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A Survey on the Control of Nonlinear Non-minimum Phase Systems
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Abstract Nonlinear non-minimum phase systems have unstable zero dynamics or internal dynamics, their non-minimum
phase property restricts the direct application of many powerful nonlinear control techniques, such as backstepping,
feedback linearization, and sliding mode control. So the control of non-minimum phase systems is more difficult than that
of minimum phase systems, and is one of the challenging issues in the control theory and engineering applications. This
research summarizes the existing results of nonlinear non-minimum phase systems, and focuses on the topics including
the origin of non-minimum phase systems, their characteristics and the solution methods of ideal internal dynamics. The
control methods of stabilization, trajectory tracking and path following are analyzed and compared as well. Finally, the
problems to be solved and the research trends are prospected at the end of the paper.
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a5, WUEHLS) &L T AT 2 LM IR A AT 1Y) 45
NI R e AN 2 77 AR B RAT AR 8 B B ) 38,
e P A AN RAT SR ), ST [14] PR
AT IR A ). R T R AT, A
I JREACR g R 2 7 AR AN B g, AR AT AR AR TR T
P rbigE(a] “qiym . R E A P (Vertical take-off
and landing, VTOL) YAT#%, Bl [a) %4 1A 5=
it R — AR AT AR 2 R 1 ). IR
B AU FE RS & BT AT S AR MEALR .

X B R g A AR e ML R 4,
evE a5 5 R AN A A R AT, N R Eh
AHEEE P T2 i Ah s A R E . VFZ AR
5 R G v K N 5 o [ I 1651 G X AR <
BRI S YR B ML R G T A3 3 T
Iz N RTINS T R AR E R AR AR R
G5, A de/INARAT R BRI T I e A () 1 4 v 08
TEARSN AL R G, B vl 142 i 2 B 22 SE LA
HANA WL RS E, ST IR UE AR E W B Eh 2 IR
SR Ak, BN R BT SE, Sk MA
P FRGE R L de /MR R G R A1 22 200 st
b, RTARR/AMAG RV TR & 2 EHI IS
AR F v FL AT Bkt £ ) i

1 Esm/MBLLRE G E R RS
1.1 A&k
1.1.1 AEBsh7s
L TNE R TR E [ S5 G
& = f(z) +g(x)u
y = h(z) (1)
Hrp k& z e R, AN v e RY, Kt y € RY,
f(@), g(x) 5 h(z) B HARLIETIE RS
TRy SHEIN u Z R TESC R, G
Wy BT r RORSEA
Yy = Lih+ (LyL} ' h)u (2)
Hor, LyLy ™ h # 0, TRIRGEAHAH r. X
fEEAERLG, WA u BB, S al % v 5k
S0 W, Bl r < n. 0 SRsE U

v=Lih+ (LyL h)u (3)
AR S A N

K (3) WA (2), REIW N RZMER R
y = (5)

X (B) %2 r Bri, RS (1) £ n i, Bk &
N AL DCRERRRE B0 - BT RS, 1T
Hxn —r Brif o A el . T2, AR I &
Y BRI A FRBIAS.

MTRGE (1) REERMR r DITEK, E X

EZ [617527"' 7§T]T: [yaya ’y(r—l)]T (6)
ERERGORE M ED n—r NITRAN
n = [7’1’ M2, 777n7r]T (7)

m\UTE ¢(.’L‘) = [51752)"' 757“77715772"" annfr]T *fﬂj"j
— AR R TR RS (1) AR AR AR
(&m) THIBIA

£") =a(€,m) + b n)u(t) (8)
7" =p(€,m) + g€ nu(t) (9)
AU y = €. 0 (8) WA (9), FIAHIF
NI
q(€&,m) [€7) —a(&,n)]
b&.m)

X ARt dE B IS B S AN Sh A ) N 5
A, IR E AW IR e . X — X, 7R
SINE BN
1.1.2 EHES5ERNMELRE

— AR RGN R B A FR 2k B A Al
HUTE S N N B0 A, X T4 N 8 AR —
FHEERR SO0, X HAT BN (10) ML R4
(1), LE AN

") =p(&,n) + (10)

~ 4q(0,7)a(0,n)
b0, ) -

M (1) WA, P T3 RIRUE TR LA E
WSS REE R D132, o Z S A
A, TR T AL RE, RS A KRE
KA A BB A AR E 1

XM RS, T A MRE MR E W)
A RRGE. HE, X TR RS, WE 2K
RABATIR AW, T3 250 = 830 Fe e AL LAk
R A S A R R AL AR E . AR, SRR DA R
(K12, AR RGN N B A& BAT 42 RRUE 4G ig,
FERRVEHEREE N thicfy. By, RIEE
e e AT BRUE 1, B HBEORIE N 3 & 1K R
RSVELE

N M R SR R BT S AR R S
MIZEhABATHEL. SOk [1] C2euEm R — etk
RGN E AL T s I 2528, WA B3l 2

7" =p(0,7m)
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FERLE . BRI U, 2k R AL N S A RS E R T
HI 2 RO AR A Sy ORI k. 5341, B g il At
BURE S ML NE IR R GO L, 1T AN BESE M EL 2 A
MR R G0, M E MR AR S R
4t Jacobi LML F fU2—BUMEY, R AR R
S F BN AW RGN I RATRL, 5 Ak
IR SR

SCHR [22] P I Ze kAR MAAL R 2, 2 f
5 s ViAo BAT T A T I Pl R 4. 3
S, MBL B ml s, RATIFME A2 51 R4k
/NIRRT PR R OCBE. TR 5% T A de MAHAL R SE K
JESC, MK I HA N AZ: — ARG R B AT
s P HAE R HE T, A Bz A M R G iR
AARBLIR. WRAZ R G BAT s A7 A8 23 4K
Ry A2 BATWIFRAZ LA 2R Ge o AT Al e /LA
R [, R AR RGN RS A
FOE ), A2l AR et R G2 AR MHALI.

1.2 HtEothr

G OL T, AR MR R GO B A S
BAT “613” (Overshoot, SRR A ) mif, X 5
O TR I K A N 10T A N TR I K
AN RIAR T I8 24 9815 74 18] 80 1E A £ g 1] LA
KB, AT L T B A A 22 T A R
BHRANT s AP HME A, i CHLE N
ORI R, AEAE “fET BB BTLL, RAT
SRR AT L2 T iR LT RESh A& T BAT 103X — AR i
ANFHALRFERN, R TR CHUIRAS AT IR, J RN
RBIXFPRF PR 2 AR H SRR 1.

N T EEMRA M RIZ R ORISR, T R
TEF B Z M 2R 58 10 58 PRAN B0 FLE AT 3 ).

T 12, Rl G(s) RsEm, B
G(0) # 0. & G(s)f7—1ERISEE L, WY BRI
HAFRIE.

