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General Control Problem Formulation

___________________________________________________

w | . 2w : control inputs
| G Y : measured (or sensor) outputs
U y W : exogenous inputs
K (disturbance and commands, etc.)
2 : regulated outputs

o Generalized Plant:
(]-eo ] - [En) &0l

o Closed-loop Transfer Function (LFT):

z=F(G,K)w 4 Ift(G,K)
Fi(G,K)= G111+ G12K(I - G22K)_1G21

(Ref 1, p. 104)
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General Control Problem Formulation: Example 1

w1 d d
Exogenous Inputs: W= (w2 = [T ro
ws| |n —TJ-K<s> I P(s) :
Controlled Output: P y/ —
Measured Output: y=r—1y —n I
Control Input: uU=1u
o Building Interconnection
zl | ¥Y—r | | Pu+d-r
y|  |r—y —-n] |r—Pu—d—n]
d
|1 —-I 0 ’ P r{ w
_[—I I —I‘—P] n _G[u_
u
: [ -1 o | P ;Y=
o(fierl?rallzed Plant G = l_I - —P} Z=1"
Ref 1, p. 105 L
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General Control Problem Formulation: Example 2

Exogenous Inputs: 0 = n,
[WP(y' + w)
Regulated Output: 2 =| Wuy'
W,u
Measured Output: Yy = —y/ —-n
Control Input: U = U

o Building Interconnection and Generalized
Plant

Wp | WepP
21w Lo [wyP
al=ali] s e[ '

“T| -P

(Ref 1, p. 107)
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Example: Spinning Satellite

] =100 10s£10 | D(s) : R !
Nominal Model P(s) = | 53100, 24100 | —>{ 112 (5 ) M(S)—l 5
21100 21100 !
o o —— P(s) O
o Multiplicative (Output) Uncertainty

My = {P(s)] P(s) = (I +Am(s)War(s)P(s), [|[Amlloo <1}

o Uncertainty Weight

0.045s + 0.4 _ _ _
W (s) =wum(s)l2, wy(s) = 0.0185 = 1 (1/:2(2)512’ ro = 0.4, rec = 2.5)

d
o Performance Weight
Wp(s) =wy(s)I2, w,(s) = 0.5 + 2 (T)y_’ K (s) | P(s) WP(S)—Z}
g PP T 1002 |-
(wb = 2, A= 0.01, MS = 2)
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Continue
£

War(s)| W

1:
|
&
5

21

Wp(s) | = E> ?%’ K(s)

. G(s) B | =
=cw [e] =[G Gutn ] T
Y u G21(s) Gaz(s)| |u P(s) o

K(s)

H. Bevrani University of Kurdistan 8



Building Interconnection Using MATLAB

MATLAB Command . .
%Generalized Plant% EG(S) WP(S)_;_;Zl
systemnames = ‘Pnom WP WM, w__ r
inputvar = "Tw(2);u(2)]’; | '

| oWt (5)FH—
outputvar = '[WP;WM;-w-Pnom]’; ; | | | 5
input_to_Pnom= "[u]’; —! P(s) ;

input_to_ WP = '[w+Pnom]’; v | . |
input_to. WM = ‘[Pnom]’;
G = sysic;
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Hx Control Problem

o Hoo Optimal Control Problem: Find all stabilizing controllers which minimize

[F(G. K)o = maxa(F (G, K)(jw))

o Hx Sub-optimal Control Problem: 2= F(G, K)w
Given Y > Ymin, find all stabilizing controllers w __________________________________________ <
K such that ‘ G
|F1 (G, K)||leo < 7y -iteration i i

(Ref 1, pp. 104-114)
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Hx Control Problem: Some Applications

o Sensitivity Minimization Problem 2= F)(G, K)w

o Robust Stabilization Problem W __________________________________________ L2
o Mixed Sensitivity Problem > G |

o LQG Type Control Problem U y

o Feedforward Problem K I

o Estimation Problem
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Hx Control: State Space Approach

Jrool]-fexd sl e &
o Generalized Plant : K ) .

i =Az+ Biw+ Byy e

A| B B,
G=|Cy| D11 D12 z=Cixz+ Dyiyw+ Disu
Ca | D21 Dao y = Cox + Dajw + Dasu

o Closed-loop Transfer Function (LFT): Fi(G,K) =G + G K(I — Goo K) 'Goy

o Hoo Control Problem: Given 7 > Vmin, find all stabilizing controllers K such that
| F1(G, K)o <

