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Feedback Control Systems

10.1 Introduction

This chapter focuses on one and two degrees of freedom feedback control sys-
tems that have been studied, using Polynomial Matrix (PMD) and Matrix
Fractional (MFD) Descriptions. The chapter starts by considering in Sec-
tion 10.2 interconnected systems and their properties, with emphasis on sys-
tems connected via feedback interconnections. Internal stability is central in
the development, and all stabilizing feedback controllers are parameterized
in Section 10.3. The role of the Diophantine equation is also explained. In
Section 10.4 two degrees of freedom controllers are studied at length.

10.2 Interconnected Systems

Interconnected systems, connected in parallel, series, and feedback configura-
tions are studied in the present section. It is shown that particular intercon-
nections may introduce uncontrollable, unobservable, or unstable modes into
a system; for a more detailed development, see [1, p. 568, Subsection 7.3C].
Feedback configurations, as well as series interconnections, are of particular
importance in the control of systems.

10.2.1 Systems Connected in Parallel and in Series
In Parallel

Consider first systems S7 and S5 connected in parallel as shown in Figure 10.1,
and let

Pi(g)x1(t) = Qi(q)ua(t), v1(t) = Ri(q)z1(?) (10.1)
and
Py(q)z2(t) = Q2(q)ua(t),  y2(t) = Ra(q)z2(t) (10.2)
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Figure 10.1. Systems connected in parallel

be representations (PMDs) for Sy and Ss, respectively; see Section 7.5. Since
u(t) = u1(t) = ua(t) and y(t) = y1(t) + ya(t), the overall system description
is given by

D | 28] = 20 w0 = 1ma ot | 265
(10.3)

If the systems S; and S are described by the state-space representations

&; = Ajx; + Biug, y; = Cizy + Diug, @ = 1,2, then the overall system state-
space description is given by

a)=[o ] [n] (]
y = [C1, Cy B;] + [Dy + Dalu. (10.4)

If Hi(s), Ha(s) are the transfer function matrices of S1 and Ss, respectively,
then the overall transfer function can be found from §(s) = §1(s) + J2(s) =
Hi(8)@1(s) + Ha(s)t2(s) = [H1(s) + Ha(s)]i(s) to be

H(s) = Hi(s) + Ha(s). (10.5)
Note that if both H;(s) and Ha(s) are proper, then H(s) is also proper.
In Series

Consider now systems S7 and Ss connected in series, as shown in Figure 10.2,
and let (10.1) and (10.2) describe the systems. Here us(t) = y1(t). To derive

I
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Figure 10.2. Systems connected in series
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the overall system description, consider Przo = Qaus = Q2y1 = Q2R121.

Then
P 0|z _ |G u
~QRy Po| || O

y2 = [0, Ry [2] .

(10.6)

If the systems S7,Sy are described by the state-space representations &; =
Az + Ciugy y; = Cixy + Dijug, © = 1,2, then it can be shown that the overall
system state-space description is given by

{tl _ A1 0 T + Bl 0 (751
o | | B2Ci As| |2 BoDy By | |72 |’
Y| _ Ci 0 1 i Dy 0 (5
y2 | | D2Cy Co | |22 DyDy Dy | |72 |

If Hy(s), H2(s) are the transfer function matrices of Sy and Sa, then the overall
transfer function g(s) = H(s)l1(s) is

(10.7)

H(s) = Ha(s)Hi(s). (10.8)

It can be shown that if both H; and H, are proper, then H is also proper.
Note that poles of H; and H; may cancel in the product HyH; and any
cancellation implies that there are uncontrollable/unobservable eigenvalues in
the overall system internal description.

10.2.2 Systems Connected in Feedback Configuration

Consider systems S7 and Sy connected in a feedback configuration as shown
in Figure 10.3a, or equivalently as in Figure 10.3b. Let

Pi(g)z1(t) = Qu(@ua(t), i) = Ra(g)z(t) (10.9)

and
Pa(q)z2(t) = Qa(q)ua(t), y2(t) = Ra(q)22(t) (10.10)

be polynomial matrix representations of S and S, respectively. Since

u(t) = ya(t) +r1(t), (10.11)
us(t) = yi(t) + ra(t), (10.12)

where r; and ry are external inputs, the dimensions of the vector inputs
and outputs, u; and gy, and also us and y; must be the same. To derive
the overall system description we consider Pyz1 = Qru1 = Q1(y2 + r1) and
Pyzo = Qous = Q2(y1+r2) where y; and y, are as above. Then the closed-loop
is described by
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Figure 10.3. Feedback configuration
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(10.13)

Note that the condition for the closed-loop system to be well defined is that

P Q1R
([ 9T) 20 oy

If this condition is not satisfied, then the closed-loop system cannot be de-
scribed by the polynomial matrix representations discussed here.