Bl 1. FEW RS

B (s—=1)(s—2)
G = i+ 2519
2—s

C8) = a2

PR B83 5 LE 512 3 0, T e AT AR Y BR R B,y (¢) 0
Yo (t) R I, W 1 fros. Bk g2(07) =
lim, o $?Ya(s) = —1 < 0, yo(t) —TFEARIITT Il A2
HIRIK, Wy () MISORAR A . 53— 7 i,
H9(07) =1 >0, yi(t) MFRREREANZZ 5
AL

M1 RTEAE BRS84S P 2R
ARG R AT O I 2 N5 RS T ) AR S O i 1

IR, WIRKA A RIS, 4R A RS, AR
B A

1.2p
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Fig.1 Step responses of G1(s) and G2(s) in Example 1

ZBIEEAIE T SCHR [25] 24, BIEZ
e/ NHAL R G, PIABUE 2 (1 1E 152 % R0
B, BT 2 SRR ER e N b, I 2 IR T
I

XA BB A, 2B 2 MR R Gy
TESh T HERR IR,

IR 224, B G(s) £REn, H G(0) #0,
MIEHr R N A — A B, 2 HACY G(s) A
B IERSEE R

BN AN AR R IMHAL R S AT AR AU,
FCRY R A — 5 BT SO ek, T A 3 R
38 1) AR B N AL 28 G | BRA - B4 Wiy B gl A2 4304
(, B SR
(s> —s+1)(s+1)(s +42)(s + 60)

2520 (25 + 1)6

X AR AR s N AL R G, FERT ER i Y — i
FAT O E, (AR S, Bk g 1 B
SR LA R i B g 2R,

SCHR [26] 5 = AR/ IMHAL AR S S i Bt
K, SAFAEW N B A 1) SR RENIRES L R4
f; 2) RGTEHIEREAR T 3) R T ARG B O ol #
VBN BN A 12 1 2R G A7 A8 R, T 5N AS A4 22K
ANITHL.

e, R AR B N R GE ) B AE AT R4 R
LT, N PRI BB RN R B, RS
I LCACOENS, W RGURENE B R A s i A
TR AE BRI N (1 RS, N ek R B
ANARBERGE. 10X A St BAT A S AR A P 1)
ARG, MV IE R HIHE, RINHIFATE W)
AL, L LA R

G(s) =

(12)



12 H %) 1 2 #h 41 %
2 IBAE A OK AR e =X —y, =0 I, nJ15 2| H AL T FE
2.1 AREABIHSHLETTE Ny = ®Ma,ya) (15)
HT-RIGRRAT, APMATTRE S WU PR A T8, A (15) TS
n=0(ney.)=An+Ae+qneyy) (13) KFEHIEL
Horp Ny = A(t)na + [®(Ma, Y a) — A(t)n4] (16)
Aﬁjﬂ@;mdmﬁﬁ) B N AR ) T R
S ni= [ #t—0)@muys) - Amdr (7)
A= T(()?O?O)
Hrr, @(t) 21E (—o0,00) EXFT 9 = A(t)n HIX
q("I?evyd) = Q(nveayd) - Ann - Aee (14) éf‘fiﬁﬁ%?&%?ﬁ%%ﬁﬁ?, H A(t) = %(O,yd) Eit

X, n ZoRNEDIE, yo ZoniHB G S L%
B3, e Kot iRE R 2 LA S8 4 A,
JAE Hurwitz HiFERS, W31 p AR, X
N 2 G B0 Sy AE B /MBS R G, S 2 ) Ky e /N AH A,
RY.

10 R AR B DAHAL R G BT P A I, B AT 5%
A A AT E W B A IR H A H AL 2
JIVEAT: 2 S 594k PE sh AT 4 P sh A E
FOARASETT DL R AH P 0 50 78 R i I B AR Ay (28290,
AP Bh 7 R AIE T 99 98 B /I AH A 3R 4 50 2R
AT S5 AR B2 (4G O, 1 5 —Fh 5 38 T A
TR0, s AE B /N AR 2R G0 SR i 42 om0 B i L
HOT AR D A 1K L RS N M
1) sg eSS dE /ML R G0 & Fa & A B R
AT E BB RSN RGEY, 2) BN
% (Ideal internal dynamics, IID) JE¥gAFEE A
A XTI 52 W A A S IR s A ). R
FH AL RS AT o R ) R A A RS BR B
FORELE i RS 281 T, Sl A v S B 4 T 2
VTOL “¥AT & ATZE SRR il frh BY . 565 /AT 3 1M
&, HBAR NS T BB AR E BATT R
fift, BRI SR LA .

SCHR 29, 32) T VTOL ®AT s B2
UE B B AR B AL R SE 0 58 A ERERFE I, 5K
i N S ST 28 T B AR A A AN 1T /1.

2.2 IBHERNREIKESE

XN A TR (13), G MR &I,
AP IR A VSR A LA A
221 FERERRIBEHS

N T RAFATE T WA AT A, SCHER [33—
35] $eH TR RS (Noncausal stable inver-
sion, NSI) J7vk. X T NEBah&TRE (13), 7EHAR
LT, W& X IREHRERNE Y ya, MERERRE

(17) 92— 8 AR S AF Rl J R kAR 7 vERS,
a2 (15) BA . FF U I, i X A
TSR AT 2 BEAR Y B AR BRI, BN 0 T 4k
B AW, WA RAREE (A
BN %) . BRI Z] ¢,) Fdeir 2.

h T B AN S0 8 A L A T (R I ) 225K, Zou AN
Devasia # H 7 3 TR i T i R i 7y 67 |
LR BN TN (AN RTIN 2 ¢ B0 %)t + T, 3L
T, ORI R E 1) SR S A B A5 B E A,

RIS G b, AR AT 7 AAS BT R R — Ak
PR 7V, Hts Sl ik AR SR AR AR 5
P Lz oy it S R, Bk SRR S 1 A St
AT Bk, VA N ] BAT B Ry PR
222 WRWERGHL

T v M Al PR AR AR 3 77 R R Bk R, Shkol-
nikov 1 Shtessel 2t T —Fifa&s R 410 (Stable
system center, SSC) J5 k18381 Z 7 i AR A2
AN BT R A IEARTT S R, (R s SR A R e 2 DRL2R
fit (Causal solution, CS), Xkt T JF I R4
AT AT I AS REAE Ze vt S ) Bk s, BRI
FSEIN T3z 277 5K il DR SR BRAR N ) 20 B

R
22 R WA A T e
Mg = ®Ma,y4) = Ayna +q(Ma,Ya) (18)
Wy, H—CAPIINTE R =4, Bl
w= Sw, y;=Cuw (19)
R £ 7550
P(\) = det(AT — §) =
N pe N p A (20)

W2, PR AR 5 ] JE I SRAA A B U R4S 3
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2 oV ey cona =
— (P18 4+ PO+ PO, (21)

K 04 = q(na,ya), ISR AL E 2B EE AL
by B e, en, 00 FSEL BN, HE Py,
oy Py Py SRR 7150 275 30K (18, 38].

SR [32] EIRAI AR RGO TR R A
HENARZ TR VTOL ®ATAR I ELAR N B, -4
B R4 1 R SRR R I ASOR. Nl A2 B
INF, SCHR [39] T 7R A WL I 2 Ayt — Al 4
HE T, RIHBRAMA P AR VL LA 2 P 1) 52,
TG T BT SR 2 PR R AR A

AR, RS RGE T O HIERR T — D,
AJ LA Y 2SR AT = 138 234 AE A S 1R 1 4 (R AR
TE T H— MR 2 I, g0, (HR%
HH— AR AN R GE = A2 ), 7 WLICHR [40—41].
2.2.3 AT

b2l 90 #EARH), Isidori A1 Byrnes &1 X E 2k
PE R G0 1)t BRI S A A ), R L R
g, fe T AR H T (Output regulation,
OR) Higl, IR¥G LWL, RN B H
—HM ARG, [ (19).

