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multi-input multi-output linear time-invariant systems
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Abstract: A method based on the singular value of the return difference matrix is investigated for calculating the stability
margin of multi-input multi-output (MIMO) linear time invariant systems. Results are first obtained for single-input single-
output linear systems. Then two improved methods are proposed for calculating the stability margin of MIMO linear
systems based on the return difference matrix. In the first improved method, the minimum eigenvalue magnitude is used for
replacing the minimum singular value of the return difference matrix, and a new relationship between the stability margin
and the minimum eigenvalue magnitude is developed. In the other improved method, the stability margin is calculated
through the minimum singular value of the inverse return difference matrix. Numerical simulation results clearly show the
improvement in the solutions obtained from the improved methods, and the conservativeness of stability margin can be
reduced effectively through the combination of three methods.
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1 5|5 (Introduction)

T PS5 A2 T R G AH AR 1 ) — N E A
e I BRIS P, FU NP6 H (single-input single-
output, SISO)Z& & i 22 Gt (1A 43 B i FH AR 11
AH A FERRAE A BER B 1, I HAT R v 71,
7E TR, #H 8 S H Y SO0 & — MR EZ
I 8, SR [ 1] AR 4R 5t D - 23 B S 5 g K R B
& BRI Y IS TR A O 1) H AR R AR, 25— APk T
(LA 5 RURE A 443 52 1) L AS1—F5 7373 43 (proportion-
integral-derivative, PID)Z* £§ i {)L % 5 J7 2. SISO%
SrkeT M B CREAA AN T R SEBR. AR, 6T
% % N\ 2 % H (multi-input multi-output, MIMO)ZE
ARG T IS B [AAEERE G, BLAIUSBR 18 (1) Y
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FBRSI, HRrscA A NS e Mg L5 1e.

BT LR 2 5 T iR A, BE T IA il
ARNTMIMO F Gk # LI 7l 17 K& TAE. FIH
Ak T INyquist2E 18, LatchmanflICrisalle®$ A H!
Il S 5 7] # i (critical direction theory)=31, il i % X
1 5377 1) A S8 A2 SRSk T H . R SENyquist
GREREE M, Hoh SO B X — BB 2 MIMO
M R G Doylelfid s S5 M AT T p(w) K 2 HT
SE R AN E TEMIMOZE M 22 e A #3 E; SCHR 514K
P (o3 i A BE 22 R 2% AN o 2 1) i By 2 A R bR
B FN T p(w)HS S M 55 L AR B 2 TR] IR e 4
KR a2 N T I /i 2258 R4
R A B VEAN J7 35, VPAL 45 SR RORS i Pk ek T P A
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TE RS ARREE, AT I p (B ANHER, P Ae e 4
FE AR AT IR IRV, 5 a5 a1 et p (w ) 73BTk
L1, de Gaston R R EfilSafonov GZ5 A\ 7813 iy — sz
Z IR A E AR FE T vk, BE T s e TR i iR
FAFRIMIMO RGRSEMR ELE Rk, ERT LS EIN )
A N AR R T, SCRR (71 A 4 B R o5 i)
AL A TH K, 1T S ) i85 SCHR (8141 % — 85K
SAMENE RS, i T AN e MG 2 2 TR AH DG
FRGEIIREE M FE ), AR S 22 [ B RS i B B e ]
DAAS 21 LA A RS M B 5 S, (ER: [ T o
XA TTER AR, AHN T I EMIMO R SR E My
B BSR U7, LSRR AR K. AR 5,
SCHR [9-1014 H (1381 [P 22 Py B v H S AR e M P 1
WS P EL R (v B A, S5 5 R EE S, 1ty
Bt 2 4 7 2 B R R 45 21 & 48 1 e w0 2, b S
FIR [TOTKE BT HE 71 N FH 23R AT 48 B P San A\ 13 i HE A
1) 2 AR R . SCHR (1148 7] 22 MR Ay S (v JE Al
AT T S, [FIRERH 2SR CPL s 3 R 4
AT T REM L 73 H.

