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Degraded algorithm for determining stability margin by
using singular value of the return difference matrix
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Abstract: We investigate the algorithm for determining the stability margins for multi-input multi-output (MIMO)
linear time-invariant systems by using singular values of the return difference matrix. First, we consider the degraded
algorithm to develop the procedures for determining stability margins for single-input single-output (SISO) linear time-
invariant systems. On this basis, we investigate the relationship between the results obtained from the degraded algorithm
and the traditional stability margins. Next, we analyze in detail the advantages of the degraded algorithm over the traditional
methods in determining the stability margins and point out that, when the gain and phase are varying simultaneously, the
shortest distance min |1 + g(jw)| between the Nyquist plot g(jw) and the critical point (—1,j0) can be considered as a
more appropriate stability margin index. Finally, the numerical simulation results of practical examples demonstrate that
the proposed algorithm is able to overcome the limitations of the traditional methods. Meanwhile, a more perfect stability
margin measurement system can be obtained by incorporating the proposed degraded stability margins with the classical

stability margin.

Key words: singular value of the return difference matrix; stability margin; Nyquist plot; robustness

1 5|5 (Introduction)

TES P R, X B N BT H (single-input
single-output, SISO)ZE 1 %€ ' F2 4t 1 £ 5 4 i 1n) /i,
CABHT TIRARBT A ISR ARE X, BHT—H&
SR 38 G A0 B RAH AL AR FE R AR R AT B, DI 70 s
ZRG0IA B SR E Fr A5 VR B8 1 5 5 AH A ARG
i KAAM. B 35 0T SISOZL 14 5 Gufa e 4 B Wt 70 1R IR
N, R LG g 5 1) 7 22 W45 TR RS E A A
SCHR [2-415E X SISOZR P R GiLQuim IR A4S S 154 45
AR A R A8 BE AT I AT, 45 SRR 2t —

ek H A 2015—06—24; 5 H#: 2015—11-26.
Ti@{E/E% . E-mail: Ixdongliu@163.com; Tel.: +86 15201169416.

AT B,
E R BREIHEIE ST H (41274041) % ).

Supported by National Natural Science Foundation of China (41274041).

IR 2% (linear quadratic regulator, LQR){% | &4t
A DLEA 20 60° BIAHALM BE LR TG 75 K1 26 4
B, B BB TR SCERS10 4T TR 2%
& N 7V R 1) 2R G 2 M I R, &5 SRR W T 48
I} (8] SISO ELHAR AN 22 | i B R G A A (0,
+oo) I SR M L. A, X T BA SHCA I I X
] RGiR e M AT TR 2 R 1671,

B2, W% BIAL Gt 3 26 4 52 FAH 7 44 A
AL R R A N R TREAE AT S, I
VA R 75 AR A [R) I S 318 L S R GRS R g



%410 AEMRAE: i ml 22 R Ay

SFERFEE R L R % 461

PRS0 HL, XTI R E pe e 1, A Y

s M FERAH AL 2 S AE — R IR W] B2 AN Y, 4 &

SRR R BTIAR, X T R R G 3 5 R A R

AN, MG af M P AR AL A8 B AN RETEI A H RS &

B, X8 R AL Gt E M M A R . A2 2

H AR BIXAN R, JfoAM i TV TR o,

Latchman#fCrisalle®s A #2H T I1f 5 5 ¥ i8 (critical

direction theory)?~10 75 5 — 42 i Ab 5 Hi I 5707 1)

Al AR EAR N, i i 7 RS

4%, 19 BNy quist & H R BUTEHE R IX — 48 bR, R

ARG G TEM . ST (112 TR —Fh s &

Bz ) 5 2 R A2 A FE S AR ) B BOR B &

HECRITT 52, AT LI G344 B FHAR S 1 FEE A 7] 15 4

Heoo M p B2 S PUAREE H 28 B TR RSB FR I3 k.