X HA L NS A AR R DAL R S, H
PHALA BT R A

Mg = ®Ma,y4) = Ama + q(ya) (22)

S5 T L T T, g = Tw, 45438 (19),
ECE

IISw = A,ITw + q(Cw) (23)

M B SCRT A T, A B AR A . TR
()52, S R T VEANE TR AR LR W sl &
(P ERAR AR DROR Syl B s, HAN— e F .
2.2.4 Z=FAEHILLEL

EEE DL = FloR il BAR YR 7k, 3 BIBLR
P e 1) R R ARSI —Flas AR g ik, 1L
R BNEME AT, 2) A8 RGO g 1L T SR M A0
i RE, B 55 Tt — AN R g4, TT
2 RUR B 3) 5 ERBA O VEA I,
R VR AOE F T R R e v B T R, (H TS 2
DT SR it AT i

3 ERIMIRIRS R

B AEZe Mk AR e /MAHAL R 48, H F 45 I 2T
T = K BEE S (Stabilization control,
SC). #lb R (Trajectory tracking, TR) il &
B2 ERER (Path following, PF) ¥, " HPRE X AH G
SCHRAH PRA 2R0A

3.1 HEEEH

TERGPEHI, B R B EA ¥ ), 2%
JE AL H H AR, Widrim SRS TP S AT,
A d /AN AT 28 G0 1 BRLE F5 ) 0] R, A A R R AR
BNA 5 ATEE [ N B) A RIS 3 ZRAS

SCHR [43] A FRAE S AR ) 5 /N 25 HOR ) 5K
T —REAT X A58 0 R 26 v AE &
AL R G VR e ). B — R B AT R AT
PER RS /IMERL RS, SCHR [44) & TS B0 #5
PR S HE T L vk T 4 RO A, KL T R
)4 e, SCHR [45]) 25T RS W7k, 45
B PR I 2 P T S T — 2R AR 5 7R R N B A
(Single-input single-output, SISO) JEH/MHAL F
SEIPIRZS St HIE N e . AR, s SCik b i A A
() R HESE 1, BEAE RGN B N, £3a ok “hl
IYRRIET RGBT — R B AR AR L 1k AR SR A
L ZR G, SCHR [46] JE T2 248 sl T I r H e 1t
BUE, Pl (0 3 R 458 48 Ge I B 2 80 1 e 1
PIEEIR, R T AL Ge 1) e 0], Sk [47) &
PRI AT EEE R A s AL R S,
TE T PP T 8 I 4% 114 1 O Y i S B 45 1
D7 AR, e e B IE M BOE A, BTt o AR 2R
PER G 0] i — 2 AR AT AL 7, R A v B
A—sE W R BRPE. B 5 — R i R AN o AR ek
e/ MEA. RS, SCHR [48] & T4 b i il 7
WA, SO T RGP SRR REDE. A
o, i R R AR N 2125 5 1k <RI 3
B0 T IS IX ), SCHR [49] AR R ) v a8
LI 35 55 T R 2% S L T R 2R AR S AR R GE )
BUEES], B T EESCHR (48] SEAF IR R, S
R [50] B T4 1) R 7Rk 2 I8 R i B e 3 2 UL 2%,
SEIL T — RN 5 AN B A R T )
LM AR B RE R A R )BT, TR
Ve IE, BL R SCER B et ) BE ) 7 S 38 2 A
R B AR B AR G P AR d /ML RGEEAT ).

VTOL ‘AT & AEN £ 5 A 2 it (Multiple-
input multiple-output, MIMO) =E&E Ak & /N HAL
R I FIARK PRI 57 3 5 FL K A 2 O, SCHR
[51] ki L A BT VIOL RAT (1)
BB . STk [52] TR AR S IR AR
e, A M ARG R RN VTOL kAT #81iAY
IR N RIRARL N T RS A AT E0a e
PRI T R 4, 1k I i Ras i s, SEEL T &
G A R E S, RN 2] 1 AT TR0 R R
(PR 5 HY . (HE SR [52] 15 210 R &5 /) FE AN 2
ME—1R. JE Tk, SCER B3] AT R 2 ]
MEm (REH R H8)) KeHus D ME, BT —
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BT RGP B, AT B B R T . S
ik [54] #F X5 S ST I VIOL €47 58, £
FEY 245 e 1B K B2 o A A\ R B H R R, L
S G, L B 25 D O, NS e R S R BB T
e RHUERSR, M RGORAKSE S, SR [55—56]
I3 BURL RSB AL B 5 5 1 5L T
VTOL ®A7 8 MBE B, IITTF 2 T Sl M e
R IR P B

Fh L 2 B S, LA
R ST AR S B 2 O B B,
5 P AR P S AT R 2R 55 0 SR ) LA
5 I R

3.2 ERERER BRI

FEBEVE S /N 28 Gt i R ER 2 TSR I,
i A5 AR e PR RS B A S R AT, R RRUE I Y
A (WRA) WEZAM, HSEE SN
(RIREE T ASRE . S Al i ANV 28 8 1) i L BR
) L, I v o F 42 i 4 5 /) IR 2 IS 25K 1) R
A Y ER ER R Z2 WS 2) PRAE TR RS8N BB A (1
Pl giE )R PT B R 5L

HAT, 5% T AR /N R S8 10 a2 BR R 37 1 5
ERE A LK.
3.2.1 iR gkt

R A N — B tH R AL 5 VR A E ELRR AR PR
2 MR AR e INAL R G, A 2 3 BUA R E 1 4 )
M EE TR, R R 90 AR, LA
SR AR PEAL A A R IX S 2R G 1) i L R it 1)
FET ST B I TR A R ML R GE e R
EokE T s A AR MR R S, AR5 AR ARl
BEAT A ek, SCHR [7] I 20 VTOL kAT 4%
RIFE )y H S 4 0 2 W) (R o, A B st e kA s
TR A SRR L AR, TR I SRR 5 T B
T AR MRS 7 A, IR 5 ik R 1
R 15 TR /N T BE RIS I D0 SCHR [57) i £ Bk
Jacobi ZeVEAL)R ISR RSN s AP 10 % A, KR
P8 B SO AN (K g, AT A (1 2R 2 B/
HAAL. SCHR [58] BTiFIEi R 48, ZAESh as sl & M5
Wi, B 55 A MRS B (2 i %
PRI AL PR S A T L T I e T . PRI
B isid il s P OR BUE VRS 4 1 Bl 2, i i e e 4%
e R AL BEAR VLRI E 1, 7RG I B T, &
GUIRE IR AR Z W OREF B A SCHR [59] %18
T RARMSU AL E B ML RS, ik
KRN ZHOE R ANAF AN, T R AR bR AR ik,
K 0 2R G e jl— AN TR BN — i R e A
ARG AR L P 1 B & A% S AT T AL
LI BRER R BE, JF HRERSIT IR ER R 22 RABIAE — A/

(PTG . 75 B I 2, ALt T VR0 T 59 9F
I /AT R G0 ] 4 IR U I g L AR T ik AE d
INARAE ZR G H R TCRE N 1.

3.2.2 ZEMMmdEAE

A e /NAH A A Y SR R i) B A Ay A ABA ) e /)
FEASE B L PR R ) R — el WL A o . S Bk
AL A T VEAN ), 540 4 7 vl i A 0 5 i
A d /N AH AT it R B30T AL A6 O TR Rk 3 R
EEPE IR . AR AN R (0 55 22, 3Bl 0 AT iy A
) (R 2 A P 3 1) AR 1 T B [R)100—61 - RT3
SE SCIRV T HH RSP R B (1) 03 YO TR A 5 D i R
B ACH [, 0 RS A 4 A0 A R S B Jis
. 2) IIRAR S (AR [F)102631 Py vkt A
Ji At R R B eR B, % eR B AR R G A
AR HAE A %, T HL ARSI R R e b ) A d
ANFHALZE 5. FOR PR S ek £ iR aE kT
RGAE VA AL AL B AR AR 2 (I B R
PRI, S it ke REL R SO T RO ER ) i, AN3d H
T RAT AR IWOL NI PR ER. X2 PR TR
) @, JUHR KA BT, L3 At e i, 1ALk
PEARE AN B A b M 20 iR AT 25 1R 30 ) 22 A0
3.23 MHEEX

g e SO vED 28 R e R AN
AR B S bR I B A, AT AR e — A
B B /N, RGBT, SCHR [64]) FE T, 5K
T T+ H B iple 28 T A e 2% 1) B /N A A7 8L TR
PRERPES. AT, FEAR I, WA RGN Tk
DL 21X FE i 4, DRI 07 7 AN W b R AT 5%
k.