If the systems S7 and Sy are described by the state-space representations
&; = Asz; + Biug, y; = Ciz; + Diug, 1 = 1,2, then it can be shown that the
closed-loop system state-space description is

(5] = [ e adBai B | 3]+ [sind, “hain ] 1],
(1= [adbot, Mime? 1 3]+ aalbob, M2 117, (10.15)
where My = (I — D1D2)™! and My = (I — D2D;)~ 1. Tt is assumed that
det(I — D1D2) = det(I — D2Dq) # 0.

It is not difficult to see that in the case of state-space representations the
conditions for the closed-loop system state-space representation to be well
defined is det(I — D1Ds) # 0. When D; = 0 and Dy = 0, then (10.15)
simplifies to



10.2 Interconnected Systems 415
{tl o Al B1 CQ X1 + Bl 0 1
jL‘Q N BQCl AQ X9 0 BQ T2 ’
Y1 Cr 0] |z
= . 10.16
] =[5 el (010
Ezxample 10.1. Consider systems S; and S in a feedback configuration with

Hy(s) = Sjl and Ha(s) =1 and consider the realizations { Py, Q1, Ry, W1} =
{¢+1,¢,1,0} and {P>,Q2, Ro, W5} = {1,1,1,0}. Then (10.13) becomes

g+1—q| || _[qO||m
-1 1 zZ2 o 01 ) ’
1| _ 10 21
ya | |01 |22
Since det qj—ll _(11 =1 # 0, this is a well-defined polynomial matrix

description for the closed-loop system. Note that the tra?sfer function matrix
of the closed-loop system is H(s) = [(1) ﬂ [sj—ll _ﬂ [8 ﬂ = [Z 5 j_ 1},
which is not proper, whereas H; and Hs were both proper.

Now if state-space realizations of H;(s) = 3111 + 1 and Ha(s) = 1 are
considered, namely {41, B1,C1, D1} ={-1,1,—1,1} and {A3, B2, Cs, D2} =
{0,0,0,1}, then 1 — D1Dy =1 —1-1 = 0; i.e., a state-space description of
the closed-loop does not exist. This is to be expected since the closed-loop
transfer function is nonproper and as such cannot be represented by a state-

space realization {4, B, C, D}.

Next, let Hy(s) and Hz(s) be the transfer function matrices of S; and Ss;
ie., g1(s) = Hi(s)ui(s) and ga(s) = Ha(s)to(s). In view of 41 = g2 + 71
and s = Y1 + T2, We have y1 = Hit, = Hl(ﬂg + ’Pl) = H{Hyus + Hi71 =
Hngﬂl + HlHQ’IA“Q + Hl’ﬁl or

(I—Hng)ﬁl = H1Hyry + Hq71. (1017)

Also, 2 = Halip = Ho(§1 +72) = HoH 0 + Hato = HoHy Yo+ HoH 71+ Hoty
or
(I — HoHy)jo = HoHy#y + Hafo. (10.18)

Note that det(I — H1 Ha) = det(l — HoH1), and assume that the determinant
is nonzero. Then

| _ | U—HiHy)"'Hi (I-HHy) "HiHs| [
U2 (I — HyHy)"'HoHy (I — HyHi) 'H> o

) (10.19)
_ | Hu Hiz | |71
Hoy Hap | | P2 |
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The significance of the assumption det(I — HyHs) # 0 can be seen as fol-
lows. Let 15121 = ]\Nhul, y1 = Z1 and Dazo = usg, y2 = Nazo be representations
of the systems S; and S3. As will be shown below, the closed-loop system
description in this case is given by (D1Ds — N1N3)ze = Ny + Dire and
y1 = Dszo—7rg and yo = Nozo. Now note that I—Hy Hs = I—ﬁflﬁlNngl =
DyY(DyDy— NiNy)D3 !, which implies that det(I — HyHy) # 0 if and only if
det(f)ng — ]\Nleg) # 0; i.e., if det(I — HyH3) = 0, then the closed-loop sys-
tem cannot be described by the polynomial matrix representations discussed
in this chapter. Thus, the assumption that det(I — HyHs) # 0 is essential for
the closed-loop system to be well defined.

Ezample 10.2. Consider Hi(s) = _I, and Ha(s) = 1 as in Example 10.1.

Here 1 — H1H, = lerl # 0, and therefore, the closed-loop system is well
defined. Relation (10.19) assumes in this case the form

:l)l S S TAl

U2 T lss+1 7o |’
a nonproper transfer function that is the transfer function matrix H(s) derived
in Example 10.1.

