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Abstract - This paper provides sufficient conditions for the robustness of Affine linear TFM(Transfer Function Matrix)
MIMO (Multi-Input Multi-Output) uncertain systems based on Rosenbrock’s DNA (Direct Nyquist Array). The
parametric uncertainty is modeled through a Affine TFM MIMO description, and the unstructured uncertainty through a
bounded perturbation of Affine polynomials. Gershgorin’s theorem and concepts of diagonal dominance and
GB(Gershgorin Bands) are extended to include model uncertainty. For this type of parametric robust performance we
show robustness of the Affine TFM systems using Nyquist diagram and GB, DNA(Direct Nyquist Array). Multiioop
PI/PID controllers can be tuned by using a modified version of the Ziegler-Nichols (ZN) relations. Simulation examples

show the performance and efficiency of the proposed multiloop design method.

Key Words : GBM(Gershgorin Band Method), Affine TFM(Transfer Function Matrix) MIMO(Multi-Input Multi-Output)
system, Robustness, RM-PI/PID (Robust Multiloop-PI/PID), DNAM(Direct Nyquist Array Method)
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= Ziegler-Nichols % ddo] w29 (12)40] i, o7
N K., P, Adels @ A WEF7lolth B wFo
Ne) A7) dAREE FH5E AFEE FHE Zegler-
Nichols B #3& w=zul Aty RM-PU/PID A7AYe
Ned F34 Sy 7)zw

£ 5}AI8t Affine TFM(Transfer Function Matrix) AlAR o]  ZiQI8h cfF 2= HMo{7) MA 21
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K =0.455 ., Ty=14, /= 0.8P,, (RM-PD)
K;=0.6 K:, , Ti=—-f=0.5P,
N SR _
Tpj=4z =0.15P, (RM-PID) 39)

A7 N P, =2r/we BAZ WE3c}

3.2.2 Affine AlAa8e] ZolA &N

Uikl GBolA ¢} ¢t 2 A8 DNA(Direct Nyquist Array)
APE ooz Hx gley o g Fxze] uFH
st 19 19 HAFE AojAEe (AslthE o] ot

o]& 2: DNA ¢H3 %= ofj&(14]
1) X9 AT F9 5 4= s f(jwae:(jw)
9 A AR H(-10) FHUE WA A WRog L&
FE 2 & v g o] Ay}

3
2 mi=m (40)

2) RE dutgl GB AA ol A(-1,08 XgstA ¥

) 2
=y
o] & 32 Bartlettdol 2IEF EAE A ojoH21]l

o] & 3: 2A 2] Ael(edge theorem)
(s, 0 Z A7t poll sl A¥ T4, F Affine &
ol gy U W 2'2 FojAE F(extreme point)7t
o] &3 mAF (exposed edges)’t tAolH g(s,p)7}t
D<A (LHP stable)s}t}.

Ad 3: A% d¥(performance level)o] §>002 FoA
ALY RE =20 peP o] a LR FRZHO=R
(41)0] FojAXTid (42)2& ¥E& F Uk
| niGo, p) - di(jo.p)7'|<0 (41)
peP”g(]w MNew<d (42)

FiF @7t o2 F7EE | gliw,p) | © ‘zero'® FA
317 BFo] )AL n,(jw,p) —8d;(jw, pe’*+02 G
Al ZZA(zero-exclusion condition)o] weRol s, 281
p=P3t ¢[0,2x]°1 i, (42)2e] WEsEAE A
of 3t} o]E S B4 AlF 34 (complex coefficients
polynomial) g4(s, p)=n;(s, p) — 8d,(s, p)e’® ©] RE peP
sl ¢e[0,2x1e wiash A 3H5H VP Alopen LHP)O <&
2 &S gosjer gk

4 2o MH

33A =9¥ RM-PI/PIDE AAS7] 89 (1), 3¢
Z3 Hod Affine TFM MIMO Alz=¥& 51237},

22

(s, 0) =1, (5, Dpxz = g((igéi i((zzgg

1.5+[—1.1]
D= G T AR +(3.6+1—1,1D5+0.9
1.5
g(S,p)12= 1_883.{,.4‘452 +4'45+0,9+[—'05.05]
1.5
s a= 5T 55T 1=5.30% +3.65F L1+1=0.3,0.3]
5. D) 1.5+[—0.3,0.3] (43)

1.8+ (3.6 +[—3,3D)s* +4.4s+1.1

B xo] Ao Matlab version 53& AHE3I 2 Control
System Toolbox version 412 LTI Viewerg& o]&stof &
A8g FYsArh