SCHR (1313 18 1 SISO 2 ¢ M1 M s Bk AN € 15 T2 R

p(w) 53 -5 38 s FE AR M FE 2 TR (R 96 2R FRAE G

it b — DR ST (w) 5 P [R] I B DR 2 2 48 52

AL B2 o0 . AR T, BE TV A & Z AHE T &R 4t

1 o (w ) B SR BB R e HAS G 3RS HERR R, (1352 E 4

FEEREA R, SCHR[4, 14-1518F X MIMOZ 4

W RGNREM SR T R R R EVE .

F &7 B B8, i e 5 A 5 AN AN E P R,

@jlﬁl%ﬁ%d\%ﬁﬁ%%%i‘*%V%MHUMFE

IR 2R, T E R G IR FrAGSE P A VI REAIEE 1

BRI [F] I AR AL G . w] LUE @%K@%ﬁﬁ?{?ﬁ

DU LR 1) BIERE A T SR A Vi [

W R Gt Il 2R R o e, tH RV, 2) BAE

PR T LB R GBI EMAE S, AR T &R

e 1 e ST S (S I [ ST 1
%ﬂﬂ%@iﬁm%ﬁﬁf ALTRAE T MURH A (RIS S5l i

WA TTIEARRSE R S Foe M R v 1 b X —

i e, Kiﬂﬂ&ﬁf%)\"*ﬁ%ﬂﬁﬂn. HFMIMOZE 14

JE B R GRS TE M L[] 22 Mg AR, R TV EEAT

BT, 33— Fh =R A SISOLNE R Fuk e 48 B 1T

Hyk 30, 455 NyquistES W i 1B 1L T i3 5%

SEGREME IR R, JEEA b, X i

/ﬂf?i‘“%lﬁﬁﬁa Al S BN I T W RS S A

SEMERIILS, IR RENS v AL GERe e A8 R R 1) Ji
(R, AT f3 2L 5 T2 I SISOZR 14 2 iy R Giha e M
R R,

2 [BlZEFEE AR (Degradation analy-
sis of singular value of the return difference
matrix)

SRR [14-15) EU0f [ 22 B 7 57 B 21X —MIMOZk
PER GRS EM EBIRHEAT T VRANRIE T, AR 7
ERAT IR 23 A7, B 55 LB AK A SISOZRME & 4t (1) 15
TRl Hpdctth, A —RCEAAL R IR R i (s), TEH
N G NN € PEE NI p (), WIETLFR. 58 SCANH

SEMEEMTip(s) = ke ™, s = jw, WA Hp(jw)in
T

pljw) = ke', (1)
Horb: Z2HEFRRGIE G, VR RGBT E I
HA.
“Q+T 20 oo
Bl — MR i R G
Fig. 1 Unit feedback system
P& T RIRVS R GUIA Bl SR RS S H kA

FrRe R I B K . 1 5, ASUIRERRFIRE T &R
G R RasE N, B R 41
11+ g(jw)| > 0. (2)
I E Mep(s), 7 KAV R FRFa e, WA 1+
p(jw)g(jw)| > 0. FIFH 5> B4

. 1 1
L+ pg(jw) = [(5 - 1)m

24 3(2), £ 3 U i [R] i i e R

+ 1[I+ g(w)lp-

B |p(jw)| > 0,

EEs
1 1
— —1 — 4+ 1| > 0. 3
|<p(w) )1 + g(jw) > ®
IR EIAER Q)X N T 3ME
[ L (4a)
pl+g(w) T 7
1 1
S o) =1, 4b
R ) (*0)
1 1
(= —=1) | < 1. (4¢)

p 1+ g(jw)
g G sCEk[16], bl AR T — BN R g (jw),
HEARER o)A RAFAERG) AL FE 75 5 1F
e, SPANEER (4o)idt— A HE e
\m—1’<’1+9(jw)\- )
2 & Al i 3 25 AR AL AR 4K, K 5 R (AR B,
AR R AR E 7T o0 2T