SCHR (9] FH B i)~ 3H 5 7 kS B Al 2 A
B L SO, I IR, A RSB
ARG A F AN TN AS, X R A
Wigrth, RIRES SR SOm e ML i H . 6 T
AEAE P 4t ) AE S AN FR 48, A e R R 1)
A T 3 S AVA A A 0 e 480 RS T S B S ) R ) R
XA 5 AT [ 5 A B A AN EEUE I ) L % 07N
TR AR AT, RSP A A — AR ER R
v, R GURES R IR -3 5t e AT 2 ek 2L
[F)SCHR (7] th A Ze A T AR LG, PR vk
AAE T 99 B /MEA, R4, tReidH T AR
ANFHEE RGE. W T —EB ARGt R G, XM 4
BUE B JEAAAER), 40 VTOL kAT, HorHh 2
Huygens #i&3h 0 iR E D) 4Rif, SHF R JE Lk
PERGE, WL gt 5% ©AT A%, DA A8 I 2 vk
FeA S 2, SO PN R S 1, X
TR H ATIE AR AT R B T iR R 7T
FRG AN AP



134 TR AR MARLR G TR L8 15

3.2.4 EISTEEIEE

FH T B B AN e L B Y H T 3R de /MHEAE
RYE, SCHR [65—66] B A BTN H T AR 2
e/ NAAL R G R b X B VAR S TR 48
TR I 2% 5 Bh A AN IR 05, HLE RE AR 1R L
AP g s R 07091 Sk [19, 65] FE T BhA&TE
Wk, A mIEsE T SISO Al MIMO &R 48 PRI
il [R] I 36 25 58 T AN K PN 5 2 2 Hh A7 E AN 2 1)
K2, JF B i kN H T F-16 5=l
FUE AR LB R ER ). EF X — R 2 AR R AR
PEAR S AN R S8, SCHR [70] 42 —Ff i — i fn —
i A 42 ) 2 4L S 0 R s ol O s, SEEL T SRR
R AL AR, DL R ) v T B
XI5 AR R v, B RIS, TT
(R

3.2.5 AR

X R R ], S AR fE N R it
JE MR E R A R P, LA B R KRS B
A A ORI, A% G sh AR T AR
AL RS, PRI, i, e AR/
IR R G, ARUE RIS RGN AT

N T AR A TE A B AR AR B MRRL R
48 (10 a0 Y R A TR, SCRR [33—34] 4R T Fh
AR, € ARG 45, AR/
FIAT 2R GE e e — M RRUE I RF € R &, LIS BIRE
R3] SR S B3 L5 A F 1 0T B 4 45 5. SCHR [35]
EY SIS UIpIRP /I R LN S | B 5 J 6 | B Y VA e e
SCHR [29] PR VESEIL T AR/ MRAL (AT &%
R R PR R . R U, XA RS I A 2
FEDUR Y, RSB B ] A BAT— 5 1 SR PR A

3.2.6 MHIET

Francis 4 H 1 BT EE T R gt R
gt Hh PR IR ) R IK) EE TV, Isidord A5 AT Byrnes
SEAE LA PR T IR AR TR AR Sk J e BR R 2 1
(i U T R 12 T2 AR %8, Chen 254593 —
T A AR G R A SR et k) R A
TN - BINIR RS (— R SISO JEZetth I i
ANFEAE ZRGE) (A R o (74T o e T R
B A it pe i e BRER ) @) B LTk —, Hk— 2
SR 38 75 2% RS LA = J7 ) )i 1) BRI
ST RE ) L, IAT T AOE T AN S B
RE RS AR 2) YA T RE I SR AR 1) 8, —
FRCAE 2 11 2R 8 U 15 5 2 1 SR A A A7 388 FH TR S T 1%
3) EFEVERE, HAT BORR D 2% 1B N B S A EA
fff e ME TP 0, el T ARGtk AR fe M AH
R H.

3.2.7 MIMO REH A%

SCiR [29] FFH A 3G 16 AL bR AR e RN 97 1 AR e, 4
MIMO HEZME S /INHAL 22 G5 16 i H R 478 1 ) 7L
BAL BRI ZE (P BT ML R, R T R 2
IR TEHMEE, SR T W R iR b 3R 1) XRS5
HEATH N — i e AL AL B, 15 34035 3l 2 R N 358
. 2) WHMBBNA 7 R4y, Hrh—8 083
NS LA G, 55— 5 WEsh &gtk
K. 3) WA BB Z LM AT S A&
TE—HS, MR RE, BN AER/NEAL T R 4.
S5IRAGAMU, % T RS2 — MR AE BN
LR GE. 1— o Bh A5 W EI AL LK, HRK
R T — T RE, MAHIMIF RS 4) XX
PR AMICLE R 1% 22 1 B G0 23 ol vt v 19 2 B 55 11l 48,
T ARAUEEA P KRG AR . AL, & R4
SHIE, HTANT RG 2 RAFLERE & 0, 550 3% 1
SHEW R OCR, ITHEIN T 2 50k B
B T s ik Bk e R SCHR [32, 39] X4 g e Al
BMEMLF R T AR R /N E R g (I
55 3.2.8 ), WA T DRI 0T | A4 ) 2 0% Y
PRI ) L, [)ISH 4 MIMO - ZR G890 i )7 30 (AR 3815 2]
R RAE.

H T RN MR IX Bl o il 7 v, FRATTCLER R
WA R 2 A B AR LR M R IR ML RGBT A
.

€i1 = €2

€iri—1 = €ipy

€ir, =0 +d;
n=Ae+ An+qlenys) —q0,04,y4)
Yi = €1+ Yid, t=1,---,m (24)

b,y BRE Y, gy B HERHE S, e &
RIS REG T, =9 —ns NATIERZE.
PP

o®(e,n,y4)
(9ei

;H\:EFI, €, = [61'17' T 7ei,r71]T7 t= 17 e, M, E%%%
RE N5 e LMK, ARG (24) 7] 75k 5 M 6
I

1) s/ MHEALER 7y

A, = (0,0,0) =0 (25)

€i1 = €2

€iri—1 = €ir;



16 CREE A 41 %
éi” =v; + di 3.2.9 #—E}i?ﬁﬁif
i—en 4+, i=1,-,m  (26) B E B NG AT R IR S VIOL K47 8%, 3

2) e/ MRS

ejl = 6]‘2

€jri1 = €jr;
€jr =Vj +d;
n=A.e,+ A +qle,nys) —
q(0,74,y4)
Yj = €51 + Yja;

H ':F‘, €n = (em+171, el T 9 Cmyly
Cmpn ) . RS RG ARG, FATAT LK
T RS (26) 55 (27) s BevtHadile, A A% 7 3
THAEE .
3.2.8 E/NEEITHIRER

BEXF—28 MIMO A& d/MHA R ¢, SCHR
[27] T SxF ROk ) AR Ze vl R e b AT S N — b e
AL S, TEAE N RN A TP Gk 5 0 AR Ze v 5
HRAr R OK, AR A FET Lyapunov J7 k5 /e AL
P M, 5 LN A A e M Ay I 42 ol i A\ oK L
MR RS, Wik VIOL AT 8 HUE 77 FLEE T 5
ANV A A R BT LA I B S N
T4 VIOL KAT 4%, SCHR [75] M H] &/ V6 4045
SRS BT T — AN PR S SO — N DR I
A2 P B B B N T2 ) PR R A A, A TR
R T R ER R 22 1 N Bl A HAT B i BUE R

h T wEGSTHR (27) e N EBEE T g T AT AL 1)
Ar g ) L, BT

j=m+1,m (27)

(z"PB)Tz"Pq 0

" ZTPB(2TPB)T o

o, 2 = (e,,)", MERERIRE 2 AT HM, LR
[ 5> BB 208 T3, SSRE 2 A A v TERRK, M
72 A 5 2 S B O T iR — i) B, SOk [32,
39] AFICHAT T Sl B4 TR 0 S 8
Pt 38

Unt =

(28)

1)
—, o> €
o

Upp =

—étauah2 ()\U> , 0<e
o €

N T RUESE I v, RIS, RSN 1T
tanh*(\) — 1. T2 ¢ — e i, —6/0 tanh®(\o/
€) — —0/o. RARBF R Z WICHR [32, 39].