(12)21¢] RM-FPI/PID Alej7] A4& 37 93 (21)-(24)
2o AAE o] &35t Ui AugE 849 o5 fet H
FARE TEE FE 49 Tt

x 4_ Affine TFM MIMO AlARIol CHsH Ol S0i72t 914
o 7, HALAFIF(w,)2 OISEAFLS (w),)

Table 4. Gain margin & Phase margin, phase-crossover
frequency (w,) & gain-crossover frequency (w,;)
for Affine TFM MIMO system

Gain Margin part Phase Margin part
[’:I‘lrlilgtifg; gain phase-crossover phase gain-crossover
margin frequency Wy margin frequency Wy
(dB) {rad/sec) {deg) {rad/sec)
gls, p)y | 42000 0.4845 84.9109 1.2792
gl(s,p)z | 6.5704 0.3477 104.2069 1.5635
gls, p)y | 3.1939 0.4736 101.2516 1.2792
g(s, D » 5.1333 0.3047 120.6962 1.5635

a3 3& (43)Ad iz Affine TFM A" g(s, p)yy,

&s, M &(s, D, g(s,0x)8 Nyaquist A= GB, B2
o W& DNAE 2 Aot}

(b) g(s,p) 9 Nyquist =9 GB, DNA



(d g(s,P»°] Nyquist AE9 GB, DNA

a9 3. Affine TFM AlAElofl Cf 3F Nyquist M =2 GB, DNA
Fig. 3. Nyquist Diagram and GB, DNA for Affine TFM
system

a9y 3& F394 E3F ¥9 0.01~100 [rad/seclolA 20-30
MY FRFEc e EANEY Aoz 9= ayge
s, )=1g,(5,0]:x; & GBE 118 Aot} 2 8F% ¥
& DNAE 1¥ ez “X'&s FTRAEL TAD A
AN & (a) HA=0556, HNg=2778, (b) H43Z
=1.071, #HNF=3.750, (c) HFA=1.071, HRg=1875, (d)
HA5=1.091, Hgt=16372 Yehtz 9o

¥, Tyreus-Luyben[16]°] A ¢+g TL-PI 5293 2 =
Fo A Aets GBME )43 RM-PI $Z2H3o] vaEA
S B3 ¥ =8dAM AANE AAY FEMS HFsnA
g drH o TL T2 AEAHQ ZNH3 IMC 52
HEY 53 AT (LB HEY a, wWE $9H)& Holb
Hno =

flo

¥ 5= RM-PI 597 TL-PI 52¥<% AHgd 4$9
PI Al & wjmg ol
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I3 45 ¥ 59 & Ag" RM-PIs} TL-PIY Z+&
AHE-3te] A3 (step response)S T3 AFo|rh

T ot 0 S AL ST g

@ g(s, P, 25,08  AE RM-PI Alo] 2 TL-PI
Aol A &%

L0t o A M IS il

) gls, P, &(s,Ppd AP RM-PI Aol ¥ TL-PI
Aote Ag &4

a8 4. MeotEl RM-PI Ao ¥ TL-PI HMofel Ak SE H|m
Fig. 4. Impuise Response Comparison of TL-PI Control Pl
and proposed RM-Pi Control

IY 49 B¥ & § R0l ¥ =AM At GBME
°]-§3 RM-PI Al°j7t TL $&2¥E& AH&3S TL-PL Alo] B
t} Tracking# HAE7 $588 & $ gtk

6L 4o @ AHRE 434 dYstd f=14A
PYPID A7l A% K;, Ty, TpE 3 Aol E3,
K,& B4 wAd249 Routh &t4 = #EHE ol&s3loq T
@,

E 6. Affine TFM AlA®=o| g RM-PI/PID 7] H 5

E 5 RM-PI Sx¥m TL-Pl Xl A% 8|1 (K,, Ty, Toy, f=1)
Table 5. Coefficient comparison ot TL-Pi  Tuning and  yapie 6. RM-PIPID Controfier coefficient ( K;, Ty, Tp) for
RM-PI Tunin .
g Affine TFM system at f=1
comrql]g;d Transfer
variable (f= — . s X
Tuning Funetion K;(f=D} Tgf=10 K, P, Transfer PID Controller coefficient Critical Point
— Funetion | g (g=1| Tyts=1| Tr(s=1| Koo | P w
045K(., 083})‘., AR A mnJr= pls= cr r
(s, Mn 1.890 10.763 4.200 | 12.967 a(s, P 2.520 6.484 1.621 4.200 | 12.967 (0.4845
propused-P!
(RM-PD Tuning | g(s,p)j, | 2.956 14.999 | g.569 | 18.072 (s, p)p | 3.941 9.036 2.259 | 6.569 | 18.072 [0.3477
(s, 0)a | 1440 11.013 | 3.200 | 13.268 g(s, Py | 1.920 6.634 1.658 | 3.200 | 13.268 |0.4736
s, 2.310 17.114 | 5. 20.620
&(s. Dz 133 &(s, D) | 3.079 10.311 2.578 | 5.133 | 20.620 |0.3047
0.31K,, 2.2P,,
gls,p)y | 1.302 28.528 | 4900 | 12.968
TL-PI Tuning | g(s,p)p | 2.036 | 39.7584 | g.569 | 18.071 I3 5% Affine TFM Al 2€( g(s, Py, &(s. )12, &(s, D)1,
gls, p)y | 0.992 20.189 | 3900 | 13.267 (s, D))o & E 59 A7) AFE AHRsd B3E 3
e(s,0)n | 1591 | 45363 | 5133 | 20.621 7E Nyquist 459 GB2 13 Relt}.