U 0] 22 B 2 AR VA T EEMIMO R G fa sE AR [
J7 T LA, A8 SCRE R IX — 7 VEEAT VAR 20 #T, A
W7V R SEA EAE S oot DLk RGRE T
IERSFIE. B R IX — B IR N i e SISO Z I e
RENIETE, 19 2H N A8 e w1 g5, ezl
FERE R AEAEAE A B R 2 A R G m] 22, 45 21
T[] 2 AR AL PR R Ay P it U 2 e f A 3 [
ZEBE(R S, g5 O R MEA e HS S BIMIMO R G fa e
My BEVHEEI 5y — P osedk T v, 3R ik T AR AR e M
B g5 ALK B, B KA ek N R G Re s 4 FE 45 R 1)
TRAFPE.
2 [B| =R AT (Singular value of the re-

turn difference matrix)

T A A FE BRI T ) — AN SRR T B,
S IAREE 3 BT B A R B B T H 2 —, v
PRG3RI SR AT 0 SCRE. T TR [R] 22
A FAETEP O — B R e BRI T AT

_T P(s) G(s)

1 RGpER
Fig. 1 System model
ARG 1R, G (s) e C " R Gehr
FRELAY, W R B 22 M A T + G(s). TERIA G 5]
T E MR R IR
P(S) :dlag{kzexp(.]¢z>}7 i = 1727'” > 1, (1)

ARIRGINZEFE N T + G(s)P(s), FHsaH 4
[l rh (1 e 5o, RTINS AR AN, R GEATIREDRAIE H B A8E
PEFT VP IR B AR, LR AR R AL 1) 1] 22
BT Ay

vc(s)
Po(s)
Horr: o (s) 2 HIFRRFE 2 05, oo (s) 2 TFRFIE 2
T, W HL A AR IR R G I RS E 1Y, 1 ]
det[T+G ()] 153 T e (s) IR AHR BA 5928, itk
45 = jw, Afidet[I + G(s)] # 0, f s AF T A 1P
T, WA

det[ + G(9)] = « , (2)

ol +G) >0,

B i 22 R A T AR A 3 90 L A ) /s T S B A 2 A
SE A L R bR o, R 2, S N B S 1 R Gl
FEWTIRE I, WA
ol +GP) > 0.
ARSI ot R G0 B A e a8 B A e
i, B9 B P (s) ki Al BT fiE 22 A 1R 5 K i L AR
P P (s)H5E Lok, AT RESE T, Bl P2 AR 71,
1M X EENT 4+ GAERT R, FIFHIRE S B R vy 45
I+GP=[(P'=DH{I+G) " +I|I+G)P. (3)

i

(P '-DI+G) ' < 1. (4)
M 77 SR 1 o
a(G)o(L) = 6(GL), (5a)
1
o(G) = 2(G1)’ (5b)
SHTR(@), Al AT
—rip-1 gy _oPt 1)
(PP =I)(I+G)Y < S0 < 1
RO, WA RS e 45 K
g(P'—1)<o(I+G). (6)

A5 7% R I R AAALAE BN T [ I AR A R DL,
JIFE(D), AT PRMIMOZNEE H R GURE N7 7 4%
{55

a(P'—1)

n 1 2
— )2 —(1 — ) <
max \/(1 k: )2+ k:»(l cos ¢;) <

=1

a(l +G). (7)

B RN H R BN (o (T + GYENSEL, 5o (T +

G) = m, W4 (7), 735 %o = 0°Fk = 1, i LA

P ARG R GRS E [F] I A AR (KR4 B GMUFIAH
PG EPM A IE

GM = —201g(1 — m), PM = 2 arcsin % )



51

RS SR DAL T RGRUER R A B i 107

Tk B ol A W, ARIE R G RR e 14 (4) 12
—ANMRSF AT, R AN T O b, SR [P 22 B A R AE
RN ARG IR E R E NS FER T LR, K&
WA R A
2.1 iBAbEE B (Degradation results)
ARATHTMIMOLZ M R S A e M B 45 IB L Ay
SISORZ . Xt T-SISOLN: & Gug(s), ek
SERAR NP AN s P B B At S bR A
p(jw) = ke’®. )
BRI T R G0k Bl A A e RS p(s) T 2 ik
e LA KVE L B, BHEEFRRES T
AR En, M e
11+ g(jw)| > 0. (10)
FIANAHE P (s), LRGN RER A E, AT
11+ pg(jw)| > 0.