For simplicity, assume that both S; and S5 in Figure 10.3 are controllable
and observable and consider the following representations.
For system Si:

(1a)  Di(q)z1(t) = wa(t), yi(t) = Nag)z1(t) (10.20)

or

(1b)  Di(q)Z:(t) = Ni(q)ur(t), 1 (t) = Z1(t), (10.21)

where (D1(g), N1(¢)) are rc and (Dy(q), N1(q)) are lc.
For system Ss:

(2a)  Da(q)za(t) = ua(t), ya2(t) = Na(g)z2(t) (10.22)

(2b) Da(q)22(t) = Na(q)uz(t), ya(t) = Za(t), (10.23)

where (D3(q), N2(q)) are rc and (Ds(q), Na(q)) are lc.
In view of the connections

ur(t) = ya(t) +ri(t), uz(t) = y1(t) + r2(t), (10.24)

the closed-loop feedback system of Figure 10.3 can now be characterized as
follows [see also (10.13)]:
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(i) Using descriptions (1a) and (2a), and Eqgs. 10.20 and 10.21, we have
[ D1 —NQ- 21| _ -IO T1 1| N1 0 z1
o )= B ) ] = [V sl 5] e

(ii) Using descriptions (1b) and (2b), we have

l~21 —]Sﬁ i _ N 0 1 vi| _ (10| |2 (10.26)
—N2 D2 22 0 N2 T2 ’ Y2 01 22 ’ '
(iii) Using descriptions (1b) and (2a), we have

Dy —NiNo [ [2] _[Nio] [m] [wu] _[I07[2
et | Y R i Y B PR D P
Also, Dozy = up = y1 + 12 = ﬁflﬁﬂu +ry = ﬁflﬁﬁ(yz +ry)F+re =

ﬁflﬁl(Nng +7r1) 47y and y1 = ug — ro = Dozg — 1o, from which we
obtain

0 5= 3] (2] ]+ (14 [7]
(10.28)

(iv) Using descriptions (1a) and (2b), we have

oo IRl Tl = o z] aoas

Also, Diz1 =uy =y + 11 = ﬁglﬁqu +r = ﬁglﬁg(yl +ro)+r =
D;lNg(lel +r9) 4+ 7 and yo = w3 —r1 = Dyz1 — 11, from which we
obtain

o -som-s 1) 3] -3+ 28]2]
(10.30)

Controllability and Observability

The preceding descriptions of the closed-loop system given in (i), (ii), (iii),
and (iv) are equivalent and have the same uncontrollable and unobservable
modes. The systems S7 and S5 were taken to be controllable and observable,
and so the uncontrollability and unobservability discussed below is due to the
feedback interconnection only.
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Controllability. To study controllability, consider the representation (10.25).

D1 —Ny 10 . .
Ny, Dy and [0 I] that the eigenvalues
that are uncontrollable from r; will be the roots of the determinant of a
geld of [—Ny, Do) and the eigenvalues that are uncontrollable from 7o will

be the roots of a geld of [Dy, —N3]. The closed-loop system is controllable

It can be seen from the matrices

from {:1 ] Clearly, all possible eigenvalues that are uncontrollable from rq
2

are eigenvalues of So. These are the poles of Hy = N2D2_1 that cancel in the
product HoN7. Similarly, all possible eigenvalues that are uncontrollable from
ro are eigenvalues of S;. These are the poles of Hy = NlDfl that cancel in
the product HyNs.

Observability. To study observability, consider the representation (10.26).

Dy —N,
~N, Dy
values that are unobservable from y; will be the roots of the determinant of

From the matrices and [é ?], it can be seen that the eigen-

a gerd of l_gll and the eigenvalues that are unobservable from y, will be
2

the roots of the determinant of a gerd of l Ql . The closed-loop system is

— N
observable from [zl} . Clearly, all possible eigenvalues that are unobservable
2

from y; are eigenvalues of S;. These are the poles of Hy = 155 1&2 that cancel
in the product N1 H,. Similarly, all possible eigenvalues that are unobservable
from yo are eigenvalues of S;. These are the poles of H; = Dy LN, that cancel
in the product Nng, Hy[Hy, I).

Example 10.3. Consider systems S7 and Sy connected in the feedback con-
figuration of Figure 10.3, and let S; and S5 be described by the transfer func-

tions Hy(s) = 511, and Hy(s) = “fibao . For the closed-loop to be well defined,

_ s+1 ars+ag _ (1—a1)s?+(b—a1—ap—1)s—(b+ao)
we must have 1 — H1Hy =1 — Sfl ls:b 0= ! (S_f)(s_ﬁb) o £ 0.
Note that fora; = 1,a90 = —1,and b =1, Hy = ;ﬁ and1—-H{H, =1-1=0.

Therefore, these values are not allowed for the parameters if the closed-loop
system is to be represented by a PMD. If state-space descriptions are to be
used, let Dy = limg_,oo H1(s) = 1 and Dy = lims_, Ha(s) = a1, from which
we have 1 — D1 Dy = 1 —ay # 0 for the closed-loop system to be characterized
by a state-space description. Let us assume that aq # 1.

