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Problem 4.1T

FOR THE FOLLOWING TRANSFER MATRICES (G, FIND CO-PRIME FACTORIZATION G =
D~'N, THE ”"NATURAL” STATE SPACE FOR THE ASSOCIATED TRANSFER MATRIX MODEL,
AND THE CORRESPONDING ”"NATURAL” STATE SPACE MODEL.
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Answer: one possible co-prime factorization G = D~ N is given by
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The corresponding ”canonical” state space X C Hz(T) consists of all constant

functions

with update/output equations
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which is equivalent to
alt+1)=a(t)+[1 Nuw(t), y)= [ ) } a(t).

Reasoning: the identity DG = N can be verified by a direct multiplication. To
see that the factorization G = D~!N is co-prime, i.e. that there exists ¢ > 0 such
that

D(2))D(z) + N(2))N(z) >el VzeD"={ze€C: |z| > 1},

note that D(z) is continuous on DT U {oo}, and not singular for all z € Dt U {oco}
except z = 1, at which point

D(2)YD(z) + N(2)'N(z) = D(1)D(1) + N(1)N(1) = 2 > 0.

Note that there is no co-prime factorization with D(z) = (1 — 1/2)I (the "easy”
choice) because this would yield a double pole of D™*N at z = 1.

The ”canonical” state space X for G is the subset of all functions V € HZ(T)
which can be approximated arbitrarily well by functions Vy € H2(T) of the form
Vo = NWy—DY,, where W, Y; are Fourier transforms of square summable sequences
wo, Yo : Z — R? such that wy(t) = 0 and yo(t) = 0 for ¢ > 0.

Using the fact that zN(z) and zD(z) are polynomials in z while comparing the
coefficients at the z-expansions in the equality Vy = NWy — DY}, one can see that
Vb has to be a constant function of the form

Vit = | § | = VW) - D)

To see that a can be an arbitrary real number, use
az 0
o] w3

The update/output laws for the canonical state z(t) € Hz(T) defined by

where



are given by
where

Substituting

yields the answer.

CONTINUOUS TIME TRANSFER MATRIX

o= 5 30

Answer: one possible co-prime factorization G = D~ N is given by

The corresponding ”canonical” state space X C HZ(jR) consists of all functions

JI(S)E{?}, a € R,

with update/output equations

e T LR G R EO!

which is equivalent to

a0 =l =, yi0=| L |

Reasoning: the identity DG = N can be verified by a direct multiplication. To
see that the factorization G = D~!N is co-prime, i.e. that there exists e > 0 such
that

D(s)D(s)+ N(s)N(s) >el VseCt={seC: Re{s} >0},



note that D(s) is continuous on C* U {oo}, and not singular for all s € C* U {oco}
except s = 0, at which point

D(s)'D(s) + N(s)'N(s) = D(0)'D(0) + N(0YN(0) = 2I > 0.

Note that there is no co-prime factorization with D(s) = 271 (the "easy” choice)
because this would yield a double pole of D~'N at s = 0.

The ”canonical” state space X for G is the subset of all functions V € HZ(jR)
which can be approximated arbitrarily well by functions Vy € H3(jR) of the form
Vo = NWy— DY), where Wy, Yy are Fourier transforms of square integrable functions
wo, Yo : R — R? such that wy(t) = 0 and yo(¢t) = 0 for ¢ > 0.

Using the fact that (s+1)N(s) and (s+1)D(s) are polynomials in s while comparing
the inverse Fourier transforms of both sides of Vo = NWy — DY{, one can see that
Vo has to be a rational function of the form

_ |
Vit = | 57 |
To see that a can be an arbitrary real number, use
2 0
=[] - 1]
The canonical state x(t) € H3(jR) is defined by

(t)(s) = e [N(s)Wi(s) — D(s)Yi(s) + 2(0)(s)],

where

Substitution "
t = | s+1

= | 5 |

followed by differentiation with respect to t yields

[ a(t)/(os +1) } _, [ a(t)/(os +1) } + N(sJlt) — D))

which is equivalent to the state space equations given above.



Figure 1: Design objectives of Problem 2.1

Problem 4.2P

CONSIDER THE FEEDBACK DESIGN SETUP FROM FIGURE 1. LET US DEFINE closed
loop bandwidth OF THE FEEDBACK SYSTEM AS THE LARGEST wp > 0 SUCH THAT
|S(jw)] < 0.1 FOR ALL w € [0, wp|, WHERE

§— L
1+ RK
IS THE CLOSED LOOP SENSITIVITY FUNCTION (IN THIS DEFINITION, THE THRESHOLD
0.1 1S A BIT ARBITRARY).

