking differentiator to the
input signal, the sliding mode control is added to the design, and a new
sliding mode tracking differentiator is designed, and the superior response
speed is verified by simulation.

(4) In response to the problem in traditional active disturbance
rejection control where nonlinear functions near the origin may cause
oscillations and affect controller performance, a novel nonlinear function
is designed to enhance smoothness and convergence. Based on this new

nonlinear function, an improved underactuated system extended state
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observer is developed to optimize the system's tracking error capability.
The design method of the improved active disturbance rejection control
algorithm and the parameter tuning process for each module are
elaborated. In the parameter tuning process, a modern particle swarm
intelligence algorithm is introduced to iteratively optimize the parameters
of the error composite linear control rate. Simulation experiments are
conducted on the improved active disturbance rejection controller under
different inputs and disturbances. The results of the simulations verify
that the improved controller exhibits significantly enhanced performance
compared to the traditional one.

(5) To validate the effectiveness of the proposed improved sliding
mode active disturbance rejection control strategy for attitude stability
control of underactuated linear inverted pendulum systems, both
simulation and experimental validations were conducted. A comparison
was made between the improved sliding mode active disturbance
rejection control strategy and other classical control strategies, focusing
on the drive motor of the system, the balance of the pendulum in the
inverted pendulum system, and the displacement control of the cart. Both
simulation and experimentation confirmed that the proposed control
strategy can achieve rapid and stable control of such underactuated
systems, with faster response speed, higher tracking accuracy, and

superior anti-interference performance.
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Tk FE I RGeS Tz, PID 4] 2% 8 Ik 1 4 ) 88 = AN 25 R 1 R 48 10
HEWERE B2, BASEIN R Gt e el . SCHR37R A T M2
BRI 0 B0 PID # i 5R0g,  SEIL T BISLIR R G w SRS A shi Ay, f
NIRRT RS RO AT s A 0 LT FE R, A2 ROR B o SCHR[38] 9 1 ik — 20 B2
WSRO, PR PR SO R PID 4248 10 T70E, AT i H AR
2R, BJE UL RBEISLEE R G EHIN R, RAE Tz dE AR R, B
VRIS o STHR[39TET XHBINLARAEA AL Fa e # i) B, Se R 5IN 1 B2 %t
PID &3 IS HOHAT IR RAL, SRJGI8 T 38 4% B0 10 L A8 B R &2 4 PR -3k
— G, BJGERINLIET & LIGUE T %45 H SR us i BRIV B S5 Pt ik GE A

(2) AR | SRR

RO ) — M T BORIE IR Mm%, & TR 2% AR IR
ARG SESIETECABRANR, BOMIFE R DR AU AR HE R, AR
AER IR AR, A R GEAE AN E PRSIV IO PR SE oh BAE S . SCHR[40]%F
X AR R IRENBISLAB R GE, $E ) T — M T YISO A 10 1 T NS R T A 42 )
TG, ST RS T A DI IUSEAT RO, M98 T REPHRILER, Lk
RINZ T A BRIV EREE . STHR[411ET X B 1) VAP AR <R KE 1l
A, DA ZBISL AN SEIR R R, Wit 1A T R e B RIS R 2R O i, A
TR 7RI TR B bR B AR 32 1) 3 X 1R 3 PR R G A R AR R B . SCiR[42]
FEH T —Fh R B BRI SN, DRAIE T R GRS AL AU S
I BINLAE RS 0T ELIAE 71071 ] AE R G P TR
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(3) LQR il sHmg

LQR (Linear Quadratic Regulator, LQR) J&—Fhc iz ik, it 24
R BIIBCRSH R HA AL, Bk H— AN e a2, DUE— M kge
fabri/Mb . SCHR[4317E 1501 LQR WA 8 BRI, SRH T -R/R 2 IR RGH
A AT s R A T, SEIRUE A 205 DRI S I R Gea tH mT DURRAR FE L E BRI
P2 RGUHT R IIBI BN . SCHR[44]58 H —Fhak 2150 80 LQR il Hens, X3
SEAR RGBT B AU, RSN BN RS, R RIRIRAE R ## LQR 4
. BE TR R B AR A Bk AR B LQR #E A, SLIR 30 IE 24
J7EE R FEISLEE R G SR ). SCER[4510 T AR E R3] 3738 R AR IE AT R
SEIRAS, 1B TR S N LA BEEVEN LQR B HI3 ST AL, 5
UER %07 15 (81T 2 R 40 AT DL P 2P ERIRAS .

(4) H 1% il SR

[ 3 4 ) SRS () A2 BB & B R G B SR E A S HUR AL, DURRE RS
P i AR P o SR Al i) SR B T A R R 2 L AR BOANE AR 1 R B . SCRIR[46]
X S HOR I E R IKEN ISR R G, Wit T HIE R IR BRI 1%, £ H Lyapunov
GAIER T GRS R M, RS TR ST 6 RIIE T A AT . ST
WR[4T18 T 18X BN AE R G R h h R AR Z D, 4R T —Fh B E N ARy
ROV HIHNE, HISS T SHEORME R, ARt SCIR[48] % T
— P SHE TGN PL R RS, PRI bR NSRBI AR
VegE, AT RUMEE SR R GEE LB R IR FRE B AT

(5) Bt

HPidiEd (Active Disturbance Rejection Control, ADRC) & —Ff F Tl
RGN TG o 1205 00 O BRI B 5IN— S E TP A%, Szhd
VAR 2R G P AEAE RIS, M2 2 R Goxt S P30 (1 & 12k o SCHR[49-50]
K F ADRC #% il w0 RI S 4% R Gudb AT #Em], i Sesext LRHIE T ADRC %
HIEISLIE R GRS SCHR[51-52], € ADRC H 5N T & RS 2 28 3 5
BHATIER TR, SR EISLE RGEHATIEN], AR EE TSRS, it
T REVEHINEZ . SCHR[53-54], TEMISLHE R S8 ADRC $&il (5L B kAT 1 2ok,
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KX ESO [ TE 3R] LASZ i WL 65 2567 A% FIEAT F B2 (R38N, o] ARk THADRM
RGN BB R E
1.2.3 BIMEHIEEMRIRK

B BT BORES R Hh B ) 2 B U BUR S, L REXEIRAELE N &
AR, QISLH— R sr T P i B A s i R 7. 2002 4F, B
TUIE BAZAE SCHR[SSTH WAL S 11 PID 4% S Bk, A AR Bk s 2 5 R A 41
M TR RS RS, 48 T DR AR RGP AR R BCA R R R
PR RN, FHaH T AER MRS WIS S 7%, Bk Byt hlsAR
PRADIRE, 1920 TR E M LN LG RABA AR, Ayl
PR — P R e IR, B R0 LRE R A /1156, ADRC I3 b2 kb
T E4E T 4 PID £ 5ng DL AR H IR 05, B hidids 2% 1 22
Zaw SN N 157 NEUP

(1) EREFMZ> %% (Tracking Differentiator, TD) : T EREEF/ME 5 B,
Ty 2 NHE 5 BB 18] (AR A0 2 AT DU 2, DR Wb R A 2 388 PR FH R SR B N 5
Mo E S, SE RS 152

(2) P 3KARZA MM 2% (Extended State Observer, ESO) : F Ffhiit R GeIRA& A
RMIAN PN F . B i EZ AR5 RGPS, B RANIE
WRSFIARMEE, LARBES RS0 AR RS

(3) ARLR MR ZE I 5% 2 (Nonlinear State Error Feedback Law, NLSEF): 1
8 BR R S) AR R 45 5 AN SODR A4S MU 28 LI 2 1) 4R 5h , 178 R G0 BT
SINAELR TG R, MREGE ST S, DL IS N R M R sh AR
Rtk

ADRC IR SLE T4 RGN AR SRS W S R3], IR R TKRZES W
SR T PR A &, T S5 AR B 20 G 0 N AN R S B REAT A 1
AN, 3X — BT I TEA RO & 116 KRG TERe, s ot e
AR E. BIR ADRC X Tl 52 2% 22 G Al E Btk 2 G 1) s ol 1o A AR I (R 0 R
EIEAE G ADRC A — > 75 Bk 1) R M 1) Rt 2 A5 88 8 24500 £ 2003 45,
15 75 R AR AE STHR[ 591K AR S M2 4% TR AL O Ze At Fs ) 8%, (RIS FH i 9 vk
S SHGHATIR S8 e, BE— S T ADRC IR JE. 2004 4, SCHR[60]+H %4
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REZE XS B LI PR RB A ) &, i 7 ADRC #5188 07 %, K LA &6
IR & U Z B s Ao S P BEAT WA . 2009 46, SCHR[6173E— 200
ADRC N 2H 7 Tk, il [ Eshii R gt i TERe 2K . 2014 4,
SCHR[621H ADRC N RIH M2 R Gerh, Mok 7 I 0 AR E & th A AEAL 3N 1B B
FESESRAE H L. 2018 4F, SCHR[63145 & HIENAE IR, it 7 —Fgrf ADRC
PR 58, B 1 P ES 0 SO L Jb TR SR R R AN SZ PN 1R R . 2020
5, SCRR[641ET X LM BE 51 28 GExt A% 2R 5P /1 #35K, it 1 2T ADRC
PR S B MR BE S 2% JFAE M TP AT PR FE N 5 T YL R /1l
W, SERARZ T VAR LA e v AR G R RS S S e

L JLEER, ADRC PRIH A A S8R MPT TP ERE A5 €3l M T 2 Aot 42l 75 5K
RIS, BTN B S A AR AR R G A TR, i
T A% TREABFAI . B AHLES ARl Tk B ZhEI67-681 1 g 28 el60-700,
AR iR, B Is 70555 . B S W, K B ST ER T 7T % 2 %
T, BONIARIE S SR A £ 5, BRI AR 7 — ] EE B s i) I
B UHAEAE IR AR AR etk 2R G077 T 2o BRIV
13 XEASRH