The uncontrollable and unobservable eigenvalues can be determined from
a PMD such as (10.28). Alternatively, in view of the discussion just preceding
this example, we conclude the following. (i) The eigenvalues that are uncon-

trollable from r; are the poles of Hy that cancel in Ho N7 = “ffbao (s+1);ie.,
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there is an eigenvalue that is uncontrollable from r; (at —1) only when b = 1.
If this is the case, —1 is also an eigenvalue that is unobservable from y;. (ii)
The poles of H; that cancel in H; Ny = iﬂ (a18+ap) are the eigenvalues that
are uncontrollable from rs; i.e., there is an eigenvalue that is uncontrollable
from ro (at +1) only when ag/a; = —1. If this is the case, +1 is also an

eigenvalue that is unobservable from ys.

Stability

The closed-loop feedback system is internally stable if and only if all of its
eigenvalues have negative real parts. The closed-loop eigenvalues can be deter-
mined from the closed-loop descriptions derived above. First recall the iden-
tities

AD

det {CB

} = det(A)det(B — CA™'D) = det(B) det(A — DB~'C), (10.31)

where in the first expression it was assumed that det(A4) # 0 and in the second
expression it was assumed that det(B) # 0. The proof of this result is im-

. o . I O0||AD A D
mediate from the matrix identities [—CA_l I} {C B} = [0 B_ CA_lD]
q I-DB7'|[AD] [A-DB7'Co0
Mo T CB|~ c B|

We now consider the polynomial matrices [_gi _gz] , [—Dﬁi _gj’

(l~)1D2 — NlNQ), and (ﬁQDl — NQNl) from the closed-loop descriptions in
(i), (ii), (iii), and (iv). Then

det ({_% _gzD = det(D;) det(Dy — N DT Ny)
= det(Dy) det(Dy — DTINN,)
= det(Dy) det(D7Y) det(D1 Dy — Ny Ny)
= ay det(D; Dy — Ny Ny), (10.32)

where o is a nonzero real number. Also
D; —N: _
det ({—Ni Di]) = det(Dy) det(D; — NaDy ' Ny)
= det(Dg) det(D1 — ﬁ;lﬁgNl)
= det(Dg) det(l~)2_1) det(l~)2D1 — NQNl)
= (g det(f)ng — j\v]QNl), (1033)
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where a» is a nonzero real number.
Similarly,

det D= _ a1 det(DyDy — NoNy), (10.34)
—Ny Do

where @&; = det(D;) det(D; ') is a nonzero real number, and

Dy —N; R ~ ~
det ~ ~ = det(D1 Dy — N1Ns), 10.35
e <[—NQ DJ) G det(D1Dy 1N2) ( )

where d; = det(Ds) det(D3 ') is a nonzero real number. These computations
verify that the equivalent representations given by (i), (ii), (iii), and (iv) have
identical eigenvalues.

The following theorem presents conditions for the internal stability of the
feedback system of Figure 10.3. These conditions are useful in a variety of
circumstances. Assume that the systems S; and Sy are controllable and ob-
servable and that they are described by (10.20)—(10.23) with transfer function
matrices given by o

Hy = N;D;'=D;'N; (10.36)

and L

Hy = NoDy' = D3N, (10.37)
where the (N;, D;) are rc and the (N;, D;) are lc for i = 1,2. Let o (s) and
as(s) be the pole (characteristic) polynomials of H;(s) and Ha(s), respec-
tively. Note that a;(s) = k;det(D;(s)) = k; det(D;i(s)), i = 1,2, for some
nonzero real numbers k;, k;. Consider the feedback system in Figure 10.3.

Theorem 10.4. The following statements are equivalent:

(a) The closed-loop feedback system in Figure 10.3 is internally stable.
(b) The polynomial

(i) det ({_% _gzD or

) Dy —N
(is) det ([—Nz l~)21>, or

(iii) det(D1 Dy — N1 Na), or

(iv) det(DyDy — NoNy)

is Hurwitz; that is, its roots have negative real parts.
(¢) The polynomial

a1 (s)ag(s)det(l — Hq(s)Ha(s)) = ax(s)az(s)det(I — Ha(s)H1(s))
(10.38)
is a Hurwitz polynomial.
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(d) The poles of

BN
:[ (I — HyH,) ™ Hg(I—Hng)l] [rl}

Hl(I — HQHl)il (I — H1H2)71 (1039)

are stable; i.e., they have negative real parts.
(e) The poles of

HEEBEIREYIE
_ {((I—Hng)lHl (I—Hlﬂg)lﬂlHﬂ [fl] (10.40)

[ — HyHy) 'HoHy (I — HoHy) 'Hy | | s
are stable.
Proof. See [1, p. 583, Theorem 3.15]. [ ]
Remarks

It is important to consider all four entries in the transfer function (10.40)
between {Zﬂ] and {rl} [or in (10.39) between {ul} and [Tl | when con-
Y2 r2 U2 T2

sidering internal stability. Note that the eigenvalues that are uncontrollable
from 71 or ro will not appear in the first or the second column of the transfer
matrix, respectively. Similarly, the eigenvalues that are unobservable from y
or yo will not appear in the first or the second row of the transfer matrix,
respectively. Therefore, consideration of the poles of some of the entries only
may lead to erroneous results, since possible uncontrollable or unobservable
modes may be omitted from consideration, and these may lead to instabilities.

