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High-order System Approaches: II. Controllability and Full-actuation

DUAN Guang-Ren?

Abstract
is firstly overviewed briefly, and problems with the controllability theory originally introduced by Kalman are pointed out.

In this paper, development in controllability of dynamical systems described by first-order state-space models

It is then proven that a necessary and sufficient condition for a constant linear system to be controllable is that it can
be equivalently expressed as a high-order fully-actuated system, and this result is also generalized, in a sense, to the case
of nonlinear systems. Based on this discovery, complete-controllability of general dynamical systems is defined. Together
with some other important properties, significance of super-controllability is clearly revealed as such that the system can
be turned, by a feedback controller, into a high-order constant linear system with the coefficient matrices of the closed-loop

eigen-polynomial being arbitrarily assignable.
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FEFEHIAAEAF I R GE T r DA ELRST R Ee it 2 W
ARG . B DR G T w4 KR
gk e LRI VL, otz R 8 CHTTHE
[t (N W R

5 TEREM
51 EX
HIP T P99 74 P 2 245 3R R AT B xe— e 1 s il
RGGINFEETERE X
SR Y N T Ve B e EE
L2 )4

. 733("1*1)’ u, t)

1’27...77«

(57)

2w B w W R, WIFR RS (57) 76 Q b4a
IR s

2) JAE Q EEASE M EARE v 3w 1
T A, WIFRRSE (57) A4 IR I

3) HAE Q LA SE LA u B w
I [, WIFR RS (57) &L T-40R I R, 4
Zn B H A B A BRAS S, RR RS (57) AHAS
IR IH;

4) SFFALM 29 € R, i = 0,1,---,m — 1
#oE w B ow W R, WA RS (57) 1
Q B ORE A IR, AR A IK I RO, Y
gz, @, 2D ut) = u i, WEKRE (57) K
—/MRAERIK RS

FEHh, TR IR S R S
Bx™ = f(z, &, -, x™ Y )+
B(z,&,--- 2™ t)u (59)
Hh B(w, 2, ,2m ) € R Oy — G
BRI E@%EHHU JH:ETJ:JéﬂzX@CﬁjCﬁK 1]
e X1

PUHEZS BN — B Zh & R 4t

F(Z,Z,,Z(m), u7u’... u(l )_0

Hrf 2z € R* flu € R™ 2508 REEHPIR S R34
BN, F O — AN R IE & SR 5, m AT A
PN IEEL, — SO L < m.

EX 3. ZARY (60) FRAsEAmedm, W
ST DL I Y 1 AR ok A5 b A Rl — AN T Gn 2
(57) Mk 20K R 4.

FHAEEE 1 A2 AT R IR E58 ploT.

Rl 1. —PIRAE RIBA R R ) 2t W R
4t (4) Mse A heds it S W 5 U N R SN

RS %%%WMmT_m%Eé@E
JOEH BN eSS R, (e 3 il 4

(60)
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DA SCHR [54] it BE 2 F1 3 o] UHEAN, 7EIRZE
RGO, BefEtEny e XA 2 M, Je g SCM g
FERRGAE LS Refs, M R
LT SCN RS — DN 4. P, TR
PERITE DL T, e A e AN RO 2 8 SCT i — 281
FEPEZ AL A 2. 95 b, SCHR [55]) T g
AR L ME R e R P T B AR — 28— AR £k
PEoE A e R AL
MR b 33, Hlas Nk b K Mg R4

M(z,%,t)% + D(z,&,t) + K(z,%,t)r =u (61)

Hh M(:). D(-) M K(-) € RV 3R RGN
SOFCERAE S T SCRHJBRERE R SR BE A B, e ¢
Reds . WURASIEEI T LIV 2 R AT
R B30 STk [1] T KBS T R S
BERGE TV RS S 2R G0 RN AT I ok 2k AL 1K) R S 4R
SESEAREEIN. B, AEARIUE T
PR 7S (RS L IR 1) R G A Red I 2 S, M A& %)
AR S R G R 1) E X T

5.2 BEAEREX

P31 2 40 56 A B 45 1A SO A H WA 1), B A7
EFE AR MR R G h — Nt W R4, JFH
AT DT B PR R G AR 2 T R A . )
IRy LA R IA IR

w2, NTEESEMERHE A €
R i =0,1,---,m — 1, #a] LLkE & 40K
R (57) I FidIEHIH

m—1
{w =— > AW+ fla, i, 2™ D t) — v
i=0

u=g'(w)
(62)