AR S EAT R FR IR B 3] 37 4E R Gt A AT P BE J1 R DL RS HA
B E R 2R, ARE R G 377 BOR et 1 BT ik R A B TP s Y 52
i IR AKEN R G R ] LRI TIRE ST, XL BRI REE — 2P 38T
B, ARIEET I EIL R e T R R B 4 . B8 RIS ADRC R
T AN F ARG, AR P AT R ERER Gl A 20 Tl BR A5 4 sE fo
Mo RITE L LU R SEBR A R o ARJE N T it 58 ADRC AR V3 ARZR 1 b e
JFUR DT R AN, 7 5 SRR BV A S a R RE AN EE R IR L, et 1 —Fh
WIRARL ML RR AL, Mo 1PV R AR . I Iz R AR e L, it T
R R KB RGeS 2, AL 7 R RS R SE I BRRE IR 2= RE /T - 25 R8BI %]
> ZBAEME LU, SR ARL T R SRR ] 2 570 1) 4 DS HUE AT
o i, A it B SR T AR B DU A N T R HAL— JE L IR R 4
I A S TE | BRERPERE . PLILAE ST 2 T3 T RESIE « A SCH N 2 HE IR -

BF, A RN R G, VEAIIRTT 1 HAEAN R 1 N 37 5% DL [ Y b

10
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IR S & bei EE S B2 PRE NG e VA £ MINE st IR PE IS E ey e el s NIV
F, RGUEES T AT SR £ BT ASEELE DL, PLSH T SO RS HA
AR NLAR R GRS 5 SR FIREER 1A SCRIBE IT A B AR AR HE S .

E, TEANIEIR TSR RIRB EA GBS RGN AR R, A TR
Wz RSB, AR O AR B Y, AL TN AR
FHEZK P AR B ) B P AT T RE, BLRRFT SRS 0 I SIHEAT R 14 7 7
S NS R I B GRABI N AR R ST ECAARE A, [N D 1 RS AT TR R SRS
ARGUHERITERE, 3L 1 R IKEN R GTIKEh LB AR, JEO F i 1 P A
RIS P 2K, O e AP 4 BT BEE 1 26 A

W, X RRIEEL —RELLR RS, Wt 7V R %,
Iy AR PID AR IE. Bttt LQR 5k, AR AIN fie & LS 2tk
ADRC 535, XRIRBN L — R ABISAR RGEHEAT TSI IT, XLt 74
S 1] SR A DL R

SEVUEE, BEXHME S B Dty R d M T s AR g, JF HERER ROy
RIS T AT AR LIS (0 R E, $2 T — b4l o L T A AT 5 (1 T AR R
T A o FLUCET AR 48 B BUPLE 1) 35 P A2k ok o S BT P e 22 14 ) AL
A LU= GuiRItE | 52 Sk OO L A R R L MG/ G e i P72 RIS | 354 AR A
Bk T O R ORI 2%, JF R4S T B S ERE Tk FIRERAE ST
ARLR IR 1R 22 S AT ] R derh R Z AL A A B R DL, 5IRL TR
BB FEN ZHOHAT 0 - e K G R T AL U4 ) SRS IS - R sl {8
BARG, ST SoE R AR B DU ] 18 57 R R ST SL ] .

BT, MERIEEL BN R G LR T 6, Kt R A JiE
fill SRt L 5881 6 5 IR S5 ZRNE B DU SR S E VE S B8 A ST T fE
SEIGHEAT SEIRT LY, SRUG S5 30 UERIF T BT R SR R A ) 2 B SR
Wi S 2, BRI ) BRERAS BEEAT LI PR R, ) A RS IR BB ELEL— PRI NLAE &
LIRS E S .

BNTE, EEIM AP R A LU S, JHe iR 2
AR — 2B AR
LRI NE S AP ISP

11
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I@yﬁ{{:ﬁwﬁ%ﬁiﬁﬁﬂ—-

o
RIREN R G A EIR —

g | T BEAAEE

Gtk ||

> RGWBEHER

> FEMSIEE

PDE&HIEEH

RIRzh F G B LS B

£t — RLQRIZ |

| A

S
ST R R G AN |

SRS RS SIIT
T R SN

Hi | xS RGeS | |

s b AEE
ZEADRCESSH] RIREN R ST S5
wrges |~ | || v T
> SRR —
HE R R
WL B
PLEH128 (] MO SR R
it
NEE R Tl
et I
SRz
TR

K 1-3 R SCHEU N A S 25 1A
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£ 28 RE|RGHSFZITRARGIER

2.1 518

IR IR B B 28— GBI S 4% JR Gu A $E AT T TR s ) g T R AR R s o o
ARG KB CLT JUA b A A5

(1) $EFHEISLARE AL B AT E P i PR AL B R AR E P A
RS A%k Pl e 5 SR G0k 25147, IXAE A3 AR B NAr B 4ERF R E A — N R 2%
Fy s ) i R

(2) PBEFIKTPALE AT B AKCPALE R H 2 3— 2 WIRE, BT R4
(R R IR B 15T, RS AR 5 025 Bl I P i AR, 345 SR B0 KA
B A it A ) A1 g TR

(3) XHahtguE: R TR ER, RSB fUK, BIfE
TN IS P] RE T 3 R Gt 5k 25 P4 o SR A4S 75 BE B0 U A 4% 1l S SR A 48
2, REFRGFE

R e A% R A S AP A B bR, — 2 iR AT BRI LT
MRS E, TR BT SE IR S LT N REAT LA R, BIX N E AR 1Y
Pl o

REERNB T RIS EL—RBFILARLI RS, T TR R G EE M, A
BT SR E I A T AR R HATIRE T, IWEISLIEECF AR AR R R
ST L) RS S IR A ALY, Oy 5 ST E 4 ) S AR R S A AT 4 2%
.
22 REFHRGH DG ELKFE
221 RIFTN R G 2T

ST ROREN B ML — BB IR R G, T SIS IR b H bR, W B
A PR AR SR S R AR RS B . XIS LA B S SRR A S .
X A8 R AR m R I, SR A T RGUIRASHER R 15t REEZINE S
b B RS, % ARG IR E 1 H FE R X L5 RgEAT AL B o 5 S 10
HERE BT RN BARERAE R fa bR . TR SEIXEE 55, il RGiE
FSAE L AR B, R AR I 25 FLOR BN 35, FEMLOK S 25 AR 4 42 1) 2 Fr 4 2ok A
BN TIERES, N ER/ULELRD) . ZABRIERE B E LI A

13
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SEFEH], (AR RN IR FRAE TUE RBINLALE . [FII, D9 T 5 RG R AT AL
AR TERE, 26 RS AHZ LA AT IE . @ XAl RT3, 26 R 50
i 2 I AR B A = AL LR rh, DAEEAT DU S s AN SE IR A7 fif o IX 815
BAEN RAEE TR MO SR R GRS AT RO, I R RO B . AT 5
R BRA B| SLARAE A R GER A TSGR IRER BOR R 5 2 A SR A = 2 AL
AHFBL DASEHIN R GoAe € M RS R i AT S Sl . SR 40 S5 BEAR 1 4n B By

7N

A AL EE A
MATLAB&Simulink

N\ |
J—r D IR 3 D Egim D 5342

INTE :
Lﬁi_a%m@%@%

P
A g le—

B 2-1 KRB R G Rk B I
222 dmEEERIRIE
et Y ich 35 & — b FH 100 A 2 (AR IR AR, TEIR R, K2 RADEH
Gmidas F TIN e, FEIER TG HG B i 3 i TR 5 .

{EEEY O3/
% JeBoTtF

ik o

JUUL

B 2-2 it Jir B
JEH R ID A AR RO TR eI RBUCH DRI E . R
— MRS, BEVS R D Ak BB LR AL RS B e sk B S S . ARV E
BT 2 R AR A 2 —, it i) TARRH W T . gafdat B ma i
ADGEHAR X, 249 05 A 12 520 B e iR s, JaZedih 206 Al 25 L

14
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FEAEAHRLI S S o X LS SR A ) B AT AR, W] DU AR 2
NEFES, WTiEIEsh i B MALE .

fERG = OGRS B, 't F ISR B I 2he B — MR B R — T . DGR
M BRI B GE S AR, FRE RS E SR . XLk E S iR
R AR AL 5 10002 B 1) P ARG R IE B 2R o (AL, S 0 B o 15 5 i B
R, ] DUR 52 4 0 20 B PO 2 A PR P o s F i g D 8 L AT 5 A TR
ARG B K S A i, DRI AE Sk T A0 p e T3 I FH A 0 s R Ao 2
R S 5 TH
223 AEMANBHHRE

1. X TRECH n MRS EE, W55 REREHECH m, WM EOS%mIDHE K

MEIR R AT AR A
2r

nxm

Hr, o NS, N NmIDEREiE, m=4, n=2500

2. X TEAHNL, LA E AN AL R E R DU R AT AL B,
KA H 1 LRS-

p=——-N (2-1)

x=(P-F)x0.001mm (2-2)

Horb, x RERIIAE, P AU AL RIS, Po WAL B AR AR
P AR AL
23 RIFshRGHFEE
2.3.1 REH—REIBHFRNET S5

RIRBN EL— RIS RG LB R NG IKENREE AR DL Az
REENIBL . R YRS B2 — B S5 R G (5 0 R A 38 S R AE B R G IR
DS BTSN, ARG IRYE RGCURTIRES, 8035 0K A% 48 2 Sk A FH 5K
Z AL, IXB ARSI P AT AL B S R, A AR S LR B B R E
PRES . T JE B A (I BEAT I R 50T E, 1 50 R B R AR AT
SN, BN RGN )RR, UL T RIKEN A E L SBAT AN R A T
TER, LARAMEFREEN REGIIFENT, TN RG M AT iR i ikhit . RIKE) H L&k —
PR R G SHAT T E AWK 2-1,