Closed-Loop Characteristic Polynomial. The open-loop characteristic poly-
nomial of the feedback system is «i(s)as(s). The closed-loop characteristic
polynomial is a monic polynomial, a.(s), with roots equal to the closed-loop
eigenvalues; i.e., it is equal to any of the polynomials in (b) within a multi-
plication by a nonzero real number. Then, relation (10.38) implies, in view of
(iv), that the determinant of the return difference matriz (I — H1(s)Ha(s)) is
the ratio of the closed-loop characteristic polynomial over the open-loop char-
acteristic polynomial within a multiplication by a nonzero real number.

Ezxample 10.5. Consider the feedback configuration of Figure 10.3 with
H, = SH and Hy = “fj“o the transfer functions of systems S; and S,
respectlvely Let a; # 1 so that the loop is well defined in terms of state-space
representations (and all transfer functions are proper). (See Example 10.3.)
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All polynomials in (b) of Theorem 10.4 are equal within a multiplication
by a nonzero real number, to the closed-loop characteristic polynomial given
by aq(s) = 2 + bi“f:(fl‘)*ls - ll)tzo. This polynomial must be a Hurwitz
polynomial for internal stability. If a;(s) = s — 1 and as(s) = s+ b are
the pole polynomials of H; and Hs, then the polynomial in (c) is given by
ai(s)az(s)(1 — Hi(s)Hz(s)) = (1 —ay)s®> + (b—a; —ag — 1)s — (b+ ag) =
(1 — a1)ae(s), which implies that the return difference 1 — Hy(s)Ha(s) =
(1=a1) (5% - Note that (1— HyHp) ™! = (1= HyHy) ™t = 700+ with
a(s) = (1 —a1)aq(s) and the transfer function matrix in (d) of Theorem 10.4

is given b
& Y R (s—=1)(s+b) (s—1)(a1s+ao) R
ur | _ a(s) a(s) ™
|:'[L2 :| - [ (s+1)((8)+b) (571)((s)+b) ] |:’IA’2 :| .

The polynomial «(s) has a factor s + 1 when b = 1. Notice that a(—1) =
2 — 2b =0 when b = 1. If this is the case (b = 1), then

[@}1} | ag e [@} |

] & e &

where a(s) = (s + 1)a(s). Notice that three out of four transfer functions do
not contain the pole at —1 in &(s). Recall that when b = 1, —1 is an eigenvalue
that is uncontrollable from the r; eigenvalue and it cancels in certain transfer
functions as expected (see Example 10.3). Similar results can be derived when
ap/a; = —1. This illustrates the necessity for considering all the transfer
functions between w1, us and r1, 7o when studying the internal stability of the

feedback system. Similar results can be derived when considering the transfer
functions between y1,y2 and 1,72 in (e).

10.3 Parameterization of All Stabilizing Feedback
Controllers

In this section, it is shown that all stabilizing feedback controllers can be
conveniently parameterized. These parameterizations are very important in
control since they are fundamental in methodologies such as the optimal H°
approach to control design. Our development builds on the controllability,
observability, and particularly the internal stability results introduced in Sec-
tion 10.2, as well as on Diophantine Equation results [1, Subsection 7.2E].
First, in Subsection 10.3.1, all stabilizing feedback controllers are parameter-
ized, using PMDs. Parameterizations are introduced, using first the polyno-
mial matrix parameters (i) Dy, Ny and Dy, Nj and then the stable rational
parameter (ii) K = NyD; ' = lN),;l]\ka. These parameters are very convenient
in characterizing stability, but cumbersome when properness of the controller
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transfer function is to be guaranteed. A parameterization that uses proper
and stable MFDs and involves a proper and stable parameter K’ is then in-
troduced in Subsection 10.3.2. This is very convenient when properness of Ho
is to be guaranteed. The parameter K’ is closely related to the parameter K
used in the second approach enumerated above. This type of parameterization
is useful in certain control design methods such as optimal H*® control de-
sign. Two degrees of freedom feedback controllers offer additional capabilities
in control design and are discussed in Subsection 10.3.2. Control problems are
also described in this subsection.

In the following discussion, the term “stable system S” is taken to mean
that the eigenvalues of the internal description of system S have negative real
parts (in the continuous-time case); i.e., the system S is internally stable.
Note that when the transfer functions in (10.39) and (10.40) of the feedback
system S are proper, internal stability of S implies bounded-input, bounded-
output stability of the feedback system, since the poles of the various transfer
functions are a subset of the closed-loop eigenvalues.