FUF o
1+ pg(jw) =
1
S ) 411+ g(iw)p.
Kp )1+Mw)+][+9WMP
R (s) HI5E Ll Fip(s) > 0, 454 30(10), i L ar
1
Eon—1 >0 (11)
p 1+ g(jw) '
AT AN AN EAN T
1 1
o) >
R
1 1
Z —1
(p )1+gGw) ’
[Epy
p 1+ g(jw)

XA TR, TR

p< ————,
L+ ]1+ g(jw)|
5
. 1
p>——.
1 — 14 g(jw)]

ZIEBEN R G g(jw) M — Mk, PR LA BE 15 21 1
At IR0 4 B S I Ep (o ) 1843 (L D) 7. ZEALLHR,
T2 A, AT EA

1
2+ g(jw)’
S RS M I p (jw ) Bl g (jw ) 22 4L, [RIFEAS
Aef 2 2 (D IR e M LSS . R, X F—
ARG g (jw), ATEME(I D AL 7870 551

[ SR

P 1+ g(jw)

p:

5 ESCHMIMOZAE R G2 0L, X Bl 15 R ek
SE A FEIr 5

1
5~ <1+ gGw)l (12)

5 RE A v 1 2 AT AL A2 AL, B 5 REOAN B,
AR R GRE 78 20 51

1
=1 =
p

1, 2
\/(1— E) +E(1—COS¢) <
min[1 + g(jw)]. (13)

Frmin(1 + g(jw)]1E 4 Z 4L, Fimin[l + g(jw)] > m,

F A F 5, AT 15 SISO R St {1 (1M B # 5 GMUATAH

R EEPM A
GMszMQl—mLPMszwmgQ (14)

M B PTR g a2 B2y (iR —
ANBIEE RAL A B T ZR G 25 M R 7 4 FE P & 1)
TR, X U5 HL SISO RGAEE M L 1) 38
MBS AN ), 28 g B e oh 7 B A i
s (R AN 2 AA) T3 i 2 RS AHALAR
JEE RN 25 A S P AN AR BEFR AR, AT IA Ry Ak 22 et ] 22
W27 S S SR R R S PEAE SISO M e 5 R4t
NIRRT, AR RIRERE TOX — R DAEA T R oK
RHEDN: X T MIMOZ ' 52 H R 48, I il id g X —
ANFERRRI TG B A R A R e R
3 |9l 2= B§ %F i {H ¥ (Bigenvalue of the return

difference matrix)

R 2 AT PR R b — AN T A,
FEREREAE AN BT S 2 (R B IR, Hoh FE—
FUUR R B PR R B /N w5 AR S
FIR (101 11FRIBERN b, BT B TR P[] 22 By e RS
BAMRSE, 22800 R A A7 S ket
ITMIMOZ M RGEFLEM FERI 3 HT, FE45 HTESH 73 b

XTTUn B 7R R 4GE, [FIFELE RSG5 | ANAN E 1
FREFETE A FME P (s), L FRFOIRE T RG &
(R N

min |A(I + G)| > 0,

BV P [ 2 R B A A A0 L T Y ) e /N A A
R E ML, H AT E VP (s) Ja RGEIEUE,
JUES)

min |\(I + GP(s))| > 0. (15)
AWK @) IR B E, FIFEEDE P (s) 2 F

AR, FLEAIT + GAE4E. BT P(s)RIT + G
WA T (R AL, MRS S AT SR 2,
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CIFAE SN P SE S
max A\[(P'—=1)(I+G)7']|<1  (16)
BT, A Be i 2 :0(15) I AGE K. X 38 E R
L, FEFERFIEAEAVE AT S RIS B A an 3(5) B
ARANEEA PR, PR, xF 1 B at(16), A=) #
B P () BTN F e 2= AH ], BV 2
P(s) = diaglkexp(j¢), - , kexp(jp)] =
kexp(jo)I, (17)
AH
max [ A[(P~' = DI +G) ]| =
max [A[(k exp(j¢) 'L = I)(I + G)7']| =
[kexp(jo) ™" — 1] max|A[(I + G)']
max |A\(P~' — I)|max |A\[(I + G)~!