15
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u. VV lx

[/ /////////// /[ /[ [/}

K 2-3 RIXBHE| AR R G4

RYRENFISLIR R G AR WA 2-3 Pos, Hoh 0 R 5 R E I AR A,

u R/ NEZBINHES), x /N ERAR, vV /AN ESEMAEREETT A ERER T,
H RN SRR 7 A BRI 0. RS R GERRL F A DL M BGR: (D3BAT
A BN (2)2 0 2 S B/ AHEAT 5T SRR B 715 Q) BRET kPR
JTFNREIET Ao fE ] 2-3 w, AR A e S AR M B 2 Hn R ek

7No

*2-1 RIKSESAE RS S

ZHETE e Holt
RN M 1.35kg
ENTE A m 0.13kg
HEpeSuYEAUINEE b 0.08
RSP I 0.5m
AR oK / 0.2535m

PR HI S H O L s & J 0.5m

H I g 2.8-10-3kg m2

PR S E O e B T IR

10 =—VIsin@ + Hl cos @

BT E L KB Bh -

2

d
m—-(x—-Isinf)=H
a’tz( )

16

(2-3)

(2-4)
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A E OB HIZE) N
md—z(lcos )=V -m (2-5)
dt - &
MEEENIY S SN
Md2f=u—bx—H (2-6)
dt

KA BARFHEFF R L, BT AT DM 0(7) A1 6(r) 1R/, 1§13 sin@ ~0,cosO =1,

FHO0* =0. TRNEQ-3)FNRQ-5) 7T LN . BMEE 1T N:

10 =-VI0+ HI (2-7)
m(x—-10)=H (2-8)
0=V —mg (2-9)
K 2-6) RN EIK(2-8)15+
(M +m)x—mlO+bx=u (2-10)
1 3X(2-7) 2 (2-9) T A5 3]«
16 = V10 + HI = —mgl0 + 1 (mx — ml0) (2-11)

B e, ER Q- 100 R BNLIERIBh 22 B

{(1 +ml*)0 —mgl6 = mlx
L (2-12)

(M +m)xX —mlO+bx =u

(1) A% e EOT A2

X AT B R A e, 15

{(1 +ml*)g(s)s* —mgld(s) = mIX (s)s’

, R (2-13)
(M +m)X(s)s” —mlg(s)s”+bX(s)s =U(s)
ReaRQ-13) AT EE B, W19 — G ABINLIE R G 8 R HO -

D(s) mls’
X(s) (I+ml*)s*>—mgl

(2-14)

(AW WL EC R

17
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(M+m)[(1+mzz)_ g}m)shb[(”mﬁ)_ g

2
ml K

} Hs)s—mlg(s)s’=U(s) (2-15)

ml s_2
51, DV IE AR — R B RS AL 15 R AL

D(s) mls®
U(s) gs*+b(I +ml*)s’ —(M +m)mgls® —bmgls

(2-16)

Hop, g =[ (M +m)(I +ml*)—(ml)*]
WHHUINEE A v, WHARQ-14) 015, DLEEAUINE A N — 3
SR ARG AT 3 PR A

D(s) _ ml

Vis) +mlz)s2—mgl (2-17)
(2) RET T FE:
WRRIPIRE T A TN
X = AX + Bu
{ (2-18)
Y=CX +Du

WA PR, AR /DRI x, NEIEEE X, SRR G,
EFFIAEE O, MPRAEHN

X=[x x 6 0 (2-19)
X2 2-12 A 2-18 SRABMEOTHE, 1S3/ T -
T (M + ml;’?iMmlz o (M(f—/[miTJ)rn;\ilnlz o+ (M + m;nIleMml2 !
_ (I+ml*b) .\ m’gl® os (I +mi*)b (2-20)

T M Am I+ MmlE T (M +m) [~ Ml (M +m)] + Ml
B S, A5 R CLHEALE AR I — B RGP PIRES 2SR 5 2

18
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0 1 0 0]
X —b(I +ml?) m’gl’ X
I J{ _ (M +m)I +Mml*> (M +m)+Mml* X
0| |0 0 0 11|60
0 —bml (M +m)mgl 0
(M +m)I +Mml*>  I(M +m)+Mml*
_ ) (2-21)
0
(I+ml?)
I(M +m)+Mml*
0 u
ml
| I(M +m)+Mml* |
X
Y{x}:[l 0 0 0} X J{o}l 2-22)
o) [0 0 1 ofl@| |0
0
B (2-13)15:
§=220:2; (2-23)
41 4
DU A HATL N 52 v A S ) — R ABISZ A3 R G IR 2 [A) 7 7%
;101 0 0] . 0 ]
gl |00 0 0 |1
X=9=00301¢+03v (2-24)
. g .
0 _0 0 m 0_ aNbn
X
Y{x}:[l 0 0 o} % {0} (2:25)
@) [0 0 1 ofl@| |0
0
KA AT HE A B BIME A :
0 1 0 0
4 0 0 0 0 226
0 0 0 1
0 0 289941 0

19
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B= (2-27)

2.9586

232 REER)—RFEIIIER Matlab (FE D
AR HIT I 0 R IR B (357 HR R GRS, Dy ek B gl SL AR R g R, A H
MATLAB # @ HECERAY, @il X RS n)Zhas ST g Mo, AR
B 4 [ M PR R SR B RIS AR RIS B RFIE, it B IR SR RO R R
AR HEIER . FNIRAEA 1 KIS 5, WAL B FIEE AT £ 2 e 7 th 22 43 ) 4

K 2-4 F1 2-5 FIioR .

x101°

(=2} 2]
T T

?%ﬁﬁi}ﬁ/}%{%/ °

N1
T

f=1

10 12

N -

H_“%J /s
Bl 2-4 $5AF A R i v )97t 2k

% 1015

| |
- N
T T

|
S
T

NERL B /m

)
o]
T

|
—
(=]

i oo
B 2-5 /NGRS i D R £
T T Sx B B R S RS, AT LI R R G AR E M . AR 1% AR
FIR, 1B B AR Ay EERS 2B R B S, XM RS sh 1T T RS
BUCVAA R i P MRS EIRES, /e Bt — 2D e Seng s 24
AR iy H A MR AT S B TP ) S e

20
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2.4 KRIRThRGIRBNEB AL IERE

FEARRF, T3 PR S R IRE) — G B AR 3% R G bR B, BHAL
R Bz 22 Gt 9k B FLRIL P42 DA P35 ot T B0 — 20 B 2R AR ST AR s R HE R 1tk 06
T, RUONRIKE) — ) L B4R (R AT RN 1018 30 #0852 2 3R 3l AT LA T 45
1713 B0 2 FELATLAE 5 4 Fl PO A R B 42 52 T 6 R UK B0 — 2R B R (RIS 4B A R, T2
KR BKE]) — 28 L2 RIS AR R G IR S A SE AR B b A8 S Bk Bl AL AR 7T, TR
I 5 S0 A A A E LA T A 7T o X — I FORG IR N AT £ Al FATLAS B 4%
BT, A0S . AR R MR
24.1 BENEBHER T

AR 3L LR BK ) — 2% B2k LB SZ R R ST sl %, H R GURAE K BEIRD
Hi /L (Permanent Magnet Synchronous Motor, PMSM)J:fitti_F- 7 37 /) . PMSM JE % 5
RFIBENA R, MAREHESELIEFA K. A, v LlEdH PMSM S5iE4L
O, SCILEZIES), WM E L HENL RS . 18RS EAT A A i
7%, 2 PMSM iz, WA LIE R B EAES).

PMSM J# HA B R, Refiefs s e A Buth 4 o iikee . XA BT
D BEIETHAE AR = R RE . B LR S SRR AL, BORAT R
AR, BATZHNANR. BT PMSM N BRI, TET SR,
i T RGLEM, fm TRE. EARARGH, BATRAK PMSM F 2 M gef
WREFE RN 1m/sy BRI FE N 40m/s® o FUE HE 74 30N, WE(EHE TN
60N. 73 #FFJY lum 55,

N T A RT3 PMSM, AR SCREL T % PMSM A7 (i FRAE A AL 2
AL FR AR, K5 PMSM M =M B 1 AR AR REL NP ER IR ARAR &R, SRS AN
TR AF A L A bR 2R 0 B T A R A bR 2R, I T 1 5 A B A b R B
fREAY

21
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A
g |7 @) = o
. -
Aig
lq f/ - \
g \\ d
0 i
! > >

B 2-7 2s/2r AABR AR B ]

Kl 2-7 4 o Tl dg ISAAFR AR o S, RIESE A L AR FR S 72 25 1) AR
fWiRkZe. Hh 0, apf bR R o HiAM dg Heb5 F P d B2 B RIIE S o 79 dg
b B MRS T af ABEHE s i

K L ARDR SR B e AR PR R AR i, BRON Park A8, [eZ, AI LA%S iPark
a3, B Park 4R, 734 2-7 R K %, WTLMS R af B dg 224~ 2]

W NRIR:

i, cos@ —sindf ||i

= " (2-28)
iy sin Gp cos Hp i,

EH, 775 Park WiAS A

i cosf, sinf ||i,

=l i (2-29)
i, —sin 0p cos Hp iy

FIFER), 45 abe B dg AR A, InaK(2-30) .