=y fa- b
p(jw) koo k
min 1+ (). ©

¥ & GiNyquistih 25 211l 7 5 (-1, j0) E‘JE%%EEE
#min |1+ g(jw) fEAZE, Fmin |1+ g(jw)| =
RYE L3, 20 = 0°, AT f\mFFGMﬁf%&mE’B%
R 2k = 1, nIARMA A EPMAIm IR R Ak
Hb, 5] 22 B 7 S E VR R AL A5 BISISO R St 1 1Y & 48 2

(1 —cos?) <



462 oA R 5 N A

33 4%

GMATHHALARIEPM 3531 A
GM = —201g(1 — m) PM = 2 arcsin % (7)

FTHERIAAGE 1T IRIUE R Gife s AV % 8] B3
REMS I R RAE, BLAIRIE R GEAEE A VE 5 9] B AH
FARERS T IS R R A
3 B SISO ARGk EME SEGERERE

H15¢ £& (Relationship between the degrada-

tion results and classical stability margins)

HH 2 (7) R0, SRR T 22 B i SV [ R 3
B M3 S FNAH 7 46 T R i ESISO R AL (M As e 4 5. 1
s, SALGHE I FAS TR E AR B R AR T (R
AT N G FATAR ) e 73 A T SR GEARALAR BRI 25
M FEPR MR BEFRAR AR, 5] 22 B 25 AR A — M
AR R 7RG 25 AR AL AR FE P I B
S5, I HRAS 1Y 2548 SRR 6 48 FE 41 5 R SENy-
quist FIZEEIE T A5 (=1, j0) B FE Emin | 1+g(jw)|
KNSR, Rtk o, BT EMERES
TGRS TE R SR o — AR AT IRAF 3
R A2 SV O 1 2 MR A 2 TR /2 5 R X (6), T
Gt e 7 M PS5 B0 TR 3 g FUAE AR IR A B SR AR B
Z IR B R.

BT OREF X RS E R G, 7 TR LIS B SISO R 4t
FOEMR L S RREMIER KR, 21 E2 R
W R E M E S & G i ME R~ E R, W

AU 55 (AL [ 5 Ny quist R3S ), DRI S 5
(—1,j0), EZ2LAG Tt s DoRIRLC  PAIG 5 5 2 Nyquist
2 b I R R B A AR I B 5 AR S 2SR B2
Nyquist i 28 _F F1l5 A 5 P S Hoa il C R4 DE
EHPF L& LW A HERCD=CE=1. #&#
BD, B8B83 =MAAOBDMACDE, FFEHOD
=O0B =1.

—1'-._. i i A% Re

K 2 BICHTESISO RGihe E ML 5L SR e M BEAE
R Rz =yL
Fig. 2 Sketch map of the degradation stability margins and

the classical stability margins

F P T 280, A% GBS T 1 2 48 EAIAR AL AR

BN

GM = PM = /BOD = a,.  (8)

|OA|’
TS T B [0 22 B 27 S ARV E IR A 15 2 SISO & S i 4
FERIETE, Amin |1 + g(jw)| = m, R4 0=N7)Frr
FEAR ERIA S, TR0 25 48 B AR AR FE R B p 3R
N

11

“1-m  |OE]

PM =2 arcsin % — /DCE = B,. (9

R, THEIRLSISO R Gt e i SAE ks e #r
£ B 2% Z 0] A 3 4 O 2 Sl B A | O A RO B A
Je g B Bo R R /N Tl /. 53 Ht 1 22 BiNyquist i 28 2] s
S (—1,j0) BE B Sl 1 s FRT A R 2R B AT
PLE. 15, SR T 3R s AL TR A OML. %
ERATR AT AKL S BRI 5 BAE. LUK, X3RRI A
XA RGNy quist it 2 73 A3 B, L, s FIERSR
Nyquist i1 2k A 6M A7 B 73 A1 O, PR 5 F B ib
ARG B, SR g s s B iR i e i E 511
FISISO RS EM L IR A,

1) M PRI T IR S OARRT, B34 min |1+
gGw)| = m = 1, BRI LA S 2R E O [ BRI 5 1
(e R S AR, BERTIRAEAS B SISO R AL 2 AR
AL BE 53 ) N 0o FI60°. A% Ge4% i) B8 v i 14 25
HEEETN Aoo, TARALAE FE 2 K T-60°, X & NIt
B A AR 55 BAL T DA A R R0 B A7 5] _F60°
S AB AR OO L s A 1.