(29)

R [76] Beil T AR Ltk e s s e, A RAT
A n DLA Jep i 1 PR R — AN B 2 2 B = A ) R
W, BT AR EE . AAFRAZ . Lyapunov H
Pk, PRI DT RS S o TR A AR
(R, 1% 7 V200 AR B9 R 45 ) s i Hh O 0
EH. e AR o B KE B AL, SCHR
[77]) N AT R TR Sl 23 4 1780 Sk faitb s RE A5
SRS, FEMRh T OC R A N R VTOL
TKAT A I H R ER R A (A R, AR
[76—77] Wi, ANHE T VTOL $AT AR s 1
BB PEDL, KZ% EIHM I3, KRS A
PREF N Z, RIASERE 1Y A 30 3h A B e 2 RS, 18
RGO T, FRER 0 A 30 T fifk, B A 2k
Wz 2, il i 5 B HE ) R VR T R I SR 1
A doe/INFRAE Ak A s B s o 4 e i 1791,
3.2.10 HfwrZx

B xR PR AE S /INMEAL R SE, SCHk [80—81] i
TE T 55T 2 0 45 1 R s 1l 4%, 03 3 H Taylor
RHACAE LM R G iR e — A LM AR SR N 8 4>
ARt nT 40, Hrp g e H s g
“kIE T

SCHR [82] Hidi FH T Mk e /N AHA. R GE1IE AR
gy R 2 B A WA T AR L AR S ME AL
R, A REW, LA TIALFAERS, o] sk
W RS BN . A S BEN U AN T IAE AR, Far
BR R R 22 USSR B A — AN . SR [83] ik
X BT EY B Y e S AR A B/ AH
fr R Gerh. A ) e AR i DAL R 48 L
N R R AL Bk A, SCRR [84] MR AT e+
FrATAE D R A W E e, P T — R AR e
S d ) R e AV A E A R

SCHR [85] A T4z i 7 E T T — AR AR
FHA Z8 G810 H B R 1), I BRI B UE B 1 Ftinl
P AT B /NH AT FR GE A e I R R T R
SCHR [86—87) AL KA rh iy FH I3 25 70 B2 AE) T 219k
I /MEAL VTOL ®AT#s . (HIZH4K YF-22 kil
R L Ath BB AL B R AT A 1 S 56 5K B Y 25 40 I T VR O
AN . BRI Z A6, 39 55 7 FOEAF AR R i
SR A AR KRR AT TR b 52 S50 55 i)

;E!E)_ﬁ\[ﬁil]‘
3.3 B RS H IR BRI F

I (BRAEIN) AESE R R G0 5 A AE, &
AL RGN E T, T HAEE & S ER KRR,
[l It 2 5 1 R SE AR d ML PRI I 3R 22— 3
Wik [88] kT~ Stk F TP DN s B ASE TR Tt 42 1) %,



134 TR AR MARLR G TR L8 17

ST — K2 A BRI ML AE I R 1 R,
AT I 5 BT G PE R TR, SR
(62] L3 KRRk P A 2 5109, S B AT
TS R RIBEI. SCHR [75] §FAHH AT AR
A S5 DL U A F3R 0 J i MR VTOL 6478,
WFSE T LA R L 30 ] Padé 8T
T SRAEFR AT, TRE I 3R SR
Ol — A A1 5 4 TR L SR . T i
VI BRI T B IR, A T L ST
Bl A LA — 2 (0 BB b, (L TR A R 1 1
AT HEXECEBE IR VIOL 15, X
ik [90] 25T Pad I KA KA TR il AT, F
PR R 450 i h V15 KSR A 28 4 4
K, TSI B R i b B FE R0 0 . SR
(91] £t A7t BRLAEY 1) VTOL, 64788, $2th
TR h T, AT A 5
BRI, 135 WL S TR 5,
EH AL T LA B0 RIRE, 4
TR, A ORUE AL SRR 13 4 R S MOl
% R ITIRIOUL A T IS W P b RS
SO 07 BB UE T Ok IO e, 2,
SR (75, 90—01] SR AL F 7%, 57 R
R L, AT 53 3 00 T A .
34 HEREEH

AR PR R 12 AN [R] T PR BR A 2 ], B0 IS 1)
BATHE AN ZR, Al BT R AL iR 220
P BRI 2% I AN 56 T I 18] 2 504k (1 391 22 LA
HACEIAT. fEd /AL R G, PO AT 2%
RS TTRER, BRERIRZER) Ly UHOTAER/D, W)
FAAE—MERVMRIES 6 Wi P

7= [TlewPa<s (30)

o, e(t) = y(t) — ya(t). ARTONT AR M RS
WURBRERT 5, T A A R R R
Rk MO s, hE i B BURER RN Ly Y08k
RBEAERS, M AR B VE BRI 8L itk [92)
EER e P S N L 2R 48 SR R AT T PSR,
T G T R B s B A X
TEMASIRERS LT, T AR B L, T
HIBL R BRERAR 10 Ly SHCRREIERN, HIpR
NS5 (R A T R T T, B
AR, (ELE s PR BN B R, TR N B
SR 0(t) 12 B AR B R 1 P 53
25, IR PR ok 2 10 0 5K AE 28 40 1 BR300
SRR T i R A AN 28 1 B P A R
B, SEBLBRERIRIEHY Ly WOHUERE AN, BISK (24)
(R oL, RARIERA e(t) = y(t) — ya(0(D)).

SCHR [94] BFXTHAT ARRUE F 3 S AR L E R
g, i T e e R AT R ARG B 1) 4 B
, A2 A AN ZE A, %33
HATHN RSTENE. T HMBLSH 0 13
B, VO R IAE, SREORIE S AR - il B
B AR B TP b s B A R AR st
B ik, BRI TRI, (e KIIX
BIAE T AN O Sy ) P I s, o i e
IR T R IR /I S e 5 B B g PR 22 5. AR
Wk [94] MEERR L, STk [95]) AR —RloRT A .
N T BRI 32 J i, T T R R AR 2 R T B
RSN S a P AR bt S i A, A R S
PRERIIEE R AR, HEREARZE AT LMER A,

SCHR [29] AR/ NS VTOL  ©AT 2345 1
SR, B UE T AR ERER S PO ERERAT B, R
Pham  BCSIOTH S FEIIR S/ BERS v R iR T AE AR
BRAFHIL AL

4 RBEERE

MUL EERRKT, 72 NAMIETEN B I%5 0T,
ARZE A i AL AR ZE 1 12 T AR R LN H C A
TS R, (AT L OB [ L £ B A
R, T

1) 2R BAL B SRAR. X T E S MRS
A GEN BRI ] A, PRV R4 s A 2 AL
ANEOR: a) I BREA IR Z IS b) PRIEARE W
BB A AT L, A W& — AR
St AE S K A S, R AR RN T Bl R
AT SR AR T, AR AR AR 5 IR A BEAE e KA,
FLty ZEHR AT ORI g 45 5 1 e S BUAR AR
SRGEPO SRR R &, AT
RGRRYE, HSA N EEhE, HiPtahE s
(K78 30 i R A 5 AN — U, B TR SR L 2
AR, DRI, S o SR AR 2 0 0 DR SR 2 AL A A6 S
AR /I R G Y 58 A BRI ) — KA Lo 1) i

2) Hinth OB PR . R SERR TR, 24
ARSI, B B 2 iR A S B AR S
P31, XA AL Tt S U B R R T R A
MAE. B ARG AR S ML R SE 7 U7 5
i, ZRIRAS ROBTR ER A, ey S R BUE
H R AR PO ASESR AR S A #3028 AN W I RS ML 5
(e A 58 A T L )5 i, SSUAG A o ) B A R B 4
77 T RIS D, R A R B8 A IR AS AN w]
BURPES B A5 S, RN AAAESN TP e
RZEEREAHE MRS OU T, W Bk AR etk AR B/
FHA 28 8 (105 e il ) S i e SR B o 8, (A4
.