X 5| cos 0, cos(0, —2—7[) cos(d, — 4—7[) X,
a|_2 3 3 x, (2-30)
x, | 3 ) . 2r : 4
—-sind, —sin(6, - T) —sin(6, — T) X,
Hig Az e 2 (2-31):
cosd, —sind,
X
‘ 2 . 2 X
%bcma-§>m@-{oLﬂ (2-31)
q
e 4r . 4z
cos(0, _T) —sin(6, _T)
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Kl 2-8 FKHETRIE HLL d-q A b R IE]
dq Ve AR 22 T LR T AR ARG EE T A2, LA TR :

u,=Ri, + v, ~oy,
2-32
o, (2-32)

u,=Ri, + t +oy,
Wo =Lyl ty, (2-33)

l//‘/ = Lqi(/
3 . . 3 : -

T, = Ep(l//dlq _l/qud) = Ep[l;”flq +(L, -L, )ldlq] (2-34)

bt o, WA T B LSERRE T AR L, L, NETd . g AU,
ug u NFETd g W i, i AT g 8T v, p, NETd. q
RS o WAPEIE: o WHEG TGRS NS
B TN
do

T -T-Bw, =J—" 2-35
e ) rm dt ( )

LT, BATTE R KEEFRS AL L, = L, W R IR HUR

B AT, = py i, 5 VT, 45 A0 KR s LI o

RN, AULRG B TE T dg Rl FLIAL oy B EAT AR TR

23
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Br
J
i T +% 1 o,,
_"> e _ >
J S
e 7
J

&1 2-9 7k 7] B L 3h A 1k 45 4
2.4.2 IRFNEEHLEY Matlab {FEIIE
N T AL RGBS EE, {8 MATLAB #EAT 07 BB, 7R H b
—ANEZES, HIEMHE N 1, SEN 1Hz. D75 0E 2-10 Frx. i mszE
&, WTLAEMTHE 2 R AR HE S SRNE 5 IR EAREA— . XYHHE
PiEIREEH, RGN T45 8 I IESZMNE S TR R, 3 B R S
SHEEAETT

7T, 7N : - 7
N PN [ —maEE | S
; s /4 27 422 *
4 \ A i REES |7
0.5 /¢ \ ’ \ /]
I / \ ]
G 1 f 3 {
= J \ : !
~ 4 » £ \ B
W o d ! \ /
&l \ ! \
= \ i \ !
\ /i \ 7
\ i \{ 4
0.5 \ G .« 4
\ ’
\ ,I \ 4
' / \\ A
_1 1 1 X 1 1 1 ~ | |
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
B/ s

B 2-10 7K 4R 2D s LA B A i o T 2

2.5 KENEE

KREE VLN A T RIS EL — RELIERG R SRR, BFFRE. A
JEgmt et IR SR AL AN B AAE, IX— R G M K A0 s
VERERS) 3, AN EARF LR, i gmidas Aot N ERALEE 5, e g
P S S IEAT B M LS S, I IR 45 X X F B B I R 8, R GTRESKE
PR AN R R ROR o B R RIRBN RIS IR R G AT U A, &%
ARG 32 RS AL HEAT S, T 3K 3 e f ORI R Bk e
THNRRGRIRRERCR, PR SRS L g 57 1 AR B AR, IR I
AR 7 BLE RS S XS LR A R D9 )E SRH0 HANSER B BEE 1 LA
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£ 3E RERNRFHNEMIEH AT S
3.1 5%

RIREN R G218 RGFEH AL H DN T RSG5 H HER— KA 2148,
TR RGHAAELNE . SEITED) . 52T G, REIIFEER A,
Nz ST EBT S B iR s s S, E A7 I P Ah ] e
FHORIEME A, AHESD & IR R SR R

B RAET RIS E LR RGBT, M PID EEELIEE. LQR 2| 5%,
RAS 25 [ A AU B 79 DA S 28 1 ADRC PU/M% SRS N T, HIENTIRANT
fift AT R IKBN H A — RBINAR RS, N5 S0 B BT SR iR 1
Gy (R AR
3.2 PID &3

FE TSR o, B P 45 R 5 282 PID CELfl. AR o) #56il,
fEF% y PID 1 5 PID Y505, PID $& s 45t fai s, NSEE T, M
AT RGOSR R AN S, BTE Tl sl 2 R, ROy 32 B
HHARZ —.

3.2.1 PID #=H EARREB K 5717

PID #5352 B LL i FRAr R = AN 7 2 R e M 2H G s il 35 . LA )
(RRE AR Jr B i W B R Gt S IR S H A 2 VR 2, ARYELH . o AT
SrEEEHIE sy, PRI A, DUSEIIN R Gofe e M AL RE R T

£ PID 2, A%.0oJex) PID 214 S AT I EE . 1 F5E K PID &
HOR 8 7 I T RGO RR M P 200K DLR S bR B R 75 >R o PID 1) 48
SR BETE T 0F FEH Gy AR T FAR B SO € T AN AR S A AR
RE 7% AERIRTHRTES, H WA S AR e ARk,
Ziegler-Nichols VAU8155 . fE TRE8EE Tk, W WA ZEIED) . lim 7 HL )0

S5 o PID F2 M| S AR P51 1) R GE 45 TE (B rin(t) 5 SEBR T HAEL your (r) 1) FSGAZS i) i 22 -

errort(t) =rin(t) — yout(t) (3-1)
PID N
u(t)=K ,(errort(t) + iJ.terrort(t)a’t + M) (3-2)
T, 20 t

1
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5 R 3 R HU I AN

U(s)
E(s)

G(s)= :Kp(1+TL+ T,s) (3-3)

S

Horp, K,ONHBI RS, T, 8RR IS RV E T, Jisisd int 18] # 4

— [l

> (——> B4 jé-» %&’%Xﬁ%T
4

3-1 PID #x il J5i 22 ]

322 RBFIEL—REIIERS PID EEKRIERHIAESLR

FEAEH R G, K Pt B 1 —Fhphzh, wl LR B A4 ) SRS kAR
T MRS o B ) ) B A AR R AE R G A i 5] A — DM TSeTH R AME S 5
DIARIS T a0 RGETERERISEN, T R AR E M S . fERIRE) B4
HINL—RABINLAR RS, X P AT M AT DABE G 2 — iR sl w22 1 52 A 42 il
20, Bl 3-2 M RIR TR 1R SRS I, T M B AR G R R
HAHS &, HELEEHT R4,

G, |«
1 X(s)
—> — >
S
R(s
2260—sfrm
— [ 29586 0(s)
> — >
5*—28.9941

K 3-2 PID & & KL IE 2 il 4544 B

PRI R % -
Gxnzpng=@+@s+ﬁ- (3-4)
S
s+d
C%@)—S+f (3-5)
Gy(s) =~ (3-6)
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G4<s>=si2 (3-7)

YU b P P 7 5 4 ] P A 38 o 809

{R(s) +X(5)G,(S) — 0(5)G,(5)G;(s) = O(s) 1q
(R(s) + X (5)G,(5) — A()G, (5)G(5) = X (5) (%)
X(s) _ G,(5)G,(s)
R(s)  1+G,(5)Gy(5) = G,()G,(5)G,(s)
0(s) _ G,()G,(s) -9)
R(s) 1+G,(5)Gy(5)=G,()G,(5)G,(5)
>N E':l:
ks+ks+k,
G(5)G,(s) =————— (3-10)
S
G, (5)G, (s) = n(kps-}i-kis +k,) G-11)
S —ms
1+G (5)Gy(5)— G, (5)G ()G (5) = a,s’ +a;s’ + a2s46+ a3s34+ a,s’ +ags+a, (3-12)
S —ms
o
a, =1
a, = f -k, +nk,
a, =nk,—m—dk, -k, +nfk,
ay =nk,—dk,— fm—k, +nfk , + mk,
(3-13)

a, =mk, —dk,+mdk, +nfk,
as = mdk , + mk,

a, = mdk,

1] MATLAB () M AU, @ SEIa3 SN &, &, k, Z80E . 835
%, BOEd M fINSHL R SIS BN XA, USRI E d

A f IS WNSTRATE AT R, RGRIRRE e b BRI R ST ik h o — 81 &%

B
k, =200,k =10,k, =1090

d1fos (3-14)
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BRI A2 R GiAe e 12K

0 1 9 3 4 5
W E /s

K 3-3 PID & il 24T A 5 e )97 i 28

INFELT R /m

-0.6

NI /s
P 3-4 PID il /N A=A 4% i 7 i 2
M_EERT DS, £ RGHEAT 0, CLred 2 — ik Ja i e -1
i /L, R RGAETXAMEEN A e I K E IR R . MR & K4
4 MR G R e TP AL XU RGUE € N 8] N RERS T Br U da sl Ok
FRETHAIAE, RILH RIFHIFRENE. SIAMRE S5, RGUIREmNIFE B
IS T R T AR AT R BRI UR AL E, IR T R G AN G 5 A & M
AWK RE ST o ML X LA, AT AT DAAS H R SR B ELZR FLL— (B LE &
GUEA A N RILH IR ENE, ARG — AU Bt 7 HE NS

=
HCho

3.3 LQR &4l

FEA I BRI AR R R A0, S RA R0 U R 4 ) SR g — B2 W 7L
MEZET . LQR R&—MAEMIMEKIWHEAR, RIMIBMRERTZMET, M,
RGN 5 & PR HIE S5 SEOLIE A PE REFR AR I B FEAE, BRI 5V 2 N T %
Tt TRE R G FaoE MR RE AR AL 17

28
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3.3.1 LQR #=HIE KR R 24

MR R B R e I SR, DME R G BB TUE oRis AT, A — R
Fabril Bl i/ N KA o R TE R G R Bt b, e R
Bt WRERGIPRE, (EIHAEL E LK RSBl EERE, X R T VEAE
ARG B 2 R, AR S R SRR IR .

u . X
—» X =AX +Bu >

K je————

K 3-5 dpefods il i 2
LQR A H MR AR AT P2 2T IR AS AR B (K 26 P R K, ATl o bR A5 e it
RPATSEBL AR R, R BPEReAE A — RO R T
J = % j (X" O0@Ox(E)+u" (OROu() |+ ;—xr(z‘ DFx(t ) (3-15)
Ex, Oy R AN F A3 5IMRER nxm 4B IR RS AU FE . rxr 48 1E 2 #5
B FEAN nxn 4E 1F5E & INACRE RE, EATE TR LB A HEER . A£1X
LEXTARAERE T, Q A R G RN SRR . O FERE A TCER N S 3G A ROIR 2528 &
(R ME SIACER IR A PR AR A B (Wi ML TH B2 s T R AR R 1R G 3R BG 2 3 n 4 )
I FIRLE M 5 B K (g2l 7o R OLR, IR R EMBE A
e, TR O FERI IR HITERE .
RIRENFISLAR RGN NN AR R G, FARETTIEER A :