‘ =
II-

(18)
T HBERF A R U, 254

max [A(A)| = (min |A(A™Y)) 7!

PEROT. FEEAE X B (18) 32D 4B, nf 15

max |A\(P~' — I)|max |A\[(I + G) ]| =

max |A(P~' — I)|(min | AT + G)|)~'.  (19)
PRI (15) AL, i e 41T

max |A(P~' — I)|(min A + G)|) ™' < 1,
Bl

max [A(P~! — I)| < min |\(I + G)|. (20)
b R AT R GEREE IR 2 R 78 03 55T 5 TE G 2 R
AR AEAREA I [F] I AR R O, ARSI RE(20), 743
AN E RGASE AR 5541 A

max |\(P~!' = I)| =

\/(1— %)Q—F%(l—COS(ﬁ) <
min [\ + G)|. (21)

Hrbmin |M\I + G)| SR 1 R W (8) B,
TR IE LA A SRR, FERR T
ASKETIEL A BRI . METAAS A INAE

EHES R0 TR RGU R R AL R,
AR AL T- WK (5) s ASE LB 7 B R o, 31X
ootk AR AR A B 318 v AN A TE BT I S 315
(20 200 SR AN 32 % £ R P () I BT X6 A e %
AHTA], B A2 X (17). HSCER [T TAH B, AR SCAME S H
TR R AR AR 7 S R B TMIMOZ M & Gt
SEME B4 HT BRI R, H B min (AT + G) AR
BRI + G A TRERGRE )
ZAE, Al S v,

1 BRSO o R AT
(KIBRBIZEAT, ER IEQETT SR, R AR (e e N AT
(B B, NP ) B VB e/ oy S T W A
G R GRUE M SR IO IR IE, X mAEE A g R
SEHA SR TREME AR X

4 ¥ [A] Z& FE A7 57 {8 ¥ (Singular value of the

inverse return difference matrix)

b 3 g B R v A5 A 2 O S K oK Y
MIMO RGika e 4 L S, ST AT b FR R 40 1]
IFESE, WIPFRHE 2 T o, (s) AR 42 HAT 17055,
i HARYE (), WTEE—E 3 det[T + G(s)] # 0, X —
e R AT R EEEE 7 HTMIMO 5 ZE A e #y B 1 3
TR LA,

S M SRSE M. e B PR PR AR 482 T Y, R
G~ (s) 7 AE, RGN ZERE AT BEAT 2T R 70 fif:

I+G(s)=G(s)I+G'(s)].
xf B AT A, AT
det[I + G(s)] = det[G(s)] det[I + G~'(s)].
4i5Q), 5

det[I + G™'(s)] = Oz@c(s)

p=(s)’
Hrbp, (s) IR RS % SRHE 2 I, i bxn]
LI H, ERIZERET + G=1(s) [FIFE T LLS R 2
AR, N A HEER T det [T + G (s)],
TR B R GRS E AR, BRI 52 A 380 o] 22 e
{HiL.
FALU), EFFR RS E, WA
det[I + G~'(s)] # 0. (23)
FHIT + G (s) 2Ty, B
o[l + G7'(s)] > 0.
I 52 SR P (5) 5 RGATI IR E (M4 1A
det[I + (GP(s))™'] # 0, (24)
Hlg[I 4 (GP)~'] > 0. RIS Bk
I+(GP)™' =
PH(P-D{I+G N +1)(I+GH).
AP (s) 5 X, AT En P~ (s) /2 AR AT 109, X AT +
G (s) AR, WA LI — AN e 4
G

(22)

g(P-DI+G )<L (25)
I 5B S R, 77
ol(P-DI+G)7] <
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g(P-Da[(I+G )=
Uul_naa¥2iw'
% R 30(25), 4 A0 Q6) 4 TN T 1, WA H & 5
GASE A AN
g(P-1)<oc(I+G). (27)

7 [& 1 5 AR AT 5 REAN 18 T W] I ARk 1A O, 25 A
P(s)iE X, nI1RRGAGE KA 411

G(P—1)=

max \/(1 — k;)? + 2k; (1 — cos ¢;) <

o(I+G). (28)