3) T B AR T S B AR ER A N T



18 H ]| 24

¥ 1k

41 %

w0 IR AR de N FA 2R GE B B R R R, SEBLR IE R
Z M) Ly WEATTE DN, OAT 2 5 SCHO AR S /DA AZ
VTOL ®ATHITJE T B AR BRER P I 5. (H X 24
7 LA YIIR 4 AT T A% BRI, 254 B AT Pl
A5 A, HS R RS BB HEAT . DA e i i
R RIAR A AT B R Bevk R T S it Al A
HEARER AT 5, L HAT B e )

4) TRENHT A JAT IR AR e E AR S ML 3R
ey K2 0 RGBT T O R~y 1 BLek
BB, B AR REA S B AE R EL O B B, = T
PRI S, PRI Gy B 10 R I 38 T L, T
JE— e EIT AR, S — AR TR K T 1)

Zr BRI, ARZE AR i ML R Ge K FE IS
TARB R AR 22, (HE BE A BRI (K AN W IR
AN, BLRARZ ] BEAR YRR AR L I i A BEA5 T
R EE PR R, RRAG S B it
S, B AREFE TR SE ke Hh R 4% BRI .

References

1 Slotine J J E, Li W P. Applied Nonlinear Control. New York:
Prentice-Hall, 1991. 224—228

2 Isidori A. Nonlinear Control Systems (3rd edition). London:
Springer-Verlag, 1995. 69—83

3 Zhao H C, Chen D G. Tip trajectory tracking for multi-
link flexible manipulators using stable inversion. Journal of
Guidance, Control, and Dynamics, 1998, 21(2): 314—320

4 Benosman M, Le Vey G. Stable inversion of SISO nonmini-
mum phase linear systems through output planning: an ex-
perimental application to the one-link flexible manipulator.
IEEE Transactions on Control Systems Technology, 2003,
11(4): 588—597

5 Zhang R J, Chen Y B, Sun Z Q, Sun F C, Xu H Z. Path
control of a surface ship in restricted waters using sliding
mode. IEEE Transactions on Control Systems Technology,
2000, 8(4): 722—732

6 Consolini L, Tosques M. A minimum phase output in the ex-
act tracking problem for the nonminimum phase underactu-
ated surface ship. IEEE Transactions on Automatic Control,
2012, 57(12): 3174—3180

7 Hauser J, Sastry S, Meyer G. Nonlinear control design
for slightly non-minimum phase systems: application to
V/STOL aircraft. Automatica, 1992, 28(4): 665—679

8 Tomlin C J, Sastry S S. Bounded tracking for non-minimum
phase nonlinear systems with fast zero dynamics. Interna-
tional Journal of Control, 1997, 68(4): 819—848

9 Martin P, Devasia S, Paden B. A different look at output
tracking: control of a VTOL aircraft. Automatica, 1996,
32(1): 101-107

10 Devaud E, Siguerdidjane H, Font S. Some control strategies
for a high-angle-of-attack missile autopilot. Control Engi-
neering Practice, 2000, 8: 885—892

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

Fiorentni L, Serrani A. Adaptive restricted trajectory track-
ing for a non-minimum phase hypersonic vehicle model. Au-
tomatica, 2012, 48(7): 1248—1261

Sun Chang-Yin, Mu Chao-Xu, Yu Yao. Some control prob-
lems for near space hypersonic vehicles. Acta Automatica
Sinica, 2013, 39(11): 1901—-1913

(PR, BRI REE. LA ) m ke AT B ) J LA R 1)
WS AR, 2013, 39(11): 1901—-1913)

Serrani A. Nested zero-dynamics redesign for a non-
minimum phase longitudinal model of a hypersonic vehicle.
In: Proceedings of the 52nd Annual Conference on Decision
and Control. Florence, Italy: IEEE, 2013. 4833—4838

Tomlin C, Lygeros J, Benvenuti L. Output tracking for
a non-minimum phase dynamic CTOL aircraft model. In:
Proceedings of the 34th Conference on Decision and Con-
trol. New Orleans, USA: IEEE, 1995. 1867—1872

Kanellakopoulos I, Kokotovic P V, Morse A S. Adaptive
output-feedback control of a class of nonlinear systems. In:
Proceedings of the 30th Conference on Decision and Control.
Brighton, England: IEEE, 1991. 1082—1087

Kristic M, Kanellakopoulos I, Kokotovic P V. Nonlinear
and Adaptive Control Design. New York: John Wiley-Sons,
1995. 1082—1087

Huang J Y, Gao W B, Huang J C. Variable structure control:
a survey. IEEE Transactions on Industrial Electronics, 1993,
40(1): 2—22

Shkolnikov I A, Shtessel Y B. Tracking in a class of
nonminimum-phase systems with nonlinear internal dynam-
ics via sliding mode control using method of system center.
Automatica, 2002, 38(5): 837—842

Shkolnikov I A, Shtessel Y B. Aircraft nonminimum phase
control in dynamic sliding manifolds. Journal of Guidance,
Control, and Dynamics, 2001, 24(3): 566—572

Kokotovic P, Arcak M. Constructive nonlinear control: a
historical perspective. Automatica, 2001, 37(5): 637—662

Grizzle J W, Di Benedetto M D. Approximation by regular
input-output maps. IEEE Transactions on Automatic Con-
trol, 1992, 37(7): 1052—1055

Hu Shou-Song. Automatic Control Theory. Beijing: Science
Press, 2001. 159—-160
(1F5Hs. AzhdblRE. Juat: BHE iR, 2001. 159—160)

Zhou K M. Relative/multiplicative model reduction for un-
stable and non-minimum-phase systems. Automatica, 1995,
31(8): 1087—1098

Qiu L, Zhou K M. Introduction to Feedback Control. New
Jersey: Pearson Education, Inc., 2010. 168—172

Stewart J, Devison D E. On overshoot and nonminimum
phase zeros. IEEE Transactions on Automatic Control,
2006, 51(8): 1378—1382

Lau K, Middleton R H, Braslavsky J H. Undershoot and set-
tling time tradeoffs for nonminimum phase systems. IEEE
Transactions on Automatic Control, 2003, 48(8): 1389—
1393



1 AR JEZe Ik AR iR INHAL R G4 AT T £k 19
27 Huang C S, Yuan K. Output tracking of a non-linear non- 43 Karagiannis D, Jiang Z P, Ortega R, Astolfi A. Output-

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

minimum phase PVTOL aircraft based on non-linear state
feedback control. International Journal of Control, 2002,
75(6): 466—473

Gopalswamy S, Hedrick J K. Tracking nonlinear non-
minimum phase systems using sliding control. International
Journal of Control, 1993, 57(5): 1141—1158

Al-Hiddabi S A, McClamroch N H. Tracking and maneuver
regulation control for nonlinear nonminimum phase systems:
application to flight control. IEEE Transactions on Control
Systems Technology, 2002, 10(6): 780—792

Kapila V, Grigoriadis K M. Actuator Saturation Control.
New York: Marcel Dekker, 2002. 221—223

Al-Hiddabi S A. Position Tracking and Path Following for
Flight Vehicles Using Nonlinear Control [Ph.D. disserta-
tion]|, The University of Michigan, Ann Arbor, USA, 2000.