X = AX +Bu
(3-16)
y=CX +Du
ISR R PR, BRIt — MR u(@) , 15 T b
J= %[xT (HO@)x () +u” ()R(t)u(t)]dt (3-17)

O A1 R 73 HIPIRA A B AN AN AR HIINBERE . 24 R G iT e h RN Z 2
ST BARERFFAETIRS IR, S hI BIFR4S € RS 5 U 4
REfEAF R EPAERFAETRE T, R EVERETEAR J B 2R/ ME . IRIEZNE IR
R LB e, 24 J R ME, 1EH1E SR

u(t)=—R"'B" P(t)x(t) = —Kx(¢) (3-18)
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A P(r) 2B RHE (Riccati) TR, K /2t it [ it s FE R . IxX I
R RARZLR AT 1R

PA+A"P-PBR'B"P+0=0 (3-19)
AT P AE LS L R AT 3 FE R KA
K=R'B'P=[k k, k, k] (3-20)

3.3.2 RIFENEZ—REIZRS LOR EFE LK

FER TR UK B2k — AR SL 4R R b 250, 8T H LQR MERBFRFR R IR
AR EERE X3, BB RIBISL I RAEMISATRE, RGBT, )5
XTI SR B AT R . UL FRANBLAERE O AT R I, TRELH L B HbR
HE, I8 I 7 AT R AR 2 B R -

O = diag[100,80,1], R =[1] (3-21)
FIFH MATLAB H 6% 50 9 F2 =K 75 5 A0 S 10t 384 2 %0 B 1B N ki=-18.2575,

kr=-13.3798, k3=56.9510, k=10.6901, 75 FI/%IKzH{5 37 %0 - i) AH N il 28 an
3-6 1 3-7 Fion:

%107

0 | ) 3 1 5
B /s
3-6 ALY FRAT A R v 1t 2k

x10°°

/NEAIFE /m

0 | 2 3 1 5
IR /s
Bl 3-7 Bl /N 5 6 e oL 2
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M 3-7 HR] L, LQR #2 il R WK BN (51 3245 FR G HEAT £ FE RN G007 A% A R %
1E 3 B AFRE TR, =Hd RS RINTZ. WEEELT, wHEmR, £
A5 11 3k /0N P TR B B A PR AR, B IR ER BRI . A SRR R O
FETCEARXT N, 5 2 A D IR AL 5 S B 0 2 i AR, T A A R g
IS B ) S ARG . Biltn, AR O S M EEE RH T RGN, M AR T
koS, ARSI ROR ERIRE: Rz, WH O RSB RIITRER N, A
o I ERER R BEANTR, 0 A BE AR BE RS R o 4 R Z BIRBNIS, FEAF 22l d
2y, SRR B EEAME, DERBTEARHEEME.

3.4 REZERSEE

RAS S (AR s BC B 7 02 — A T RS REMHEAR, BEBE ®IHRE
SAGHE 25 KK 2R G0 (0 PR ASU8CE AR B I B, DASEIL 7% (3 &5 M R AT
FasE e ZITVEI A O AR R B TR B ] 2R I S A R G RS I R 2 R
E M TERE AR, QP R, R E RIS AR DT .

3.4.1 REZEMSEEERFER S

e SC B i B IR RS I 3, M2 AR KRR RER AT EAE

SHEEMALE b, DU R BRS AARZS YR RRFE 7 -

X = AX + Bu (3-22)

X, X An4BIREHE, 48 o FHOEFE, B nx1 WEFRE, u 8%
il 1) o

IS B0 T
u=- (3-23)
SRR, 135
%(6) = (A~ BK)x(1) (3-24)
JrRRI R
x(t) = e“ P x(0) (3-25)

M EATBUE AR RGURE e e nl %, EHGEN K H, T EERY]
UIRES, Mo T IR, #AMES x@) BT 0.
RS S Bt P | SR B A ] 3-8 Bl »
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MEB .:

P 3-8 PRAS SR P A 42 2
AL 2 2D IR
(1) fde RGT ik
(2) WRIEHFE A WRIEZ TR s - A|=5"+as"" +a, s +a, KT a,a2...a3
FI{H ;
(3) WsE MR T RAL N AT bR E R AR B RE T = MW, JLeh, MO
VARG

AJ:[BLM%A“%] (3-26)
i S T ]
n-2 n-3 1 O 0
W=\ : Do (3-27)
a, I -0

(4) R4EPTHIRERREE, 512 .
(s=m)(s— ) (s—p,)=s"+as" " +-a, s+a, (3-28)
(5) RA R 2 HEFE K LA 7 PR e -
K=[a,-a,a, —a, iia,—a,ia—a " (3-29)
342 RN EL—RBENIBRERS T ERAEEHELR

(1) Kol RS nTf
P 2.3.1 e B SR B 4 — S 42 AR 2 TR, LN A s 1

AN R GRS TN

] [o 1 0 01 x 0
v |E|_]0 0 0 ol %| | 1 . (330)

6l 0 0 0 1] 6 0

O] |0 0 289941 0|0 |2.9586
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X
y|* 1000x+0 131
= = u -
6l 10 o 1 ofle| |0 (3-31)
0
B:
[0 1 0 0
0 0 0 0
A:
0 0 0 1
10 0 289941 0
0
B 1
=l % (3-32)
| 2.9586
1 0 00
C=
_0010}
D=
0

RGZA SR, RETEETIEWHEMENTLS RGURELELEF N 4,
H 58 A AT AR BRI RS R G AR 2, MR AT

(2) THEFFEE

RIEESR, JEHAE —CHIRE, WIS 2 7, SEUEE ) PR A5 :

s=p(i=12,3,4) (3-33)

Hodt, g =—10,40, =—10, 15, =2+ j23, 11, =2+ j2N3 »  pryp1, e — B\ B A
¢ =050, =4 WESHIINWT, 1,0, 5T F ST SRAD, KRN,
D] L B8 ()RR AIE 5 R

(5= 14)(s = 1,)(s = 1, )(5 = 11,) = (s +10)(s +10)(s + 2= j2B)(s + 2+ j2 B)

(3-34)
=s*+245* +1965” + 720s + 1600
Ay LA R S E
a, =24,a, =196,a, = 720,c, = 1600 (3-35)

H1 R G RFAIE T R «
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s -1 0 0
si-a=[0 0 log 80042 3-36
oo s -1| ' (3-36)

0 0 -28.9941 =
WHHERBLERN: 4 =0,4,=-28.9941,4,=0,1, =0
RGN RBHEERN: K=[a,-a,ia, —a, " ia,—aa—a "
(3) T sE (AR TT AL Jy I b e 2L ) A e A B T

T =MW (3-37)
Hrp.
M =|BiAB:A’BiA’B | (3-38)
A A A1 0 289941 0 1
A A 1 0| |-289941 0 1 0
W= = (3-39)
A 1 00 0 1 0 0
1 0 0 0 1 0 0 0
A
~28.9941 0 1 0
i 0 289941 0 ] 140
- a 0 0 2958 0 (3-40)
0 0 0 29586
~0.0345 0 00117 0
— 0 —0.0345 0  0.0117 il
1o 0 03380 0 (3-41)
0 0 0  0.3380

(4) RAPIRZS S TG i K 9
K=[a,- A o, Ala,— Al - AT
= [—55.1836 —24.8326 94.6994 16.5053]

(SEEEthF

(3-42)

u=—KX =55.1836x + 24.8326x — 94.69940—16.5053 0 (3-43)
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a5
Bl 3-9 RS S0t P IR FE i R AT A 5 e 5 i 25

x10 %

I I I 1
0 1 2 3 4 5

INFTHI /s
B 310 BRAS S 15t PR ER 321 /1N 2 (50 7 2

A ULVE H, EAETIOEN T, RELE 3 BN b nT LS 08 s
8, REMIRER G, SiREN.
3.5 LADRC #&4l

ADRC J&— A USSP 4% ] SR o 120728 5T N — M T 2ok
RO R G0 00 & FOANH B I SR RSN S, AT SEBI &R G s i il .
X AR 7 5 R IS R A 1 4 L BV R R s ) P R R T
HK, S5AE4EH PID #5607 AL, ADRC 578 7 HE S R 5 7 Hanhs s,
REfS B AP AL BE AR R RGURIIN S R G5, H BT R G B R IR Dl A 1R
R
3.5.1 LADRC #ZHIE KRR K 5534

2R 1 B PP s H 8% (Linear Active Disturbance Rejection Controller, LADRC)fE
ADRC H4il FiAT T SHRAECE, © 4G T ADRC 6|0 5 2 thf i 2 18
(R, DUIE BB RIS, RGN . %450 U7 306 PID 7 58 i il A £ v 95k
AR ZS W %% (Linear Extended State Observer, LESO)AHZE & KA MZ R G5 -
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&9 @
’ - Y € R, u *
0 BRER @ g | o Pl 0 5
Lo el i [T = .
v, A- ) Z&
R *T y
1] [ b ]
Z, Y
] A R |
! AU 58

K 3-11 B Uizl g &l
TRIE 225 SCRR[8 1A% 8 ¥ T J7 1%, A LADRC HIPERE S fa g PE AT B 7T
BT BN

X =X
£ = [ (3. 0(0) + (b by (3-44)
Yy =X

B, FARMRE: o NANERKEINSN: b VRGIRFIE; bo /&R
GEr O AN o R A I bR B ) B A AR R BRI A SR A T f
AR A

y= (_f+”o)
b,

AR R AME RGPS, BEMIH R0 2P nARAEH T
TR R G A P SEHE B ROV R GRS & x5, ARSI

x,(2) = f(xp, %, w(2)) + (b — by Ju (3-46)

(3-45)