RAFU P 2 E R B I R 4

Ex™ 4+ A, 2™ V4. 4 Ag+ A =v
(63)

IR R SR (1) R S R TR B AR HE
I

KT A, i=0,1,--- ,m—1 KHEENE, &
A DU I A R 3 R K S R R SR A A S R R S
BRI SCHR (1) MPIPR R ST REAE 45 R Tc B A FE R
XL T BARI S E AT v, RIS T KRG
TR .

WAR 2. e X 2 W, ARG R ILAEH
AR NI RS, AF LA LU B i 6
At . BB X3 AlA, e REIE I RS &
Al DLSR AR AR R R G, I R ARSI

R DL R GERPIRAS A% 0, TR AR R GRS
I RZS LI 55 A5 o145 ) ARARAL T 5 (8, (RS
SRAR ZR G )R Rk 2 b A Ak, i
2 0 DL, 5o R G0 v B A IR ABE 2R ) A SR A 4 ol il
R T “RIR” 414

YRR 3. LiREslAE (62) BORILMMRAS o KL
IS SH (5 . X85 BE RS (57) K
ARG, REE NHET . R RS (57)
2 A — PRS2 AR A TS, BT X R i
el ik, 550, MR R G AR T IE, 24
AA2G (57) i o KIAH G &BY ST, 1y H
XA R T DL MBI LA oL R P 1R AR 0 R 3R
AR, X EefE BB T LUE R T R G (5T) 1)
AR 2R RS

FRESE SOEE RN, EATRITEIRZ
Al e 4 il 1) 02 B A S 1 R 0 A TR A Y 4
il )R T A BA LA S — xR AL

PRAEZE LS5 P/ B NIt () AR e Pk R 458

Ex™ = f(x, &, - 2™V )+
g(iL’,.I",-" ax(m_1)7 u, t)+f* +d (64>

FEFEHIAL (62) MAEATE, WA A R 4

Bx™ 4+ A, 2™ 4 Ayi 4 Agr =
v+ f4d (65)

1) WA d ARENTH, BATATLARH]— L5k
JIEACEE R ST (65) MT- SRR ANl 1) 8, thnr A
M2 IUAR J7vE, Lol H Jo 55 5k, b AR B (1
AR ) L

2) WK fr R ARG B LB, RS
(R 45 s Tl i FELCSE AL 1 T 2 M AR 28 (65) FAIAH
o745 e A2 ) i i, ) R R ) e M AR 4 8 e 4
T I T KA

3) Wk fr AR SERAGE S, LR g
ARG HRAT 5 BRER ] A, I ) 0 2 A e ek
ARG (65) FIAH AR T ERER i L.

6 it

H R WUE A Rk B O B () e Bt
S BE H AR AR, DUSEHE SR I 2 R
eI Js bR R A B B R R ). ARITTAE B AR
ARG E G AR, AT B mh R
GACIN BT RGURALPE, AE— B RS B T R
T, [ gy — L n) UK TN 1 AESE. R
S8R REAE Ik 20 Bl A2 X075 T A — S S Y )i, BTy
(I FE A Sl PR T — B (RPIR A A AR 1 e AR 2
7%, IRMESE T — PR TS 2400, SR E 22
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RGN R R G VERIIRR. & JCuEm] T
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—A b RN AL, R e e L
HEBHR LM R G . IERA X — 508 K IRAT
JE ST —BOFRIER G e e I, Bl R 5t
R BEA R 73 A 1) ORI ) 2R 8 B vl ) il g FE 48— i
K. e R LR AT LIRS B3RS — A
P W PR S, JF Bl DUE R ECE A RS
R ik 2 TR BOR R, AT e VR 2 1 2R 4e i) 22
Wik Bt

AL EEG I TR AR S, il T
FOMI R — SEF SRS, XM BRI,
ARE AR R G REAE VERIESUAT R R AR E). 6T
WAWARGE LT RS, L2 BH = RS
(RIRESENE, AEATI IS TR AT L.

A K4 IK R G RE ML . B R B A%
RIRRGE BFEUE 5IRES. T SME . BiE
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