Su S W, Lin Y. Robust output tracking control of a class of
non-minimum phase systems and application to VTOL air-
craft. International Journal of Control, 2011, 84(11): 1858—
1872

Devasia S, Chen D G, Paden B. Nonlinear inversion-based
output tracking. IEEE Transactions on Automatic Control,
1996, 41(7): 930—942

Chen D G, Paden B. Stable inversion of nonlinear non-
minimum phase systems. International Journal of Control,
1996, 64(1): 81-97

Devasia S, Paden B. Stable inversion for nonlinear non-
minimum-phase time-varying systems. IEEE Transaction on
Automatic Control, 1998, 43(2): 283—288

Hunt L R, Meyer G. Stable inversion for nonlinear systems.
Automatica, 1997, 33(8): 1549—1554

Zou Q Z, Devasia S. Precision preview-based stable-
inversion for nonlinear nonminimum-phase systems: the
VTOL example. Automatica, 2007, 43(1): 117—127

Shkolnikov I A, Shtessel Y B. Tracking controller design for
a class of nonminimum-phase systems via the method of
system center. IEEE Transactions on Automatic Control,
2001, 46(10): 1639—1643

Su S W, Lin Y. Robust output tracking control for a
velocity-sensorless vertical take-off and landing aircraft with
input disturbances and unmatched uncertainties. Interna-
tional Journal of Robust and Nonlinear Control, 2013,
23(11): 1198—1213

Baev S, Shtessel Y, Shkolnikov I. Nonminimum-phase out-
put tracking in causal systems using higher-order sliding
modes. International Journal of Robust and Nonlinear Con-
trol, 2008, 18(4—5): 454—467

Shtessel Y B, Baev S, Edwards C, Spurgeon S. HOSM ob-
server for a class of non-minimum phase causal nonlinear
MIMO systems. IEEE Transactions on Automatic Control,
2010, 55(2): 543—548

Isidori A, Byrnes C I. Output regulation of nonlinear
systems. IEEE Transactions on Automatic Control, 1990,
35(2): 131—140

44

45

46

47

48

49

50

51

52

53

54

55

56

57

feedback
minimum-phase nonlinear

41(9): 1609—1615

of wuncertain non-
Automatica, 2005,

stabilization of a class
systems.

Xie B, Yao B. Robust output feedback stabilization of a class
of nonminimum phase nonlinear systems. In: Proceedings of
the 2006 American Control Conference. Minneapolis, USA:
IEEE, 2006. 4981—4986

Yang B J, Calise A J. Adaptive stabilization for a class of
non-affine non-minimum phase systems using neural net-
works. In: Proceedings of the 2006 American Control Con-
ference. Minneapolis, USA: IEEE, 2006. 2291—2296

Hoseini S M, Farrokhi M, Koshkouei A J. Adaptive neu-
ral network output feedback stabilization of nonlinear non-
minimum phase systems. International Journal of Adaptive
Control and Signal Processing, 2010, 24(1): 65—82

Hoseini S M, Farrokhi M, Koshkouei A J. Robust adaptive
control of nonlinear non-minimum phase systems with un-
certainties. Automatica, 2011, 47(2): 348—357

Isidori A. A tool for semi-global stabilization of uncertain
non-minimum-phase nonlinear systems via output feedback.
IEEE Transactions on Automatic Control, 2000, 45(10):
1817—1827

Nazrulla S, Khalil H K. Robust stabilization of non-
minimum phase nonlinear systems using extended high-gain
observers. IEEE Transactions on Automatic Control, 2011,
56(4): 802—813

Boker A M A, Khalil H K. Semi-global output feedback sta-
bilization of a class of non-minimum phase nonlinear sys-
tems. In: Proceedings of the 2013 American Control Con-
ference. Washington, D. C., USA: IEEE, 2013. 5270—5275

Lin F, Zhang W, Brandt R D. Robust hovering control of
a PVTOL aircraft. IEEE Transactions on Control Systems
Technology, 1999, 7(3): 343—351

Olfati-Saber R. Global configuration stabilization for the
VTOL aircraft with strong input coupling. IEEE Transac-
tions on Automatic Control, 2002, 47(11): 1949—1952

Wood R, Cazzolato B. An alternative nonlinear control law
for the global stabilization of the PVTOL vehicle. IEEE
Transactions on Automatic Control, 2007, 52(7): 1282—
1287

Zavala-Rio A, Fantoni I, Lozano R. Global stabilization of a
PVTOL aircraft model with bounded inputs. International
Journal of Control, 2003, 76(18): 1833—1844

Ye HW, Wang H, Wang H B. Stabilization of a PVTOL air-
craft and an inertia wheel pendulum using saturation tech-
nique. IEEE Transactions on Control Systems Technology,
2007, 15(6): 1143—1150

Chemori A, Marchand N. A prediction-based nonlinear con-
troller for stabilization of a non-minimum phase PVTOL air-
craft. International Journal of Robust and Nonlinear Con-
trol, 2008, 18(8): 876—889

Benvenuti L, Di Benedetto M D, Grizzle J W. Approximate
output tracking for nonlinear non-minimum phase systems
with an application to flight control. International Journal
of Robust and Nonlinear Control, 1994, 4(3): 397—414