B x, = a(t), WERMLNEBHITEAT KRR a5, BRER R dsfi
I — ek BRER sl o0 4%«

x,(k+1) = x,(k)+ hx, (k)
{xz (k+1)=x,(k)+h(-r 2(x1 (k)—=v,(k))—2rx,(k)) (3-47)
Horf, h ERFED K, r APUERREARIE MR RS
ESO K LESO it
z=Az+Bu
{y _& (3-48)
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3w, 1 0 0 3w,
A=|-3w2 0 1|,B=|b 3w (3-49)
-w; 0 0 0 w
P2
”:% (3-50)
IR S 23 RN, IR RSBy In N
V= —-2z,)+u,=u, (3-51)
Ty 5 A | PID 428 R
u,=K,(r-z)-K,z, (3-52)

XA, XS TD, LESO, LSEF 7pmll#ATsr i, Zeth A fidifslds o
LRI TE .
352 REREL—REIBRSG LADRC EH A E LR

i 3-12 firzs oy LADRC Wi RSt IR AR K], 3% & 51548 ADRC (1)
ZERRAL, 5 3-11 AR ZALTE T 245 SR E 48 25 T 4548 ADRC HfdEZ it i
¥, TD #1 ESO #RH T MmN kB AT B i, IRES Szl 2R A 1 56 1 4
PID FCE 7775, MRIEHI SIS AH L T4 ADRC 5 T#HTSH0ATT. MR
F LADRC #5770 R Gk By (3] 3745 22 8 14 il AT e vt

vl e :( X
T S8 ww > il i % H—
v, sl 0
| il v
> [b]

Y
BT IR |,
A

B 3-12 2tk A Ptz il ai
(1) BRERf F 3Lt
PREFT 45 BERS IR IR G NS 5 A S 5, [ b AT & 2 O Ab 2
WAL ERER > &, P BRRAR SIS B AN bRt /NP B L &
AR R . 1% RGBT PR R ER T A5 W R PR
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V=V,
{. 3 (3-33)

vy ==2.T1v, =1 (v =)

s, v R/ NERISEBRAIRZ . vi A& vo M LR RE B /IN A A2 R ER A
vo AL vi (A RIVN R A THEL, i AT S5

@ sl
uy =1Lz, + Lz, +1,(x, —v)+1,(x,—v,) (3-54)
u=u,—z,)/b,
K 0y by By LRSI, LA A B8 S YA ] A &
M, b ARGMIMEE T, T SO0 SR A AL
() PRI AS I Beit
e=z,—y
z,=z,—Pe

Z, =z,— fe+bu

zy=—fe
Hrb, bo RGN BIAMEE, Y TR 5 )3 25 S HCR P K AE .

(3-55)

TIRARSHIE W 3-1 Fis, S KRG EFEF .
7 3-1 LADRC St & %

5 1 2 3 4 5 6 7 8 9 10

SR B B, B, / [ L [, b, r v,

[N 220 7800 12500  -65 -10 15 8 2 70 1

I 18] /s
] 3-13 LADRC #% il 43 AT A 5 ni 157 it 2
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0 | 2 3 y 5
TH)/s

P 3-14 LADRC il /NG A % i 7 ) 25

&l 3-13 Fron it 7 Bt 269 LADRC #5 il R SR B {31 3245 5 45 IR AT #7152 0
ek, HAREAE 4 P IR BRIk . K 3-14 Fros 07 B f 2o/ 4
RLRE i N 2, BER I BIASE WP 0 B o 232 & IO HI RO &, RHZ
PEBCTH I VAR R KA S HOR I R, W 23 7 AR AR E & e
3.6 RE/NE

IR A R B 28 %1 5 7%, W LAR AT 7T AR R SRS BN R Ge Y
PERERIN, AT B8 4xrii st A B M ] SRR TR AL B 28 G0 53 A AN AR A Ry A I
ROR o A LA B TP AN RS 055, Oy a3 KRG Rt it 1
FERSHENZL .

ARELSE T HAT LA S 5%, X R RE B2 — B IR R AT T
AW, M2 PID 2 M8 T it HAEM TR, 5 TR, Hx
TARLRMER G ENPER IR, EAE%iE Ra i BA wmmS R 244, PID
PEf AT RERIMAE . LQR EHE A R LMt — R RPEREFR AR, AT RASEE
Xf ARG s, IRALEF B TERE, H2 LQR #2610 RS0 B e AR Y 2
RBOKE, KT 5208 RGAFAE N EBRZ A E PRV BUR . R E )7k
RVFEEF BRGNS, BEGBHIEER A, FTUSEIL RS FENE, #ik
RGAEZ BB e Tl B 2P EDIRAS, (B2 A RASEUK RN, Sk
e B B RATREAN TR, 7 ST B LLE N R G AR . ADRC FUHF REA
X RGBT AR, TR0 KA T AAME R R ATIE R R, B R4
BT R B PR ZEORA X AR, JF HOE A SE A THAAME RGP s, 45 RS M
EEARRELR, A BT IR E RS8, B2 ADRC H S H0H AR BN E i,
s SR 4 B A DR R GEPERE
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£ 4 EF KRIRshFRSRNHEEER B ISR R
4.1 518

IR BRES) 5 e 1) jE— LR A R R B AR SR R R, BT A R 2 T
N, RGFIERA G AT E S MR, f2 g nds il o iE e LUA S o, T B B
PR IR —Fh R M SR R B B X il it s ok Re /g, E e AE R K
R G SR TR 3

TEEE =% R T 40 s SR ot R RSN 81 SE AR AT ) e T 2 05, 9 T e iR
ROREN B 2% — MBI AR R G ISR A R LR, AR BRI T PR T oA AL
B Hidt 154 (Sliding mode active disturbance rejection control, SM-ADRC) ] /X B
B R ELBINARE N ARG, WHZAEH RIS TIRNIT L, I MATLAB 1{jj
FLIOUE T i b 28 M e e o
42 KRIRFNEZ%&—REIBBRB I MITHI LT 5]
42.1 IBRETEHITH

T B AR 4 1) 42 1] (Sliding Mode Variable Structure Control, SMVSC)#2& — i 3
T B BRI 1 AR G A R ) 7 vk o 2O VR IR S NIRRT, RGUIRASTE I
s R iEsh. AR I = B REE 2

(D) SIS A

VAR 2 RGURAS W — ST, MR VHREs =0, K RAENPRES
P& A s >0 fls <0 AR, Wi 4-1 . HiEHFERAE XA ERAH
ENAAT R, AT 0, BRSSO RS, 15
TRV E RGBT ARG WAk . VAR B0 T W g o o f) S B D IR

s>0

s<0 <20

K 4-1 DIHiE 3l mos 5 A

T A =Mz sk oL, A EH R, RGUE 3 fUE T i s = 0 fITRT,
RJEFE A K B ROSEIGR, REUS SN RUE I s = 0 PR R w34 70 1
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C A%, RGIEH) RUEITE M s = 0 Pz fest. i, WS
FAER XN, s=0 ERISs a4 m. B EX —2K, fFizg)nis

BEW s =0, BAHLAR: Ims<0glims=0,

)iz shFaE P

TERLE s R E MR R AT RS0, RGUIRE R H RS w15 i
SE (BT T AR IR . Bk, U RGERPIRAS A BRI, BT RA
TSR, REURS SR EREH28), A e EBI . XMIRES
TEAEH R G RART 1, BN RGTEZ RSN BI 46 K AR, Refg iR
VRS, AR AS FE R (] 380 W R 4R R E M A I

() VT ) AT IA

DI (Al A VAR (R AR TR ] R G, RGUIRE 2 15 RES L6 AT BRI 8] Y
ik s =0, EEBERIT, Y2 — M@l REEZm LEEA K
AT N T HIR R BRSO BRI 4R 4, DI i al s M2 — N R
PR FIATESRAF AR s$<0.

X ZANEERILRIA T VR R AHESE . i A Bk R AN B A
TR ) DL AT A S A, AT ASEIIN AR it R Ge A s PEAT S VR ] o T
FERIINEAE AR AR L R Gt B A E PRI R GE DL 2 BISMIIR BN K R G207 T
HA BT TERE .

422 BIEREEN S BT R EM S

(1) THBLERER L 2%

H BT ) 3558 5 51N AR MR MG SR M B R 38 . 515401 PID
FEHIBAR L, B AR T BN T R 258 AN T A R ZE A S A A 5 1 S A
B . HRAE G TD WHME S IIENECH — e 5 [, T iE—Pitm
TD XHANAG T I MR ST, Wit | — FhiE SR R i 77 %5 (Sliding Mode Tracking
Differentiator, SM-TD). T 5CHX TD KRS = :

x =V-
. (4-1)
x, =V, =V,
IR, PR AR A
s=cx,+x,(c>0) (4-2)
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wa, BOHEBHEIL R, BRI REIE RN s =—-C sgn(s)—gs($,q>0)
TG 2 R RS B B sgn(s) 28 50 RAERHR, PHEMZESR T RAMBHLE
KU, AT RRPEMIR M R, 42 TR I B ER R R BRI MR R, RS R 2
sgn(s) B HNARLNE R EL £ (a,e) » HIEFHAN:

f(a,e)—w,a>0,e>0. (4-3)

1+ exp(—a/e)
BRI R R
§=—¢f(a,e)—gs (4-4)

g4 (4-2) M (4-4) 115 2] SM-TD B4 IR :
{%ZXZ a>0,e>0 (4-5)
X, =(=¢ f(a,e)—gs)—cx,
FESL R R ae il 2 /N ZE A B BRI Im % o DR, vt s s R 2k
INERRE S SN R EMZEE . Nk, WIHEEREREE 2%, HIEACN:
{Xlxz
SM-TD, =1 _l-exp(-ale) ,a>0,e>0 (4-6)

X,=—(—————¢gs—c
? é,l+exp(—a/e) E

Pttt (5 SM-TDy AR B 2N AL A% (R BR A AT /N 22 T R A A8, T
HEHA —EIER e, ), it n—PDERET 4 SM-TD,, 53(4-6)H
[Al. SM-TD: # ¥ it H B2 RBUNESH LS Vo BIERERE 11 Lo V2.