IT IS FREQUENTLY CLAIMED THAT LOCATION OF UNSTABLE ZEROS OF [P LIMITS
THE MAXIMAL ACHIEVABLE CLOSED LOOP BANDWIDTH. WHILE MATHEMATICALLY
THIS IS NOT EXACTLY TRUE, THE ONLY WAY TO ACHIEVE A SUBSTANTIALLY LARGER
BANDWIDTH IS BY MAKING |S(jw)| EXTREMELY LARGE AT OTHER FREQUENCIES.

YOU ARE ASKED TO VERIFY THIS FOR

S—a

PO(S) = S(S + 2&)7

WHERE a > 0 IS A REAL PARAMETER (DETERMINING LOCATION OF THE OPEN LOOP
ZERO), USING hinfsyn.m TO ESTIMATE THE MAXIMAL BANDWIDTH ACHIEVABLE BY A
STABILIZING LTI CONTROLLER K = K (s) OF ORDER NOT LARGER THAN 5, SATISFYING
THE CLOSED LOOP SENSITIVITY MAGNITUDE BOUND |S(jw)| < 20 AT ALL FREQUENCIES
w, AS A FUNCTION OF a # 0. GENERATE A PLOT OF YOUR ESTIMATE, AS A FUNCTION
OF a > 0.

Hint: WRITE AN ALGORITHM WHICH ATTEMPTS TO ACHIEVE A given CLOSED LOOP
BANDWIDTH, USING PRE-DESIGNED LOW-PASS FILTER, LIKE THE BUTTERWORTH FIL-
TER, TO INCORPORATE THE BANDWIDTH CONSTRAINT INTO H-INFINITY OPTIMIZA-
TION. ONCE THIS IS ACCOMPLISHED, USE BINARY SEARCH TO FIND (APPROXIMATELY )
THE MAXIMAL BANDWIDTH.



Conclusion: maximal achievable closed loop bandwidth grows linearly with a, at a
rate of at least 0.43a. The rate can be made slightly larger at the expense of using much
higher controller gains. See the plot on Figure 2.
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Figure 2: Bandwidth vs. ”a” for Problem 4.2

Approach: since

s—1
s(s+2)
for every a > 0, controller Ky(s) stabilizes Py and achieves bandwidth ab if and only if
controller K(s) = Ky(as)/a stabilizes P; and achieves bandwidth b. Hence it is sufficient
to find the best achievable bandwidth for a = 1.

aPy(as) = Py(s) =

L —D{I)
Al
LTI System
¥ ow D) Go—»
&2 12
LTI System LTI System3
*
D) o > Fo
] A W u
LTI System
¥ o ()
X}
LTI Systemd

Figure 3: Open loop model for Problem 4.2



We use SIMULINK models ps42des.mdl (see Figure 3) and ps42test.mdl (see Fig-
ure 4) to define, respectively, the open and closed loop systems. It introduces two distur-
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Figure 4: Closed loop model for Problem 4.2

bance inputs wy, wy and three cost outputs ey, es, e3:
e w; is the "main” input (reference/sensor noise);

e ws is artificial small disturbance, to prevent sensor singularity due to the imaginary
axis pole of Py;

e ¢; enforces the closed loop sensitivity bound |S| < 20, frovided the overall closed
loop L2 gain in not larger than 1;

e ¢, is defined using a low-pass filter W such that |W (jw)| > 10 for |w| < b, where b is
the desired closed loop bandwidth, and therefore enforces the bandwidth constraint
frovided the overall closed loop L2 gain in not larger than 1;

e ¢3 is artificial small cost to prevent control singularity due to the fact that Fy is
strictly proper.

MATLAB function ps42.m controls design optimization and testing. The essential
part of its code is shown below:

function [K,S]=psd42(a,b,d)

s=tf(’s’); % useful constant
PO=(s-a)/(sx(s+2*a)); % the plant
[A,B,C,D]=butter(3,b,’s’); % Butterworth filter

W=ss(A,B,C,D);

W=(10/abs (squeeze (freqresp(W,1i*b))))*W;
assignin(’base’,’d’,d) % export variables
assignin(’base’,’P0’,P0)

assignin(’base’,’W’,W)

p=linmod (’psé42des’); % extract open loop



p=ss(p.a,p.b,p.c,p.d);

[K,Gl=hinfsyn(p,1,1); % optimize controller
fprintf (’success flag for wO=)f: %f<i\n’,b,norm(G,Inf))
assignin(’base’,’K’,K) % export controller
S=linmod(’ps42test’); % extract closed loop

fprintf ("max(real (eig(A)))=%f\n’ ,max(real(eig(S.a))))
S=ss(S.a,S.b,S.¢,S.d);

fprintf ("norm(S, Inf)=%f\n’ ,norm(S,Inf))
ww=logspace(-2,5,10000) ;

Sw=abs (squeeze (freqresp(S,li*ww)));

k=find(Sw>0.1,1); % find actual bandwidth
wl=ww(k-1);

fprintf (’actual bandwidth: %f (vs. %f)\n’,wl,b)

At a =1, b = 0.43, d = 0.001 the code generates a stabilizing controller K of order 5
which yields closed loop bandwidth of slightly more than 0.43. Logarithmic plots of the
closed loop sensitivity function and controller are provided on Figure 5.