284138t Affine TFM(Transfer Function Matrix) AlAG1e] 20t CHE RX M7 MH) 23
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(@ BAE g(s, )y, &(s, )29 Nyquist 4= GB

)
2 wtears 0TI 0204
—oATTS a1 €T I

"—03TM o 5108, 2 TS et

I ~

(b) 829 g(s,pn, &(s,p)» & Nyquist A=< GB
a3 5. HAME Affine TFM AlAE]of S Nyquist M =2} GB
Fig. 5. Nyquist Diagram and GB for compensated Alffine

TFM system

E3], 719 594 s B =FdA A¢Fd RM-PI/PID Ao}
718} AAE 98 Nyquist ¢HAE ¥4 7|28 GBM
(Gershgorin Band Method)-& A£34 PID % Z(tuning)
2 Fygsigct. Y 7 ZRE 3 AsHAE §
3 WE2S 9u{rE(percent overshoot) P.O. &+ AA4H &
2 ey), ZAB(YH, AN T, AEAA(a), THFIF
(w,)5g At

P.0. = 100e ,e§=?{1—v—( o K, = Timsf; - £, ) age)
Ts= C;i}” , a= gwn (44)
o] AAE 7HAY, Q471 K E FZ2A dFoltt & TE

248 7% BAEd dd AFAFE P.O.% e ¢
T, a w, 522 EAEIL Utk 53], JEE 2 FE
E 5%2, APANTE 42 ol HAHY (& 069 A
okgle] w,t 18880 Aokdth uwebA Yogtez (&
AR F AANMTY), AT a), LHFHF(w,)E
AHE F3d & 49 2o

E:3 7. RAE Affine TFM Al A®of| gt MSX[=
Table 7. Performance Index for compensated Affine TFM

system
PID Controller coefficient

g‘ranzrer

unchen + p g T, ¢ a e w,
&(s, M 5 4 0.72 | 0.99936 | 0.585 | 1.3880
a(s. P 5 4 0.92 | 099995 [ 0.306 | 1.0869
g(s, Pn 5 4 0.73 | 0.99995 | 0.858 | 1.3698
&(s, P 5 4 0.85 | 0.99994 | 0478 | 1.1764

24

E 794 A28 K, E 95 A3 2o

s+ 3.7

K= limsf; - g(s, pu= limzos +150;s Zi 88822l LM
K= limsf; - g(s Py = limaeres +58;4s +85;45+1 FR
D limsf; - &(s, Dz

= i R A L 1S
K= limsf; - &, ”ﬂ“%ﬁ%%f%ﬁ =2.090 (45)

E 7oA & el BAE Affine TFM A &4 & A%
Az gtol A9 Vel 79 ¢AE] AFHE ¢+ A

58 E

B =RoME dyse 2346 o3 A8 o= A
oA AAF AHE g ATE FysAch =
A a2Fe Be A7z B o #HFHAPD LTI A29
9] PI/PID Aol7) HA EAEZ BHAF Affine TFM
MIMO Al2"g e ZdEZ ZA3319 ZAAS E4s
X olo ute} M2& AU C} FZ PYPID #Al917]1€ 4
At At

RM-PU/PID A¢j7]2] HAE 93] Nyquist ¢AHE B4
712% GBME AH£3l9) PI/PID % Z(tuning)E& FJ54
th o]E 9 EoAFAME= 2x2 FHY Affine TFM
MIMO Al2¥1$ Al4§len] GBME 4183 RM-PI $&24H
9] 9448 4Zstua Tyreus-Luybeno] A& TL &=
WHite] vnEMe F8sRY vn BMA3 Tracking 7
AT JojA B =&oA A MdAY B&AE HFE
4 91, 248 Affine TFM Al2€2 AFAA gho]l A
o Ve 77y 943 AEHEE ¢ & AN

P35 B XAE GBE S ol4% A= &4 g8 o
F Fzyse e g Ay Relo
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