KRR BN o (1 + G TEASEL, sk
P (28), W E 2R GRS E DT AV IR A T 3 1
Tt AARAE [ R ARk Y L ELAAE, 73 34 ¢ = 0°Fil
k =1, 3 BIMIMOZE Pk 2 45 o140 4% 1 % 7] e A8 AL 1)
TR IRE A GMATFIALAR FEPM 43531

GM = 201g(1 + m), PM = 2arcsin % (29)

I IR Hr el LUE L, R &R G000 [m] 2 B[R] R
A LSRRG A E ML, ARk (R 2= By Bk
FIA kb 78, AT NS M T A R RS . &
MR 2 7B T R G R 2 M S s B 22 BT R iy
ThRRE ¥ B SO
5 SZfl(Examples)

T I TR SE A SR TR R ) A MIMO 2k
P 5 S ZR G i S S0 V[P 2 B AR ARV A
T [P 2 B A B A T I IR, UIE B P 3 A P 2 PR T
EVE LA AR T AN R BE At

BI1 LA (131 A R LA P
P TR ZR G A, 6 BT 1R T B A T I IE . )
SCHERH AR R AL, LERERTR ) FAAE AT 1 A /N
RN AT, I sh ) 227 fE, BARTE
A
{3422.3989’ — 150828 = M.,

(26)

—15.0820 + 0.4380 + 0.956 + 1753 = 1750,

Forbe 008 TARMESHAN, BIREEAN, Moy WGTUR
Y BRI ADZE SR, B A R LA TN
AR N 23500 A

u = [Mcy /Bf]Ta Yy = [0 ﬂ]T’

AN AL i R B B R
_Y(s) _
G(s) = U(s) ~
0.438s% + 0.95s + 175 2639.3s>
15.082s2 59892052

s2(1271.5s% + 3251.3s 4 598920)

AR 22 L ARG e M B 1 oA ek 109
BV 2%
2400s 100s
| s+0.7 s+ 1
K(s)=1| _005s s+1

s+0.7 s(s+1.2)

FEVH ARG LA, TG R G R e I,
HAARERRENRER A B X, Bk, v
T T E FE ] R G HIRSE I

EI 1 AR RIGTRGO BT E 1) 7855 5
U U

enc det[I + G(s)] +ng =0,

b ot RGIT AT E SN2 enc det[] +
G(s)|Frrdet[I + G(s)]FNyquist & LA £ 77 1) 41
Bl J R R K, 58 BRAR Y R GUARE IR A8 00 L A
A& det[I + G(s)] FINyquist [H1 26188 BB R i 7k
HEET RGN AATLEN S EL. WARTF I RG2S
SE 1, Blng = 0, A2 MIMO ¥ 5 St fa 22 11 78 49 b
LAt det[ + G(s)]INyquist 2 AL F i AT

WHE R RG] %R + G(s)K (s) Mdet[I +
G(s)K(s)]. W W, REGBATATFF I A, 7T
HRGEETTHEE .

H—PAEdet[[L,+G(s) K (s)|INyquist ik w12
B,

Im

Kl 2 det[ls + G(s)| sk K
Fig. 2 Nyquist diagram of det[I2 + G(s)]

i E20] Fidet[ Iy + G(s) K (s)]FINyquist i £ A
AL R R, SO IR R G . A Bevh TR A AT
T 2 S B R A o R TR R e ) 1 S B R R i
2o A

B 3 (1 o eft)(l o efo.ooo1t3)

d

T 180 1+et ’
0.57 . T 0.57
180 S35t~ )+ g
fBa = 0<t< 60,
0, t > 60.

TEZWIIRAAT PRI RS ER 2 22 12k WK 3.
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K 3 AL FIR GG ) A I BRI 22 h 4k

Fig. 3 The error of the satellite pitch attitude and

antenna pointing angle

T 3 07 L il 2T U HY R G A 1 Bk
ZEEATT0, ¥ N ARSI S P OIT SRAS AR e A
JESR.