& 33 R 0T B IRom AN 43 BEFR R YRt e n =
m + 1R RG— R T UL

2) M FIE UL T 28 R i ARG B (7 57 5 A
), A, B, FIX3/ fEA, WWE3.

Im

GM

Re

K 3 R PSS RS 2] SISO RS EMIE S
sy N
Fig. 3 Sketch map of the classical stability margins and the
degradation stability margins with the point F' on

the negative real axis

WHIOA| = |OE|, iR 4 3(8)—(9). 75 K1 5 # ) 4



Ham AR th Bl 2Ry R E DR A E R IR S 463
T EAHAE. FHALHEE.

ST AROIAG I, B R s PR S | A D |43 /2 | AD|
< |BD|, Ti|AD|#1|BD| 4 5l J& T = f JE AACDFI
AOBD, HW =M H R WA HARSET1. 8
2RI TURTFR 8, W A0 = A0 B —4518|AD| <
|BD|, WX ¥ 2% % BL M b £ ACD < ZBOD.
I £ AC D =B AT 1068 N AR BE, £ BO DA%
GRITIFEX N IR EE, BB By < g, BIIBALT7VETT
SIS BN TAE G I L HIARBI AR

fEs R R T RS ARG ST
B kAo BERT B YRnidh En = m + 2, XFF R G —
FEEAF B i AT 2 AT i AU S .

3) Y PR UL TR AR 5 BAL (5 AN E
O ERALE L), BNFW s E &, 7] #1|DB| = |DF,
Ik, B2 FAOBD =~ ACDE, i 1fi 5 £/DCE =
/BOD, {1 By = av, Ut BB T VLA AL AR B S5 T
TG T 1L AR .

XTI AR, 2R HN, WARA | DB| = |DF|
= |DE| < |DA|, HR45 1 25 4 B Rk 0 (8)—(9), AR
’&M<K;yw@wﬁ%ﬁﬁmﬁﬁwﬁm%%
G R AR

15356 B8R T8 R 48 H 01 B e Aoy B
IR nIF fEn = m + 2, EMRFE BG5S S EPAT
AR 5 B

4) Y S AL FNyquist #H 28 FOAM R, M2
H13%1|DF| = DE| < |DA|, FIFEFRHE(8)-(9), 7T

1 1
7! I Y iy A8 25 XA fEF
{?7‘0E| < 7‘0 ‘, MR AL 7 v T 5 B 1 25 40 7 /N

G Tk AR

XF T AL MG BE, T A2 B | DE| < |BD|, KT
EOMIEE, Z=MIKACDEMAOBDE W %14 K
ST NSNS = T, TR I =M, HXE R
s, BlZDCE < ZBOD. N, B 75
IFRRIAG N T AR G T IR S AR AR S

5) 4 S PR T Nyquist it 28 _FO AJK B #lw MOTF
SHEUE B BB ER 05 BIX—Beth 28 LA, 1528 (4) Fh
1H—F, BFEE|DF /2| DF| = DE| < | DA,
VIR AL 7 VE T SRS R A P SR N TR Gt
SRR AR

Aok, BE XA DF| = DE| < |BD|, IEW%
)FIEE )P T 23 4T (TR, R 1BA T EE AR 4
fEZDCE & /N T % 7x A& S8 J7 ¥ /1 AL 4 FE 1)
/BOD.