T 1.02
H
¥ 1 1o
i 098 I
0.96 11
I 1
H
1 1

0.94
0.92

0.8 1 12 14 16

BRERT 2 AR5 H/°
e

— NG
L s A& G5 TDI N,
f = = = SM-TDWi 3]
O 1 1 1
0 2 4 Nmmﬁ 8 10
K 4-2 TD i i i )37 %) HE P
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Ak, Bl 4-2 BoR 7 &4 TD 52u# SM-TD K AE SiEfltiZexth. 5
f&4¢ TD AHEE, St SM-TD AMY AR 1 R S POE R &, 1 HAmAE S
F o] S SR 52 B R

(2) FaEvE M

1%+ Lyapunov pR%Y:

V= (4-7)

s
2
REAH:

V=ss=s(-¢f(a,e)—gs) (4-8)
SRS f(a,e)s >0, s >0. Kk, ¢>0,g>0, flv<0. I, Lyapunov

BRI AR E 1 AR B T AL o TR BUBIT N AL B EA 261, PRIE RGN
TR
423 FBAREM R BRI RO
(1) ARt g H Bt
TR GER AR L B8 B T s
le|* sign(e).le|> &

0>0 4-9
e/ 57 le|<s 42

fal(e,a,0) {

ESO i Stk R B 1 s BB 3 50 R BNl s 0L PE e, JF HARZ
PERR LU JEI D BREOS T IR SO AR HACAE T, FLth 4ef R )2t
Wesiott . i, frRES RO AT RED, HRRELEE “MRZE. RIG6, KiRE,
N7 B BRI o AR G AR St e BOE SN IF PR RCR A, I HAE IR R U
SRR, B DR TR 7 — oG I S A R ofal eREL

Y <|e|<y I, cfal MEEFRERA:

cfal(e,a,0,y) = |e|a sign(e) (4-10)
Yle|< S W, cfal BEBRZ TS =M RERGIIER, REXA:

cfal(e,a,&y)=Zle+lzsin2e+l3arctane (4-11)
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S T 1 B 0L 5 T 4800 e A & — A TR K2 arctane HLHE %
B BOE 8 SRS 0 P P BB AT A2, 9 FLIRE MO (0L 2 77 AR AT 1 3R M 5
e FLTT S 28 o 4006 B 5 0 12 BB B S E e, ) B A AL T
9%, R T R

cfal(e,ar,8,7) =5%,e =5

cfal(e,a,0,y)=—0",e=-0 (4-12)
cfal(e,a,8,7) =ad“ " ,e =+5

B 5“’1(5—aﬁarcsin5

- 5—\/1—52 arcsin o

L,=0 (4-13)
- 5% (@ —11-67

 5-+1-6% aresin S
MIRZEBRN, Bl|e| >y N, 7 SEEF AR “ORIRZENME L, MRZE R
a7 e, IR RSP IRAE ), ofal BRENRIE L N:
cful(e,at,8,7) = y“sign(e) (4-14)
A, BJa5EN cfal REERIEAWT:
5 (5—afI—8arcsin g

o —ﬁ arcsin o
5% (a—1W1-8°
5—1-8 arcsin &
|e|a sign(e) o< |e| <y

y“sign(e) >0

|e| <o
arctane (4-15)

cfal(e,a,0,y)=1+

(2) FRLMERREI S

T SRR T BT R AR 2R 1 T R B L A G 1 2 M R RO A S G I R R
731, 1E Matlab/Simulink "R AR LRI G BRI BT IEBEAS, NN (5 5 HEAT 8
WLLER . JELRME R BE B B WK 4-3 FoR, FINfR¥ o =a=0.5, §=0.01 i}
KA Bt 2V EXT LG, W] 4-4(0)FTR s ofal SRS fal eRECTIIE R 2R DL iR
7 I it B a 0F B B ] 4-5 s
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o>l
I B e o s
=

P 4-3 ARZ A oA Bl A 45 4 1]

- ) 77 — FRfE S
| 0.75 /.,‘/ — = — SR R M v B
o — e (G R E B B

| B

Il /s if ) /s
(a) ME7E (5T LR (b) EREIEV A S 5 R

P 4-4 AR bR B R A i I 1 25

== 8
B

1! .- _ | o [— cfal(x,0.5,0.01)
" 6 i |= = =fal(x,0.5,0.01)
]}
>0 >4+ 1
| ——cfal(x,0.5,0.01) AR
R - - ~fal(x,0.5,0.01) | . SO NS '
=" | | l 0 C- . —

-2 -1 0 1 2 -2 -1 0 1 2
e e
(c) ARLk Ak b K B ih £ (d) ARLAE: bR BiR 72 48 ok i 24

B 4-5 PR A 2 P o B0 7 1 2

M 4-4 FTLAER Y, e B ANE 5 B BRI S TP, 4ond s HoE ik
JG, N T WRE T [FE, W 4-4 FTRUEH, BRI IE
AR G 5 A IR L SR ST, BOE BB IR e B AR G
ARL TR B 3E . B 4-5(a) T AE BIEIRZ AT 1 R, St ofal sK
1R B AR L T AR SR AR LR fal BRACE /)N, AR SRS A B S AR P PR A
sk, SolR TARGARGAE fal RELE SRS M AFAE S R 1) . A 4-5(b) ]
K, WA RZEBUNMY, ofal REGR I S fal REG WONRZEBORE, ofal
bR B HH B 25 AR T fal R JF HAEM R Z A 0 FIBHE, cfal BB 19 25
BUNA G 5 R G IR , R T GBS ek B o BEE I, [R)IN R S e AR
NT—A, B TEE . (FEmm it rdut A ESO B A 54 il pe
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4.2.4 BB SRS ER BRI R EM 247

(1) F ARSI &% 8 BTt

ESO 72 H HIIEH S RSB 70 B0k RGN &S T PRI TPy —
TR, RS IFAMEEAT. X T2 BRSNS T PRI AR LR AT E W)
(LY

X = £06%, ., x" )+ w(t) +bu(t) (4-16)

X T RIS R, HEY RS R

x(0),%(t), ..., x" (), x"(¢) (4-17)
L%, XD ) RARFNREL, w(e) RARFBIINBTI, () e . 14

AR R G

z, =2, — g (z, —x(1)),

:o=z ., —g (z,—x(1))+bu, () (4-18)
Zy ==& (2, — (1))
PLx(t) NEINIT RGN IRES R Y BIRES L &
z,(t) > x(0),...,z,(t) = x" (1), z, () > x"(t) (4-19)

IR FEE 2 B ARSIk s K, AT ASEIL_EIR ER IR F A5, I HLBAN F5 K07

{zm<r>ax"*l<{>=a<f> ) (4-20)
a(t) = f(x(2), x(0), ... x " (@0), 1) + w(t)
R £ (R0, 5003 D(00,0) Flw0) L AEDSIR T AR 1R SR 1

a(t) . Hit, R@E-17)£KE-16)KH 251K ESO. ESO 5 R4 (4-18) %, RE
SERFAE AR R or(¢) 5% o X PRI 2% LU — MBR 25 0000 25 LA o 55 P 38 o 4 16

Ptk

EE AR I R, 153 TR mEL A P ERERE 217 TUMME 22 FIZEE
BN z3o FHIEAF R A RIEREE 210 FURUME 22 /R NI HIECR 5897, 2 E AT
B AN B ) SER A 1. 2GS ) ESO TR

46



8 W YN T e VAT

e=z—y

z,=2z,-fe

z, =2z, =Py, -cfalle, ), 6,,y) + byu
Zy = _1803 -cfal(e, 052,52, 7)

(4-21)

X, e RMMREE, bo RAMER T, u RIS, B, Bn, Byredtl
BESO WIG38, o, o, AR T, y RIFLMER B HE . ¥4-21)
F) By s Brs By K SCHR[SOH 1 BE kA HEC B B 3w, , 3wy, wy B, 7]
@205 W

€=y

Z, =z, —3w,e

(4-22)

z, =z, -3w, -cfal(e,a,, 5, 7)+byu
z, =-w;cfal(e,a,,5,,7)

ESO @ S A7 Wi, £ IS 2] R4 & AR E 23D,
FFREATAMe:, BRI SRRSO I 25 1 BE I IR EL s i ) SR B R BE - D 1 JeiE ek
B ESO Bl THE RN RE, X C0dt A ESO HEAT T PSS . 73 70 A
5% N Srad/s BB HES 5 BRI SR 0N Trad/s IE %55 sin(10t), JEIEPILAL
ANFEHNAG 5 RISIE 0B ESO B 8 PRI HER 12 o

PN RS
-5 -e =71 ,

R/ s
4-6 ESO P Bk i mw 37 i 28
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3
¢ l‘ i 1 v ll
g’ ] i :
% N ) i PN
; [y \ Qo -e-71
]
!
J

e

-1F 1 . \ ]
y ! ! Yy !
i \ L s 72
\/ Y \ ——73
-9 = I I I T
0 2 8 10

/s O
P 4-7 ESO IE 5% %y i v H 2k
MK 4-6 F1E 4-7 AJCLE R, z1v 22 F z3 45 € NI NG 5 32047 7 R0
W, BAE 7 Friseit i) ESO BoA R4 BRI 14 fg .
(2) FaEvE M
AW ) =B AR ARSI & an 20(4-2 1) Fos, IR Bk :

fo)
R (4.23)
x,a,,0,,
g(x,a,,0,,7) :—g( Ze 2 7)e: »(e)e (4-24)
M HELR MY ARSI 28 A W e
e=z-Jy
zZ,=z,— pBye
) 4-25
z, = zy = B Ay (€)e+ by, ( )
z; =Py (e)e
XT3 (4-25) R AR Y RS LI 2%, FoA% 2 pR B A o
2
z = 3ﬂ01S ";ﬂ'ozﬂozs + Ay B +— . S bt,  (4-26)
s+ Bys” + A B + A Pos s+ Bys” + A B + A Pos
A ) ‘4
z, = — oz:?ozs 0wBus +— 25 Bos b, (4-27)
S+ Bos” + A B + Aes B S+ Bos” + A B + AsBos
z, = Zozﬂoaszy — A3 Bosbou _ Ao Pos £6) (4-28)