T 56 R ] 22 B Ay S R, AR A [ 2 B L, +
G(s)K (s), 1l MATLAB 7 B T H w] kA3 [ 72 b 4y
/N A Hmin o (1 4+ GK) = 0.6069, 4 (8) 7]
SAH R (RS A B A 22 J A A PR A AN AR I, Ao
VRTAT M AR AR 35.3°, BT I AR AR
AR, SO VR BT A IR A /28,11 dB.

XF T ] 22 B R AE AR VE, TR) A AR 4 0] 22 BT, +
G(s)K (s), 8o I 7 B2 AT KA 0] 22 B e A AR
5/ ME A min (A 4+ GK)| = 0.6109, A]f3kH . (1)
RSB MY E A 2 T A A (W A AN AR IS, S VF T A
T8 AR A2 35.6°, 24 I A7 I AR 7 AN I, 72
VRIT IE IR E ARG 28.2 dB.

BeJa, R ZERE AT ik, Fvk ARGl 2=
ML, + [G(s)K (s)] 7", SRR (7 30 TR ] sRAg i ]
ZEMER/ N A Imin o [T + (GK) ™1 = 0.7590,
H 7 (29) P AAH IV FRBR A8 M JEE DA 24 Jir A S0 11 i
ANARIS, SCVE AT A (AR 4 B 2 44.6°, 24 A7l
EAIALAARIS, VT HE R E M2 4.9 dB.

N 7 AR 3R TV T SR A B RS A P8 4 RBEAT L
B, W3 B EE R I

A1 IMTEITR R GAEA LR
Table 1 Stability margin of the three methods

Tk BASHRIE /dB AIREHESE / (°)
[Pl 2 By S v 8.11 35.3
[P = R AR 8.2 35.6
T |R| ZE By e AE 4.9 44.6

WRIER PR, X LUARGEAR S5 Rl Y, Rl

R 5 7 L HIARLAR B EU R 22 K 2y S0 AT Db v,
v g ] 22 P T S A TR A IO A A2 A0 B 45 R g K,
A44.6°. 17122 MERF ALV R AT IR0 S 4l P2 45 R de K,
8.2 dB. {H[F Nt A% A 3, 1 (A1 2 M A Rk A
(RIS B P 45 AL DRI, PT DAK 3R ik i SR A5
FOEME LR Sk — 1518, R AT IR
NUARGREM L. HASCH 7R, RGUIREF
€ BT VI P A BT ) 19 2 v [N 19K 8.2 dB, B
HIBL R 44.6°.

T DR SRS E A R A R AT 3 A, dl
P EIRAE IR P E AT Rk RIS E R R S
TN 8.2 dB, RIS IRl i 2 v [R] I 19 K 2. 5745 Xt
RGTHAT Ui BT AR 2 I N Bl 477

0.3 T T T T T

02F -
0.1 N .
0.0

-0.1 1 1 1 1 1
0 50 100 150 200 250 300

t/s

e/ (%)

0.10 T T T T T
0.05 b
0.00 -

e/ (°)

—0.05 - E

-0.10 1 1 1 1 1
0 50 100 150 200 250 300

t/s
Kl 4 RGO KT 2. 57 A5 IR ERER R 2 th 2k
Fig. 4 Tracking errors with the gain of system

increasing to 2.57 times

MEIAF AT UG tH RS REFE I, #r 4R e K%
R 48 25 43 2. 5945, W1 ARG i K S,

03 T T T T T
—_ 021 |
~ 01 k i
V)
0.0 ¢
,0 1 1 1 1 1 1
0 50 100 150 200 250 300
t/s
010 T T T T T
~  005F e
= 0.00
V)
-0.05 F 4
—010 1 1 1 1 1
0 50 100 150 200 250 300

t/s
Kl 5 RGN A 2. 505 I TR BRIER 1R 22 h £k
Fig. 5 Tracking errors with the gain of system

increasing to 2.59 times
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RS SR DAL T RGRUER R A B i 111

MBS EUE Y, REdi 1 A iR 2z ik AT AL
Ha, W RS A ARGE. W L 5 B il %,
A S TR SRR 4 [ D2 AR I AR
GEESIREMIE, AR T oA R IR

6 451 (Conclusion)