EExt 3 5 FAENyquist i 28 _E AT A it 6 A [/ 47
BRHEIHT B, AT MIMOZR M 8 H RSk
B 1 [ 22 B 2 S (VR T R AR 75 21 (1) SISO R G 13
Tl M FEE LA A A FEE A2 /N T B S T G 4 2 4 FE AN

4 BALF1SSISOR Gk e M EHBUL Gk
TE #3 FE DL 34 (Singular value of the inverse
return difference matrix)

SCHR[814R Y T AL Gifa @ M EAE 3 T R E AR

SE VE ) RIS (1) SR PR, 2 SR SR AR G0 W] e A

BAAORHE 240 FE AR ALAR BE, {H A= 38 2 FHAH £ [F)

BN IE DL, R EHETRE R Al e 2. X2

A G50 4 1 R 2 0 388 8 M 5 R 2 A4 FE i A 43

BT S, 2 A B R, S80I Y

sR AURH A [R]IS AR AR IS, 2R 8 AR 0 B E R . FHMIMO

AN E W R G 0| 2 I A VA IR A 2RI SISO R 4t

Hmin 1+ g(jow) |8 72 R GEH 25 RH £ 2 1 %
F 3% SR TR R R SR LU S
oA .

Lty b AL SISO RSk M S5 1
Ge P AR MG HE AR, S0 BT A950

1) 8122 Ff 2y AR VR IR AL A 25 R AT AR R F i 3(7)
Fir 7Y S A L AR (24 BE T bn ik, 1y HL45 RANE S
P GLHE S A FE AR AL A BEFR AR, BEAh, SR 4R
(AL SRR 20 W A RTIAR 1 BRS80S B N B
AR GRS E ML, AN REMR DRI 2 AAR A TR AR AL
I ARGTE R EVEF] R L

2) B TR EE, W EE N A R R
R B2 Hmin |1 + g(jw)|, BMEmKME & & Gk e

ARAEm A — AN AR E ML E SCRA,
BB S G B RS EAE R, R H
Ao A E AR, S5

1 2
\/(1— E)2+E(1—cosz9) =
min 1+ g(j)| = m (10)

BRIA T RAMEEMF A Z RIMELR. Ba, RE
Y5 R G (s), B 13 B R FNyquist 8 15 5 A
(—1,j0)MIBJEEE Bmin |1 + g(jw)|, 2R RHEZ(10),
EEIRE — MR ARG E T AV IR E AR ME, 5t
ATAS 3 [FI 2 VE A SAH AR R S TRR.

B, XTT-SISOR S, n R m 54 a5 kAIAH
AR RZAXHATLE, WE4FTR.

#1559, () INyquist HIZERIE A 25 (-1, j0) A%
FIPEES Am,, T8 — MR RGukasE A VIR E AR
e Af Ky, AR HE 20(10) v] 15 21 [7) B 257 IR AH A B K%
AN

k2 41— k2m?

’19 pu—
1 = arccos ok

Y



464 B of w5 N M 334
[FIFEHD, F6 € — MR RS ITAVFIIA A E  SISORGFEMERIE, W H %k
¥, W’]‘Eﬁﬁ(m)ﬂﬁﬁ@Hﬁﬁﬁﬁwﬁtﬁ’}ﬁ%jﬂ min |1 + g(jw)k(jw)| = 0.3353,
2 _
fy = S50 \/1C°S 7922 Tl ) SRR R R G ARAE
—m
' GM =—201g(1 — m) = 3.55dB,
ol PM =2 arcsin(%) = 19°.
12+ AT b SER, # A TRERE K 1.26%(1.584 dB), B
ol SRR R10), TT1BIE 2 B8 5 7 5 VA A W
§ osl 18.34°, 3X i 1t BA 58 G5 M 1 14 K 1. 2455 7] Bf AH £ 3 )5
e 18.34°1F, R GuA)y R Ae e 1. X B {E AAH £ [7] I 4%
' 06 NG T AT T FLEIE, AFF P04 3 oR B0E (5 1 K 1.2
0.4F 135 [F) S AH A 5 18.34° I Y R GiNyquist 1 4k, UL,
021 1.5 T T T T T T
GM: #5544 £0.505 dB :
OOO 1.0+ PM:ARLL AR EE4.54 © - __ . N
W25k 0.5 i
el 4 HIEEEA SR AL BN SISO RYEH KA & oo ]
FIFHALAR X R E B
Fig. 4 Relationship between gain margin and phase margin of 0.5 7
the degradation results based on the singular value of 1.0 |
the return difference matrix 15 . . . . . .
=25 20 -15 -1.0 -05 00 05 1.0