Problem 4.3P

CONTINUOUS TIME SCALAR SIGNAL ¢ = ¢(t) MODELS THE (ONE DIMENSIONAL) POSI-
TION OF AN OSCILLATOR DRIVEN BY RANDOM FORCES IN THE ABSENCE OF FRICTION,
ACCORDING TO

G(t) +wia(t) = fi(t),

WHERE f; IS A NOISE SIGNAL, AND wy > 0 IS A PARAMETER. THE RESULT ¢(t)
OF MEASURING ¢(t) IN REAL TIME IS MODELED ACCORDING TO ¢(t) = q(t) + fa(?),
WHERE f5 IS ANOTHER NOISE SIGNAL. ASSUMING THAT f = [fi; f2] IS A NORMALIZED
VECTOR-VALUED WHITE NOISE, USE h2syn.m TO FIND AN LTI SYSTEM (A “FILTER”)
WHICH TAKES g = ¢() AS AN INPUT AND OUTPUTS AN ESTIMATE § = ¢(t) OF q = ¢(t),
MINIMIZING THE STEADY STATE VALUE

J = lim E[|e(t)]?]
t—o0
OF THE VARIANCE OF THE ESTIMATION ERROR e = ¢ — ¢. PLOT THE MINIMAL J AS
THE FUNCTION OF wq > 0.
Hint: THE SYSTEM, AS DESCRIBED, IS NOT STABILIZABLE (THERE IS NO PROVISION
FOR A FEEDBACK LOOP FROM ¢ BACK TO f;). THEREFORE, BEFORE APPLYING
h2syn.m, ONE HAS TO "MASSAGE” THE SETUP INTO A STABILIZABLE FORMAT. ONE
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Figure 5: Closed loop Bode plots for Problem 4.2

WAY TO DO THIS IS BY STARTING WITH A PARTICULAR FILTER F; PRODUCING AN
ESTIMATE ¢y WHICH ACHIEVES J < 0o, AND THEN USING h2syn.m TO DESIGN AN LTI
FILTER WHICH TAKES g— (o AS MEASUREMENT, AND OUTPUTS THE OPTIMAL ESTIMATE
5 OF § = q — Go, SO THAT ¢ = G + IS THE OPTIMAL ESTIMATE OF q.

Conclusion: the minimal mean square estimation error decreases with as wy increases,
as shown on Figure 6.

The design uses H2 optimization according to the setup shown on Figure 7, where

1 s* + wi

L L
5 9 L(S): 2 ) 1S+ 2
s? + wp s2+wi+ Lis+ Lo

24+ wi+ Lys+ Ly’

Wi(s) = Fo(s) =
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Figure 6: Minimal mean square estimation error in Problem 4.3

where L; > 0 and Ly + wg > 0. Here W represents the original oscillator, Fj is the
classical output estimator for W, and L specifies the mandatory zeros of Fj.
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Figure 7: Design setup for Problem 4.3

Indeed, for a state space model for W, e.g.

ifl = T,

. 2

Ty = —wir1+ fi,
y = 21+ fo
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the classical observer for ¢ = x; is
AlL'l = ig + Ll(y — j?l),
AIQ = —ngl -+ Lg(y — JA,’1>,

Cj = i.la
which has transfer function Fjy (from y to ¢). Also, an estimator F' achieves a finite mean
square error if and only if both F' and W F belong to class Hs, which is equivalent to F'
having representation of the form F' = F0 4+ AL for some A € H,, which justifies the

use of the setup from Figure 7. This SIMULINK diagram, as well as the testing model
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Figure 8: Test setup for Problem 4.3

shown on Figure 8, are controlled by MATLAB code ps43.m, the essential parts of which
are shown below:

function [J,F]=ps43(w0,L)

s=tf(’s?); % useful constant
FO=(s*L(1)+L(2))/(s~2+w0"2+s*xL(1)+L(2));
W=1/(s"2+w0"2) ;

L=(s"2+w0"2) / (s+w0+1) "2;

assignin(’base’,’F0’,F0) % export variables
assignin(’base’,’W’,W)

assignin(’base’,’L’,L)

p=linmod(’ps43des’); % extract open loop
p=minreal(ss(p.a,p.b,p.c,p.d)); % remove uncontrollable modes
K=h2syn(p,1,1); % optimize

F=minreal (FO+K*L) ; % complete filter
assignin(’base’,’F’,F) % export variables
p=linmod(’ps43test’); % extract error system

G=minreal(ss(p.a,p.b,p.c,p.d)); % remove uncontrollable modes
J=norm(G) ~2;