(Ref 1, p. 357)
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A Simplified Hoo Control Problem

o Generalized Plant S

w y
T = Ax + Biw + Bau A| Bi B, 1l G i
> = 0137 + D12u |:> G = 01 0 D15 iu y:
y = Coz + Dayw Co| Dar 0O K !

o Assumptions (Al) (A, Bs) is stabilizable and (C5, A) is detectable
(A2) (A, By) is controllable and (C1, A) is observable

(A3) Diz[Cy Dio] = [0 1] and [1193211] Do = m

(Ref 1, p. 353)
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Bounded Real Lemma

o For~y > 0, F = [AC BC] , the following two

conditions are equivalent: wi {7
— G s
. u Y,
@) 1Flloe < 7 K s
(1) There exists a P, > 0 such that
T —2 T T
P.A.+A.P.+~ “P.B.B.P.+C.C.=0
and A, + 7_2BCB;‘FPC has no eigenvalues
on the imaginary axis.
K. Zhou with J.C. Doyle, Essentials of Robust Control, Prentice Hall, 1998
University of Kurdistan 14
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Review: LFT and «o-Norm

z G w _ Gll G12 w
Yy U Go1 Goo U
Gow = G + G12K(I — G2 K) 7' Gy
2= G W |:> .
= G11 + G12(I — KGQQ) RGQl

| Gz (8) lloot= Sgp T{G.w(jw)}

T
|Gl = s YO 121

sup = sup
w0 \/f wl (Ow(t)dt — w#o | w |2

G(M) = v/ Amax(M*M)

w z
G

u Y
K -t

oo-Norm Characteristics:

® ® @ ® ©6o

I'G licoz 0

[Glle=0 & G=0

| @G {loo=

G+ H [looS]| G lloe + || H [l

I GH Jloo=| G lloo | H# [l

] || G lloo,

ael
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Review: Generalized Plant

» P —P
G = P W 2 B W
1+PK Y PW —P

v

P = (Ap, Bp, Cp,0) =54 2(t) = Cpy(t)

w
u

ip(t) = Apz,(t) + Bp(iu(t) + yw(?)) “’__vié_. P

______________

Az, (t) + BpClumow(t)
+ B,Dyuw(t) — Byu(t)

\

y(t) = p%(t)
D
(Awa By, Cu, Dw) = Awmw(t) " wa(t) ‘lbp(t) -
Yu(t) = Copo(t) + Dyw(t)

4(~Ep(t) | A BpCu p(t) n BpyDy  —Bp w(t)

|:> I T (t) | o Aw Ty (t) By, 0 u(t)
BV ool few
Pa— | y(?) B IRERD 0 0 u(t)
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Review: Generalized Plant Building in MATLAB

10 1

o Example: p . W=
s+ 1 $+95

o of

Introduce the blocks
tf('s');
ss(10/(s+1)); % Convert to state-space

ss(1/(s+5)); % Convert to state-space
Defining a generalized plant with sysic u +

= TWL
|

W
% Generalized Plant Building using sysic ——JC:——} G e

systemnames = ‘P W'; ‘
inputvar = '[w; ul'; % Input signals :&\, 4/|
outputvar = '[P; P]'; % Output signals
input_to P = '[W - u % Input to P

___________

i':
input_to_ W = '[w]'; % Input to W
G = sysic; % Building G

=
4

o You can use connect function instead of sysic in MATLAB
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A Discussion on Required Assumption in Standard Hoo Control

o It has been already emphasized that in the given generalized plant the D,,

and D,; must be full rank (in row and column perspective, respectively).

#(t) = Az(t) + Byw(t) + Byu(t) (t) = Ax(t) + [ B, By ] Z((:))
2(t) = Cra(t) + Dyyw(t) + Disu(t) - ]

(t) C D .
y(t) = Czl‘(t) + Dzlw(t) = 1 Z’(t) + 2 @

y(t) Cy 0,

| Gu Giz B
I:> “° Ga1 Gao R
= o |

o What should we do if this requirement is not satisfied?

w(t)
u(t)

H. Bevrani University of Kurdistan
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A Discussion on Required Assumption in Standard Ho Control

Example: Consider the former system

Ep(t)
Lo (1)

}

(1)
(o)

A, BpCy,
0 Ay

Cp
Cp

0
0

|

xp(t)
Ty (t)

)

“;_"% G v
:|+[Bpr —Bp] [w(t)] w
By, 0 ut) | o n y
0 @] | wt) \jiwp/
© o u(t)
K |-

Solution: The problem can be solved by adding additional input and/or
output with a too small gain(s).