20 H gy e ¥ 1k 4145
58 Lian K'Y, FuL C, Lian T L. Output tracking control of non- 74 Huang J. Asymptotic tracking of a nonminimum phase
linear systems with weakly non-minimum phase. In: Pro- nonlinear system with nonhyperbolic zero dynamics. IEEE
ceedings of the 1992 American Control Conference. Chicago, Transactions on Automatic Control, 2000, 45(3): 542—546
USA: IEEE, 1992. 3081—3085
75 Zhu B, Wang X H, Cai K Y. Approximate trajectory track-
59 Ghanadan R, Blankenship G L. Adaptive approximate ing of input-disturbed PVTOL aircraft with delayed atti-
tracking and regulation of nonlinear systems. In: Proceed- tude measurements. International Journal of Robust and
ings of the 32nd Conference on Decision and Control. San Nonlinear Control, 2010, 20(14): 1610—1621
Antonio, USA: IEEE, 1993. 2654—2659
76 Do K D, Jiang Z P, Pan J. On global tracking control of a
60 Hedrick K J, Gopalswamy S. Nonlinear flight control de- VTOL aircraft without velocity measurements. IEEE Trans-
sign via sliding methods. Journal of Guidance, Control, and actions on Automatic Control, 2003, 48(12): 2212—2217
Dynamics, 1990, 13(5): 850—858
77 Zhu B, Wang X H, Cai K Y. Tracking control for angular-
61 Hu A P, Sadegh N. Nonlinear non-minimum phase output rate-sensorless vertical take-off and landing aircraft in the
tracking via output redefinition and learning control. In: presence of angular-position measurement delay. IET Con-
Proceedings of the 2001 American Control Conference. Ar- trol Theory and Applications, 2010, 4(6): 957—969
lington, USA: IEEE, 2001. 4264—4269
78 Wang X H, Chen Z Q, Yang G. Finite-time-convergent dif-
62 Chen C T, Peng S T. A sliding mode control scheme for non- ferentiator based on singular perturbation technique. IEEE
minimum phase non-linear uncertain input-delay chemical Transactions on Automatic Control, 2007, 52(9): 1731—
processes. Journal of Process Control, 2006, 16(1): 37—51 1737
63 Niemica P M, Kravaris C. Nonlinear model-state feedback 79 Consolini L, Maggiore M, Nielsen C, Tosques M. Path fol-
control for nonminimum-phase processes. Automatica, 2003, lowing for the PVTOL aircraft. Automatica, 2010, 46(8):
39(7): 1295—1302 1284—1296
64 Roshan Y M, Moallem M. Control of nonminimum phase 80 Yue H, Chai T'Y, Shao C. Adaptive control of nonlinear non-
load current in a boost converter using output redefinition. minimum phase systems using neural networks. In: Proceed-
IEEE Transactions on Power Electronics, 2014, 29(9): 5054 ings of the 36th Conference on Decision and Control. San
—5062 Diego, USA: IEEE, 1997. 2211—2212
65 Shtessel Y B. Nonlinear nonminimum phase output track- 81 Jiya J, Shao C, Chai T Y. Neural network based adap-
ing via dynamic sliding manifolds. Journal of the Franklin tive predictive control algorithm of nonlinear non-minimum
Institute, 1998, 335(5): 841—850 phase systems. In: Proceedings of the 1999 American Con-
66 Shkolnikov I A, Shtessel Y B. Nonminimum phase tracking tllz)c;;ic;gge;ence. San Diego, California, USA: IEEE, 1999.
in MIMO systems with square input-output dynamics via
dynamic sliding manifolds. Journal of the Franklin Institute, 82 Ghosh J, Paden B. Iterative learning control for nonlin-
2000, 337(1): 43-56 ear nonminimum phase plants with input disturbances. In:
67 Sira-Ramirez H. A dynamical variable structure control Pl‘roceedlngs of the 1099 American Control Conference. San
strategy in asymptotic output tracking problems. IEEE Diego, USA: IEEE, 1999. 25842589
Transactions on Automatic Control, 1993, 38(4): 615—620 83 Ghosh J, Paden B. Pseudo-inverse based iterative learning
68 Shtessel Y B. Nonlinear output tracking in conventional .control for nonlinear plants with disturba.n«?es. In: Proceed-
C s . . ings of the 38th IEEE Conference on Decision and Control.
and dynamic sliding manifolds. IEEE Transactions on Au- .
tomatic Control, 1997, 42(9): 1282—1286 Phoenix, USA: IEEE, 1999. 5206—5212
69 Shtessel Y B, Tournes C. Nonminimum phase output track- 84 Liu Shan, Wu Tie-Jun. S.ta,ble'invemion based iterative
ing in dynamic sliding manifolds with application to aircraft learning control for hon-Iminimuim ‘phase plants. Control
control. In: Proceedings of the 35th IEEE Conference on De- ’IjheoryﬁaﬁndHApphcatz‘o'ns, 20(5” 20(9: 8?)1?83‘7“, R
cision and Control. Kobe, Japan: IEEE, 1996. 2071—2076 (ily, REE. EFRTRLMH RN R MBS TR, &2
HIELR 5N, 2003, 20(6): 831—837)
70 Pisano A, Baev S, Salimbeni D, Usai E. A new approach . ) .
to causal output tracking for non-minimum phase nonlin- 85 He Ye—.PTng, Xu Ke-Hu, Shen Chun—Lln.'O.utput tracking of
ear systems via combined first/second order sliding mode ROD-IIImum pha.se sy§tems using pre.dlctlve control. JO,UF_
control. In: Proceedings of the 2013 European Control Con- nal of Nanjing University of Aeronautics and Astronautics,
ference. Zurich, Switzerland: IEEE, 2013. 3234—3239 2000, 32(3): 263269 - -
(BT, AR SO T, VEARMK. AFdm N 2 G0 BRI 10 5 L T 42
71 Francis B A. The linear multivariable regulator problem. HIE. RS AIROR 2441k, 2000, 32(3): 263—269)
SIAM Journal on Control and Optimization, 1977, 15(3):
486—505 86 Chen P C, Jeng Y F, Chang Y H, Wang Y M, Chen G.
Robust gain-scheduled control of a vertical takeoff aircraft
72 Byrnes C I, Isidori A. Output regulation for nonlinear sys- with actuator saturation via the LMI method. Asian Journal
tems: an overview. International Journal of Robust and of Control, 2004, 6(1): 112—122
Nonlinear Control, 2000, 10(5): 323—337
87 Wu S L, Chen P C, Hsu C H, Chang K Y. Gain-scheduled
73 Chen T S, Huang J. Global robust output regulation by state control of PVTOL aircraft dynamics with parameter-

feedback for strict feedforward systems. IEEE Transactions
on Automatic Control, 2009, 54(9): 2157—2163

dependent disturbance. Journal of the Franklin Institute,
2008, 345(8): 906—925



134 TR AR MARLR G TR L8 21

88

89

90

91

92

93

94

95

Zhou P, Chai T 'Y, Zhao J H. DOB design for nonminimum-
phase delay systems and its application in multivariable
MPC control. IEEE Transactions on Circuits and Systems-
II: Express Briefs, 2012, 59(8): 525—529

Liu G, Zinober A, Shtessel Y B. Second-order SM approach
to SISO time-delay system output tracking. IEEE Transac-
tions on Industrial Electronics, 2009, 56(9): 3638—3645

Su S W, Lin Y. Output tracking control for a velocity-
sensorless VTOL aircraft with measurement delays. Inter-
national Journal of Systems Science, 2015, 46(5): 885—895

Wang X H, Liu J K, Cai K'Y. Tracking control for a velocity-
sensorless VTOL aircraft with delayed outputs. Automatica,
2009, 45(12): 2876—2882

Aguiar A P, Hespanha J P, Kokotovic P V. Path-following
for nonminimum phase systems removes performance lim-
itations. IEEE Transactions on Automatic Control, 2005,
50(2): 234—239

Aguiar A P, Hespanha J P, Kokotovic P V. Performance
limitations in reference tracking and path following for non-
linear systems. Automatica, 2008, 44(3): 598—610

Daci¢ D B, Nesi¢ D, Kokotovic P V. Path-following for non-
linear systems with unstable zero dynamics. IEEE Transac-
tions on Automatic Control, 2007, 52(3): 481—487

Daci¢ D B, Nesi¢ D, Teel A R, Wang W. Path following
for nonlinear systems with unstable zero dynamics: an av-
eraging solution. IEEE Transactions on Automatic Control,
2011, 56(4): 830—886

AESE AU HIR R T AN
Bt 2012 EFRAF AL HHTE MR K4
FEHIBS SRl TR B 26, £
LT GUTT ) AR MHAL R 48, AT
. ASCHEER.

E-mail: sushanwei@aliyun.com

(SU Shan-Wei Lecturer at the Re-
search Institute of Unmanned Aerial

Vehicle, Beihang University. He received his Ph. D. degree

in control theory and control engineering from Beihang Uni-

versity in 2012. His research interest covers non-minimum

phase systems and flight control. Corresponding author of

this paper.)

K B TR UK B
. EEECTT 1 AR ML R 4,
P R GRS HOR, 188 [ A F
AR, E-mail: zhubo_uestc@163.com

(ZHU Bo Associate professor at the
School of Aeronautics and Astronau-
tics, University of Electronic Science
and Technology of China (UESTC). His

research interest covers non-minimum phase systems, tran-

sient regulation technology for control systems and motion

synchronization control technology.)

al

[k b | A0 o ] PN 9 ] Rt & = ]
TREFE B, LIS 1k AT
i, RATER BT, B S E KB )
E-mail: xiangjwbj@sina.com.cn

(XIANG Jin-Wu  Professor at the
School of Aeronautic Science and En-
gineering, Beihang University. His re-
search interest covers flight control, air-

craft design, aeroelasticity and structural dynamics.)

WoE bR IR R B s R
HWALREG . BTN
EriepEhil S B R .

E-mail: linyanee2@aliyun.com

(LIN Yan Professor at the School
of Automation Science and Electrical
Engineering, Beihang University. His
research interest covers robust control

and adaptive control.)