10.3.1 Stabilizing Feedback Controllers Using Polynomial MFDs

Now consider systems S; and Sy connected in the feedback configuration
shown in Figure 10.3. Given S, it is shown how to parameterize all systems
Ss so that the closed-loop feedback system is internally stable. Thus, if S = 5,
called the plant, is a given system to be controlled, then Sy = S, is viewed
as the feedback controller that is to be designed. Presently we provide the
parameterizations of all stabilizing feedback controllers.

Theorem 10.6. Assume that the system Sy is controllable and observable
and is described by the PMD (or PMFD) as (a) Diz1 = w1, y1 = Niz
given in (10.20), or by (b) D3 = Nlul, y1 = Z1 gwen in (10.21). Let the
pair (D1, N1) and the pair (Dl,Nl) be doubly coprzme factorizations of the
transfer function matriz Hy(s) = NlD = D IN,. That 18,

X, 11D, -Y; 70
-1 _ 1 1 1 1| _
b Lo e

where U is a unimodular matriz (i.e., det U is a nonzero real number) and
X1,Yq, )?1,171 are appropriate matrices. Then all the controllable and observ-
able systems So with the property that the closed-loop feedback system eigen-
values are stable (i.e., they have negative real parts) are described by

(a) 5222 = NQUQ, Yo = 22, (1042)

where 52 = 5kX1 — Nkﬁl and NQ = —(ﬁkyl + Nkﬁl) with Xl,Yl,j\vﬁ,ﬁl

given in (10.41) and the parameters Dy and ]Vk are selected arbitrarily under
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the conditions that 13,;1 exrists and is stable, and the pair (lNDk,ﬁk) is lc and
is such that det(Dp X, — NiNy) # 0.
Equivalently, all stabilizing So can be described by

(b) Dazo =uz, y2= N2z, (10.43)

where Dy = X1 Dy, — N1Nj, and Ny = —(Y1 Dy, + D1Ny,) with X1, Y1, Ny, Dy
given in (10.41) and the parameters Dy and Ny are selected arbitrarily under
the conditions that D,;l exists and is stable, and the pair (Dy, Ny) is rc and

is such that det()%le — N1Ng) #0.
Furthermore, the closed-loop eigenvalues are precisely the roots of det Dy
or of det Dy. In addition, the transfer function matriz of S is given by

Hy = —(Dp X1 — Np.Ny) Y (DyY1 4 NiDy)
—(Y1 Dy + Dy Ny) (X1 Dy, — Ny Ni,) ™t (10.44)

Proof. The closed-loop description in case (a) is given by (10.30) and in case
(b) it is given by (10.28). It can be shown [1, Subsection 7.2E] that the ex-
pression in (a) and (b) above can also be written as

[Ds, —No| = [Dy, NeJU (10.45)
and that
[gz] Ut [_g’;] (10.46)
are parameterizations of all solutions of the Diophantine equation
DyDy — NoNy = Dy, (10.47)
and _ _
DDy — NN, = Dy, (10.48)

respectively, where we let lNDk and Dy be desired closed-loop matrices. The
fact that D' (or D, ') exists and is stable guarantees that all the closed-
loop eigenvalues, which are the poles of 13,;1 (or of D,;l), will be stable. The
condition det(ﬁle —Nkﬁl) # 0 (or det()%le — N1 Ng) # 0) guarantees that
det Dy # 0 (or det Dy # 0) and therefore the polynomial matrix descrlptlon
for Sz in (10.28) is well defined. Finally, note that the pair (Dk7 Nk) is lc if
and only if the pair (Dy, Ny) is lc as can be seen from [Da, — N3] = [Dy, Nx]U
given in (10.45) where U unimodular. This then implies that the description
{DQ,NQ,I } for Sy is both controllable and observable. Similarly, the pair
(D, Ni) is rc, which guarantees that {Da, I, N3} with Dy and Na given in
(10.46) is also a controllable and observable description for Ss. |

In place of the polynomial matrix parameters 5k, ]Y/'k or Dy, Ng, it is pos-
sible to use a single parameter, a stable rational matrix K. This is shown
next.
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Theorem 10.7. Assume that the system S1 is controllable and observable and
is described by its transfer function matriz

H, = N\D7' = DNy, (10.49)

where the pairs (N1, D1), (D1, N1) are doubly coprime factorizations satisfying
(10.41). Then all the controllable and observable systems So with the property
that the closed-loop feedback system eigenvalues are stable (i.e., they have
strictly negative real parts) are described by the transfer function matriz

Hy = —(X1 — KN1)~'(Y1 + KDy)
~(Y1 + D1K) (X1 — MK) 7Y, (10.50)

where the parameter K is an arbitrary rational matriz that is stable and is
such that det(X; — KNy) # 0 or det(X; — N1 K) # 0. Furthermore, the poles
of K are precisely the closed-loop eigenvalues.

Proof. This is in fact a corollary to Theorem 10.6. It is called a theorem here
since it was historically one of the first results established in this area. The
parameter K is called the Youla parameter.