M 0T 2 #E:
EE 1 T ORISISOL M 2w R %ig(s), nlil

\/(1—;)2 + %(1—(}0519)
BRI AR, B IR T Y 5 B 25 1k
[ A9 —20 1g(1 — m); HREAASI, RGRIFRS
52 TR VI [E]H H£00 9 IS 1085 KA 2 arcesin % Bt

24k, BTG T IR R GRS E P B VIR
(EFIAR F [F) AR AL HROSE L, B AT VPR AEL IS Kk £5 1
(e B AR A A KA DB I3 501, 50 25 VFAH i
Ja 0o BRI R AEAT W01 2) Fis IR K ko £

DRI, 5 A SORIF 7 PR %6 SISO 2k 1 52 5 R G [l
ZEVEE S ERIB S R S Ga e A A, v 1S
B TR AL G e e M3 FE R B 1 Ll B 52 3% (I SISO R 4t
e R R.

5 615 Hr(Example analysis)

TN TH AT s 8 2 R G BT A
T, W RGTFIMEIL R AN

L(s) = g(s)k(s) =

19—5s s+33 s+055 1.7s?+15s5+1

195 —133s4+1055s+1 s2+1.5s+1.7"
T i A G g ) B AR SR AG 1 25 A RN AH AL AR BE 43 Sl
N6.143 dB ) L1 2543 P A —6.143 dB ) R I8 548 1,
32.59° 4] AH A2 ¥ £ SR F EHMIMO % 4t 38 44 1 5K 119

:min\l + g(jw)|=m

Re
B 5 M EAE K 1205 (RN AH A 5 18.34° I Nyquist Hi £k
Fig. 5 The Nyquiat plot with the amplitude increasing to 1.2

times and the phase lag 18.34° simultaneously

1 AT %0, R GAThER 2 A e 1, {H & HNyquist
Lo g bW RELIR A 5(—1,j0), BHEBRARE. &
Yk 230 KRR 22 1.36%(2.279 dB), [ FH M J5 18 4%
18.34° A8, 2| LEIS Nyquist B Zk an 6 o, 7l & H
RANINIAAIAFEE .

15 T T T T T T T

GM: #2544 —0.19 dB :

| PM: MHAL R E —1.72 ©
R R G AR e

1.

(=

0.5F
é 0.0 b s Wrrressoreeee
,0.5 -

-1.0F

'*53.0 =25 =20 -1.5 -1.0 =05 0.0 OI.5 1.0
Re
Bl 6 MEAE G 1. 345 [FRAH M i S 18.34° B Nyquist i 28
Fig. 6 The Nyquiat plot with the amplitude increasing to 1.3

times and the phase lag 18.34° simultaneously

7 5245 v g B B9 K 1.3 /%(2.279 dB), AH 3 5
18.34°, #m /N TAL Gt R KA 16.143 dBHY %%r
F132.59° AL L, IRAIE T A% Gtk i 4 AN BEHERF



Fam

AR th Bl 2Ry R E DR A E R IR S

465

S LA 2 AR A R B8 20 T 1) R g e fe e X —
58, 5 2 % N, B aR(10)45 2 A B 55 18 k120
(1.584 dB)FHAH F #5 J5 18.34° &5 5, 14 1 1 W B Ak,
T Fa e A B SR T DU AU Y IX — )

6 %518 (Conclusions)

R BRI, BT ISISO RSk
TE AV STV AR T 1 25 RN A R S B IS R e AH XS
e M () W 1)L wT U B S E A R e
FERIT SUE SR SR Fa e AR B 2 SCEE R INA 28, A
A5 X (7) BT s 38 2 FURE AR SR AR A0 B 25 VP840
a0 H R T AL G i BV AR A R T a5 A
A A RN B sh i) 2R e v fa e PR T AS i ISR, ik
b, BT 4, {5 15 (AR 1 000 R LR
B2 (A RN E .