-3 2 3 2
5"+ Bys” + A Bus + A Bos 57+ Bys” + A Bus + A0 Bos

X ESO 428 8,4, () B e (IARAL AR 1L, H|e| <10, e 1 ad R B0V -

AR, ARIESTHTHEN, 3 ARSI F A E 1) 78 ZEAR A A2 -
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ﬂOZﬁOlﬂOZ > /103ﬁ03 (4_29)
T Ay, (€), Ay (€) REBRERAR 2 ¢ (MBS, BRI A (4-20) R AR, 456, =06,

ﬂ“oz = 103 S

BB > B (4-30)
(ER@-30) 1, oy = 3wy, By =307y = W] 0 S 20 FTRIRAIN SR

¥,
4.2.5 HMIRERIRIEHIRAIZIT

P 23093 K B LA TV W A% B (R A e M4 1) 26 b /S FR R P R 5
Fe LA E I3 a5 B2 ER e, SR SCR R EH A, A EA
WSHRPFERTHSEAE b ke ks kA BARERWFR:

{%=@4+@@+@m—zpwg%—n) W)

u=u,—z,/b,

X, ki, ke ks ke RIEHWIZSOH S, 755 DU BGOSR .
43 ETFBEEMEHSRNRIENRGEHES T
4.3.1 BUHFELBIE B IT ISR A%

BET O Y PR B BT I 2R I R KB B2 — RIS AR R A 1] 4-6
BTz, R AT 60 SOEE B A [ TP o) 285 P 5 40 2 L0 DU 43 W PR R
25, UG ORI E,  LRAEIRAS R 2 i i il DL SR T 1 5595 (Particle
Swarm Optimization, PSO)3-fit, EAREHEWIT.

Time O_’ 1 b D

‘T

Vi N >
SM- _% | e: | LSEF » Plant |
TD: V- R (2N il
V_lk
by bo
V
_V0> SM ) Z3
TD- V> =, 50 y
Zi

4-8 DGR AL B PTICTE A% A 1A
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SRR EL— RELIRRGECFER, £422795, 424 5L 425
Ry A SM-TDS B ESO LA S ZMRES R 22 I il 2 04T 1 dit, #k
A 15K RSN B2k — R RIS AR R SE T B SR 4o R

()RR EE o) 25

X, =X,
SM-TD, = - - >0,e>0 -
| %, = 1—exp( a/e)_qs_cxz,a , € (4-32)
1+exp(—a/e)
X, =X,
SM-TD, =+ . 1-exp(—a,/e ,a>0,e>0 4-33
2 Xzz_é/l p( 1 )_qls_clxz ( )
1+exp(—qa,/e)

Q)T SRS I 2=

e=45-y

Z, =z, = 3w,e

2, =z, = 3w, -cfal(e,a,, 6, y) +byu (339
z, =-w;cfal(e,a,,5,,7)
(3 MR AR 22 A 5 s
{uo =kz, +k,z, +k,(v, = V) +k,(v, = V,)
u=u,—z,/b, (4-35)

432 SYEE

SCE ) d o R IR B R G R R e FE ], S U E O R BRI I ROR
T BRSNS, B RRERm SRR W kMU s 5EI%,
ARSCAE R I G I005 DA R 962 (4 (R I 466 5 8 BE SVt AT S 8075 . i T st 2 i
B UMz 28 1 2540 5 45 4 B Bu i i 38 i 450 b BOa ARAUE, DRI e 2 400
SE NIRRT, TR B ER AR 2 CAGHE AL HORAS I % DL RV 2H AR AS
WE R BRI AT S HEE, Bl = MR ESHES, AT
R ZR G L

(1) WEEEREE I 25 1 2 U 2

WA BRI D B E S HE =AY, NG, g, o0 EHBUREY
Gras i ¢ BB E B RGN SR RS, HA g M e BFE AR BOL K,
TN 25 RIS T g Fl o [HIGE T RGERINREE, FERREEN
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ERAT AT b o AT TCET XA [F S HO0 LG RGN RS20 BRE s, R A7 LA
EAT R R . HAE 4-9 /& ¢ =100, =0.05 I F, AR e Er1E
FhE . B 4-10 /2 c=150,¢ =0.05 KIS T, AR g R . B 4-11
7& =150, =100 U261, e HIANE & BRI K2k

N TR AR SM-TD IS4, AT T K& HSE5. I 4-9 7141 Mg, ¢
EEER, o EBRIREREERNR, B TRmAES, ERM%S B
Do Ho,CMEEER, g EBRRIEAR, JHREIARS ZRIE . 2, q (EH
SERT, CAEHT DLHT(S SRR E SR, (R & EBROR, 7 3 2R R HUE 5 I ) ik
K. @d AN RAETUSE -HAMATREMNSH, BHY
¢ =0.01,g=80,c=100 B}, JEBIERERTU 2% 10 M BERE A2 K IXBh {3 37 #E R4 )45
i 7 2K

1.2
1 -
0.8 ai
g SR 2
4 0-6 - - =c=10 7
jjg()/l .......... 0:100 i
----- =500
0.2 -
0

L 1 1 1 1 I 1
0 0.2 0.4 0.6 0.8 1.2 1.4 1.6 1.8 2

1
I /s
Kl 4-9 AN[H q,¢ 264 T ADRC (1) 37 25 5

0.5F

o e :

@ 0 LHESYiiiEs

jiﬁ: """"" q:50
- —-q=100

0.5~ %\ £/ % a=200 .
. //'
‘\ /‘/
,] 1
0 5 10 15

INFIA] /s
Kl 4-10 AN[E ¢, & %A~ ADRC B 25 5
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0.8} .
0.6 .
® H A Hh 4
ji¥0.4— — & =0. 01 i
—£=0.1
0.2F &£=1 -

1 | | 1 1 1
0.2 0.4 0.6 0.8 1.2 1.4 1.6 1.8

W5
Kl 4-11 AR Cq %A T ADRC FI R 45

(2) S TR VLI 38 1 S 408

ESO /& HHiHi4z il #8 1i% 0 s 4, ESO ZHUE & M IF IR Yo B 110 &
Gk k. BREMEAE R . RIRSHENIIE RGE A B R GE, HAIgE
&5 B KNS RGN E A, NI RERREREZ. pid/,
AR RGIRER R 2, SR B H AT LASS N R Ge it e Sd A, AR R ) B
TERAEAT R GRS BT SCRETH IR Y AR 2R I BRI ofal A LE T Se AR 21 R
B, WO ArRESE, WM EREEEW RGN EEERN T, o,
MR SCHR[82 1AM 8318 M Fr 46 A K K H U FLARHIE, 3EHX 0.5, 0.25. fH. Xf T
BN 0] 25 e 7 LB R =M 2 R A B L, AR SR T i SRR 1
2, IR =AS BB S E 14 1) R A e B 5 o, B P 17

1.2
1+ oy
4 ~a
0.8} 1
T g enpiny
—
< 0.6 1
0.4 - _W():ls _
—w0=25
W2 [ [ w0=35 I
0 1 1 1 1 | 1 | 1
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
W)/ s

Kl 4-12 AN @, 2644 T 20 A ESO 1 z, ALl &5 5%
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w0=15
-—--w0=25
—wO0=35 |

0 0.‘5 1I 1.5
)/ s
K 4-13 A @, 44 T 2 ESO 11 z, Wil &5 2R

80 T T T T

I TE /s
Kl 4-14 AN[E] @, 264 T B ESO 1z SN 45 51

FFFRGEERL ESO 28 p M I, 4 I AT T KRB 7 TR S e
BRI 4-14 FFR, MR DUE B R o (IR, X EAIEE) 0L
KiilE, SATT o, 1K B4 SRR G BB ARED . I @, = 25 1, R HE2)
LA — BRI 42 R G TR 2 E M BB

(3) Ll KA 22 S B BT B e

T B2 R P T AL 277 2%, 7 BRSO B e I o O £ ]
S8, TERTSCRRAIS I BRI, FA N A S B
UL T A GRS H. 55— RS UL 3 R R Ak, Bl
g WORESE . RETRESLIESE, ABIAEIE PSO BUEMMEA R, TRIA
R RS R PR IRAR I 22 S R 2 DU K (AT SR AR
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433 RIFEEE

PSO & —Fh i TR AR RE ARSI, 0L T S sl f i S Ak S PR (047
o LI A FEAELR I A 4 R 10 R P R B A PR B R AR . AR SN
BH, BEER, FEEME. KH PSO X ki ks ksy ke BEATHRAL, BEGRT
TSR IR, R 7m0 . 2 (4-35)M20(4-36) 2 KL 1 JZ A7 B
[ 5B 2 3

Viéﬁl :nVlg +an (Plg —Xi'é )+Czr2 (Pg/; —Xi'é ) (4-36)

Xt =xk+yv (4-37)
Hrh, n RAVERGE, Vi AT RS REE, VTR R
2 RAMEC IR AR, P, R O AR, X KT AR TR A E
XEVRTF W28, o R TIIMEEH R, o, 2R BRI mE
FEHAEL, 1,r, A2[0,1]1X RISt Rl Py R BE LA -
PSO Fk AL R an & 9 B

ITAE e |
L
0(1) )

\ 4 \AA 4
% V,(1)
— | ADRC |—l xu#hE4 d

ADRC &% PSO H%

o(1)

>
>

B 4-15 0T REOR Pl i 2 2 4 s Hy
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