In Theorem 10.6, descriptions for Hy were given in (10. 44) in terms of the
parameters Dk, Nk and Dy, Ni. Now in view of — Dka —l—Nka = 0, we have

DN, = NyD;' = K, (10.51)

which is a stable rational matrix. Since the pair (l~)k, ]Vk) is lc and the pair
(N, D) is rc, they are coprime factorizations for K. Therefore, Hy in (10.50)
can be written as the Hy of (10.44) given in the previous theorem, from which
the controllable and observable internal descriptions for Sy in (10.42) and
(10.43) can immediately be derived. Conversely, (10.50) can immediately be
derived from (10.44), using (10.51). Note that the poles of K are the roots of

det Dy, or det Dy, which are the closed-loop eigenvalues. |

Exzample 10.8. Consider H; = :H Here N, = K/'l =s+1and D, = 51
s — 1. These are doubly coprime factorizations (a trivial case) since (10.41) is
satisfied. We have

w5 B2

N D || N, X,

[ sy s+ [s—1,—(-s+3)] _[10
Tl =(s+1) s—1 s+1, s+, |01

In view of (10.44) and (10.50), all stabilizing controllers Hy are then given by

H__(—s—i—g)dk—i—(s—l)nk__(—s—i—g)—k(s—l)K
2T s+ Dde— s+ s+ —(s+ DK’

where K = ny/dy is any stable rational function.
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0 1
N,D;t = 512 [1,s+1] = ﬁflﬁl, which are coprime polynomial MFDs. Rela-
tion (10.41) is given by

2 —1
Ezample 10.9. Consider Hi(s) = [},°%'] = [1,0] [s (s + 1)]

_ (X, V1] [Di Y
vut=| "<~ <
| — V1 D1:| [N1 X1
(1 s+1 —s2417] [s%2—(s+1)—(s+1)
=| s $2+s+1 —5° 0 1 s
-1 —(s+1) s* 1 0 1
(100
=1010
1001

All stabilizing controllers may then be determined by applying (10.44) or
(10.50).

Remark

In [1, pp. 592-605] a complete treatment of several different parameterizations
of all stabilizing controllers is given. The first two parameterizations involving
Dy, and K were presented here. Another interesting parameterization involves
Q1 and Q2 [1, p. 597], which in the case when the plant is stable, it becomes
particularly attractive [1, p. 597, Corollary 4.4].

10.3.2 Stabilizing Feedback Controllers Using Proper and Stable
MFDs

In the above development all systems So that internally stabilize the closed-
loop feedback system were parametrically characterized. In that development
H,, the transfer function of S; was not necessarily proper and the stabilizing
Hy as well as the closed-loop system transfer function were not necessarily
proper either. Recall that a system is said to be internally stable when all
of its eigenvalues, which are the roots of its characteristic polynomial, have
strictly negative real parts. Polynomial matrix descriptions that can easily
handle the case of nonproper transfer functions were used to derive the above
results and the case of proper H; and Hs was handled by restricting the
parameters used to characterize all stabilizing controllers.

Here we concentrate exclusively on the case of proper transfer functions H;
of S1 and parametrically characterize all proper Hs, which internally stabilize
the closed-loop system. For this purpose, proper and stable matrix fractional
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descriptions (MFDs) of H; and Hs are used. Such MFDs are now described
[1, Subsection 7.4C].
Consider H(s) € R(s)P*™ to be proper, i.e., lims_,o, H(s) < oo, and write
the MFD as
H(s)=N'(s)D'(s)~", (10.52)
where the N’(s) and D’(s) are proper and stable rational matrices that
we denote here as N'(s) € RHEX™ and D’'(s) € RHDI*™; that is, they
are matrices with elements in RH,, the set of all proper and stable ra-

tional functions with real coefficients. For instance, if H(s) = (57;)_(;1),
hen H(s) = |, _ 51 (s=2)+)] 7 _ [ s-1 ] [s—2] 7" los
then H(s) = | (13)+3) | | (s+2)(s+3) = sz | |st1 are examples

of proper and stable MFDs.
A pair (N, D") € RH is called right coprime (rc) in RHs if there exists
a pair (X', Y’) € RHy such that

X'D'+Y'N' =1. (10.53)

This is a Diophantine Equation over the ring of proper and stable rational
functions. It is also called a Bezout Identity.

Let H = N’D'~1, and write (10.53) as X’ +Y'H = D’~!. Since the left-
hand side is proper, D'~! is also proper; i.e., in the MFD given by H =
N'D'~1, where the pair (N’, D') is rc, D' is biproper (D’ and D'~! are both
proper).

Note that X’~!, where X' satisfies (10.53), does not necessarily exist.
If, however, H is strictly proper (lims_, o, H(s) = 0), then lims_ . X'(s) =
limg_, o D’(s)~! is a nonzero real matrix, and in this case X'~! exists and is
proper; i.e., in this case X’ is biproper.