ASSCEER ] ZE f A SRR I — T MIMO &R G A
SEM K BB Ty P HEAT T VRN 0 A, THeRX
IR A RSTSOLNMAE H RANIHIE, 13 2IHIN1)
FEEMEE S 185 ARG B T IR1 22 B4 O RS R e L
NI ATt G EAR A AR IR AR
TR AT R GEZERE, AL ARG 52 T
B [ 22 MR LA K RSUE AR BE S R BeAh, R R4
W FEEE, (R T RGN RE R,
g AL S A T3 B i R = T SRS A 5 5 A T LAY
RO NPT R GREM L IR AT PR, A SCEIREE T
ARG ZERE S B Z2 A S, B MIMOZA i H
RGREMBL T 5 1 AR, (A2 IX L5k
PHTAE ; IR 2P I AR AR 24 A A
ST R DR ST SN RS E A BEFR AR AN ST el
U SCHR BTHERT, Bkl i s S ANE AR bR R DI
EARGIREML.

S ik (References):

(1] BOHOR, BIEDE, 7k TR, He T I i A FEAT R M EE I PID S e At
eIk (). PR SN, 2007, 24(5): 837 — 840.
(OU Linlin, GU Danying, ZHANG Weidong. Optimal tuning method
of PID controller based on gain margin and phase margin [J]. Control
Theory & Applications, 2007, 24(5): 837 — 840.)

[21 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.

[3] SONJE, MANI A S, LATCHMAN H A. Robustness analysis for
MIMO aystems with unstructured uncertainties [C] /Proceedings of
the 8th IEEE International Conference on Control and Automation.
New York: IEEE, 2010: 1333 — 1337.

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

[5S] TSAO T T, LEE F C, AUGENSTEIN D. Relationship between ro-
bustness p-analysis and classical stability margins [C] //Proceedings
of IEEE Aerospace Conference. New York: IEEE, 1998, 4: 481 —
486.

[6] ZLZ 4L, XIAR, RO, wor W e R R E A BE VP Al R H (7],
AT 1%, 2007, 25(4): 64 - 68.

(JT duohong, LIU lin, TANG giang. Application of 1 analysis in clear-
ance of stability margin of flight control system [J]. Flight Dynamics,
2007, 25(4): 64 —68.)

[71 DE GASTON R R E, SAFONOV M G. Exact calculation of the mul-
tiloop stability margin [J]. IEEE Transactions on Automatic Control,
1988, 33(2): 156 — 171.

[8] SIDERIS A, DE GASTON R R E. Multivariable stability margin cal-
culation with uncertain correlated parameters [C] /Proceedings of the
25th Conference on Decision and Control. New York: IEEE, 1986,
766 —771.

[91 LEHTOMAKI N A, SANDELL N R, ATHANS M. Robustness re-
sults in linear-quadratic gaussian based multivariable control de-
signs [J]. IEEE Transactions on Automatic Control, 1981, 26(1): 75
-92.

[10] 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: ATAA, 1982, 420 — 428.

(11] SR, TR, 220 ht RIS R A MR L AT (3. LAt 24, 1998,
19(6): 657 — 661.

(WU Bin, CHENG Peng. Stability margin analysis of the multiloop
flight control systems [J]. Acta Aeronautica ET Astronautica Sinica,
1998, 19(6): 657 — 661.)

(121 FUs A, gD, 278w B ie 5 BBk M. At FEE Tk
HifRAL, 1988.

(BAI Fangzhou, PANG Guozhong. Multivariable Frequency Domain
Theory and Design Technology [M]. Beijing: National Defence In-
dustry Publishing Company, 1988.)

[13] 8. Ptk 2 Ak LR IR IR BIBEHIIST [D]. Jbat: btk LR
WFLAT, 2003
(ZENG Haibo. Study on the design of flexible multibody satellite
pointing control [D]. Beijing: Beijing Institute of Control Engineer-
ing, 2003.)

e A~

ZEH (1986-), 53, W LAFFUAE, F9E7 [l 4 R 2% L3424,
E-mail: Ixdongliu@163.com;

BT (1970-), 33, WHFUOL, AR S0, W07 10 A R A5 48
AL s 125 580, E-mail: gouxy @bice.org.cn.