AR ST 9 U B[R] 22 O SR B VA AN AOE T
MIMO Z G A2 e 48 K i, T HLXT SISO R A th A i
FHI, 8 LIS Eimae— A e — e () BEXT SISO &
A X MIMO RS T XA E M TR PR

2 Yk (References):

[11 KATSUHIKO O. Modern Control Engineering [M]. Beijing: Pub-
lishing House of Electronics Industry, 2011.

[2] ANDERSON B D O, MOORE ] B. Linear Optimal Control [M]. En-
glewood Cliffs, NJ: Prentice-Hall, 1971.

[3] SAFONOV M G, ATHANS M. Gain and phase margin for multiloop
LQG regulators [J]. IEEE Transactions on Automatic Control, 1977,
22(2): 173 -179.

[4] LEHTOMAKI N A, SANDELL N R, ATHANS M. Robustness re-
sults in linear-quadratic Gaussian based multivariable control desig-
ns [J]. IEEE Transactions on Automatic Control, 1981, 26(1): 75 —
93.

[5] SANG Q, TAO G. Gain margins of model reference adaptive control
systems [C] //Proceedings of the 7th World Congress on Intellige-
nt Control and Automation. Chongging, China: IEEE, 2008: 2946 —
2951.

[6] HOTE Y V, GUPTA J R P, CHOUDHURY D R. Kharitonov’s theo-
rem and routh criterion for stability margin of interval systems [J]. In-

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

ternational Journal of Control, Automation, and Systems, 2010, 8(3):
647 — 654.

BHIWANI R J, PATRE B M. Stability analysis of fuzzy parametric
uncertain systems [J]. ISA Transactions, 2011, 50(4): 538 — 547.

ZHOU K M, DOYLE J C, GLOVER K. Robust and Optimal Con-
trol [M]. Englewood Cliffs, NJ: Prentice-Hall, 1996.

LATCHMAN H A, CRISALLE O D. Exact robustness analysis for
highly structured frequency domain uncertainties [C] //Proceedings
of the American Control Conference. Seattle, Washington: IEEE,
1995: 3982 — 3987.

AL-SHAMALI S A, JI B W, CRISALLE O D, et al. The nyquist
robust sensitivity margin for uncertain closed-loop systems [J]. Inter-
national Journal of Robust and Nonlinear Control, 2005, 15(14): 619
—634.

DEODHARE G, PATEL V V. A “Modern” look at gain and phase
margins-an Hoo/p approach [C] //AIAA Guidance, Navigation, and
Control Conference and Exhibit. Boston, MA, USA: AIAA, 1998:
325 -335.

DOYLE J C. Analysis of feedback systems with structured uncertain-
ties [J]. IEE Proceedings Part D, 1982, 129(6): 242 — 250.

TSAO T T, LEE F C, AUGENSTEIN D. Relationship between
robustness p-analysis and classical stability margins [C] //IEEE
Aerospace Conference. Snowmass, USA: IEEE, 1998, 4: 481 — 486.

SAFONOV M G, LAUB A J, HARTMANU G L. Feedback proper-
ties of multivariable systems: the role and use of the return difference
matrix [J]. IEEE Transactions on Automatic Control, 1981, 26(1): 47
- 65.

MUKHOPADHYAY V, NEWSOM J R. Application of matrix singu-
lar value properties for evaluating gain and phase margins of multi-
loop systems [C] //AIAA Guidance Navigation and Control Confer-
ence. California: AIAA, 1982: 420 — 428.

EEM, HIPT. ZRMA SR ANEE T RGN T 5
HE [7]. BERER SR, 2014, 31(1): 105 - 111,

(LI Xindong, GOU Xingyu. Analysis and improvement of stability
margin for multi-input multi-output linear time-invariant systems [J].
Control Theory & Applications, 2014, 31(1): 105 -111.)

VB A

ZEH (1986-), 5, BERTTUA, BEUIT R OIR 88 8 A2,

E-mail: Ixdongliu@163.com;

HPEF (1970-), B3, BEFL R, WA S0, B 5005 A AR 34

. BN 251, E-mail: gouxy @bice.org.cn.