Unive
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A Discussion on Required Assumption in Standard Hoo Control

B,D. B, [w(t)]
__I..
By 0 u(t)
0 @] | w®)
@ o || w)
K -
S R ~
ByDy 0. =By r G Dz
|: ! } wa(t) | o ] T
By, 0: 0 ||| 1 V T
i ‘ u(t> : € w €w E
0 O ' w(t) u + - +i i y
Q eio || u) x
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General Hx Control Solutions Using MATLAB

w i z

G

it

[k, cl, gam, info] = hinfsyn(p, nmeas, ncon, key1, valuel, key2, value2, ...)

[F1 (G5 Koo <

input argument output argument
p generalized plant k LTI controller
nmeas number of measurement outputs ¢l closed loop system which

ncon  number of control inputs consists of K'and G
gam H., norm of closed loop system

info information of output results

Key setting
Gmax  upper limit of Gam Method Ric :Ricatti solution
Gmin lower limit of Gam Lmi :LMI solution
Tolgam relative error of Gam Maxe : max entropy solution
So frequency at which entropy Display Off :not show setting process
is assessed On :show setting process
H. Bevrani University of Kurdistan 21
All Robust Control Solutions
w - 2
, G
Hoo controller synthesis ., [ :| y
hinfsyn K
00
w . %
S G
H2 controller synthesis u ]y
h2syn K
2
” z
w | > 0 ZOQO
Mixed H2/Hw controller synthesis G 2
h2hinfsyn Y |: :I y
K
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Robust Control Solutions

21
. ere . G(s Wp(s) >
Hoo mixed sensitivity w ) - o
controller synthesis | MGy
. ' : 3
mixsyn | W (s)p
A P(s) 40 ’
U e T e
K(s) 00
Sample-data E a :
Heo controller synthesis u‘ y
sdhinfsyn hold f— K <—De1:y<—Samplm
o
H. Bevrani University of Kurdistan 23

Robust Control Solutions

Heo loop shaping controller synthesis

loopsyn w G(s) —{Wp(s)
> W, (s)
Sample-data Hwo irreducible decomposition —
controller synthesis J L )
ncfsyn I g e —
K(s)

u-controller synthesis
dksyn

H. Bevrani University of Kurdistan
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Model Reduction

Al B 21 = Az + Apxs + Biu
G = [Fb] |:> To = Ao171 + A22ze + Bou

y= Ciz1+ Caxa+ Du

A
Ex
X >R
G : stable x € R" o' =2 23 1", z, e R x |O ©
P X
A:diag()\l,---,)\n), |)\1|<|>\2|<"'<|)\n|, :
B=10!], C=lc] |:> x2 contains the fast modes
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Model Reduction
o Modal Truncation (25 — 0) MATLAB Command
) B . B [Gs,Gf] = slowfast(G,ns);
Ga= lAH Bl] PR 16~ Gullw < Y S0
Ci| D G_Ga:i:;rlsz_—l’\i E> @ Oo_i:k—l—l [Re(\;)]
Model Error
o Residualization (j;2 N 0) MATLAB Command

[SysG1,SysG2] = modreal(G,cut);

A 1B A= Ay — A Ay Agy

.| B, _p _ 7

Ga= l?'ﬁ] Dr=bBimdudn B G(0) = G,(0)
D, =D — CyA5,) By
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More Model Reduction Methods

MATLAB Command

o Balanced Realizations [Sysb.g] = balreal(G);
o Balanced Truncation/Residualization MATLAB Command
[GRED,info] = balancmr(G,order);

o Optimal Hankel Norm Approximation MATLAB Command
GRED = hankelmr(G,order);

o Reduction of unstable models

MATLAB Command
1. Stable part model reduction [Gs,Gus,m] = stabproj(G);

2. Coprime factor model reduction MATLAB Command
GRED = ncfmr(G,order);
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Model Reduction Methods in MATLAB

#\ MATLAB Commands (Model Simplification)

Control System Toolbox Robust Control Toolbox
balred balancmr
modred bstmr
sminreal dcgainmr
minreal hankelmr
balreal modreal
hsvd ncfmr
hsvplot schurmr
balredOptions slowfast
hsvdOptions reduce
hankelsv
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Thank You!
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