When the Diophantine Equation (10.53) is used to characterize all stabi-
lizing controllers, it is often desirable to have solutions (X', Y”’) where X’ is
biproper. This is always possible. Clearly, when H is strictly proper, this is
automatically true, as was shown. When H is not strictly proper, however,
care should be exercised in the selection of the solutions of (10.53).

As in the polynomial case, doubly coprime factorizations in RH., of a

1 o~
transfer function matrix H; = N'yD'7" = D', N'y, where D}, N] € RH,,
and D’1, N’y € RH, are important in obtaining parametric characterizations
of all stabilizing controllers. Assume therefore that

_ X! Y/ [D}, -Y] I0
vt = {_m A AL (10.54)

where U’ is unimodular in RH, i.e., U and U'~! € RHy. Also, assume that
X{ and X’; have been selected so that det X| # 0 and det X’; # 0.
Internal Stability

Consider now the feedback system in Figure 10.3, and let H; and Hs be
the transfer function matrices of S; and So, respectively, which are assumed
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to be controllable and observable. Internal stability of a system can be de-
fined in a variety of equivalent ways in terms of the internal description of
the system. For example, in this chapter, polynomial matrix internal descrip-
tions were used and the system was considered as being internally stable
when its eigenvalues were stable; i.e., they have negative real parts. In The-
orem 10.4, it was shown that the closed-loop feedback system is internally

stable if and only if the transfer function between {ul] and {rl] or {yl]
U2 T2 Y2

and [:1} have stable poles, i.e., if and only if the poles of { I _Hﬂ or
) _

H I
-H, I |7'[0 H
I —-H H 0
In this section we shall regard the feedback system to be internally stable
when

, respectively, are stable.

—1
I —H
{—Hl I] € RH., (10.55)

i.e., when all the transfer function matrices in (10.55) are proper and stable.
In this way, internal stability can be checked without necessarily involving
internal descriptions of S; and Ss. This approach to stability has advantages
since it can be extended to systems other than linear, time-invariant systems.

Theorem 10.10. Let H; = N|D'7' = 57 N’y be doubly coprime MFDs in
RH,. Then the closed-loop feedback system is internally stable if and only if

Hs has an lc MFD in RH,.,, Hy = D’ N’g, such that
D'yD} — N'yN| =1, (10.56)
or if and only if Hy has an r¢ MFD in RH.,, Hy = NQ’D’Q_l, such that
D'1Dy, — N'{N, = I. (10.57)
Proof. See [1, p. 615, Corollary 4.12]. [ ]

In the following discussion, all proper stabilizing controllers are now pa-
rameterized.

Theorem 10.11. Let H; = N/ D';' = ﬁ;lj\?ﬁ be doubly coprime MFDs in
RH, that satisfy (10.54). Then all Hy that internally stabilize the closed-loop
feedback system are given by

Hy = —(X| — K'N'\)"\ (Y] + K'D'y) = —(Y/ + D}K")(X"y — N|K")™",
(10.58)
where K' € RHy, is such that (X] — K'N'1)~! (or (X1 — NJK')™1) exists
and is proper.
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Proof. Tt can be shown that all solutions of l~)2D'1 — NQN{ = I are given by
XY ]

N D (10.59)

[D'5, —N'y] = [I, K'] [

where K’ € RHo,. The proof of this result is similar to the proof of the cor-
responding result for the polynomial matrix Diophantine Equation. Similarly,
all solutions of D’y D — N1 N} = I are given by

Ny | Dy =Yy | [-K'
- [52] [ ) 1020
where K’ € RH,. The result follows then directly from Theorem 10.10. M

The above theorem is a generalization of the Youla parameterization of
Theorem 10.7 over the ring of proper and stable rational functions.

It is interesting to note that in view of (10.54), Hs in (10.58) can be written
as follows. Assume that X;* and X! exist. Then

Hy=—(Y'1+ X' (I-Y/N)K') (X, — N K')™*
~ ——1 ~— _ ~
=Y X', (X1 — NK')+ X'T'K'|(X, — N|K')~!
— VO X' — XTUKN(X) — NIK') Y = Hog + Hau: (10.61)

i.e., any stabilizing controller Hy can be viewed as the sum of an initial sta-

~ -1
bilizing controller Hyy = —Y’1X’; and an additional controller Hy,, which
depends on K’. When K’ = 0, then Hy,, is zero.

Example 10.12. Let iy = 1 = (1)) =npt = (50074, =

D’y 'N'y with @ > 0, which are doubly coprime factorizations. Note that

—~ s s s—1 s+5)(s+a

{ x{ }:} Dy -V, _[ _E ] e | _ [10]
= s— s+3)(s+a - !

—-N'1 D'y | | Ny X' T sta sta ler1 Esil%EsL; 01

All stabilizing Ho are parametrically characterized by (10.58).

Ezample 10.13. In the above example Hy = —(b+ 1),b > 0 characterizes
all static stabilizing Hs. Then for a = 1, we have

+5 s+3 s—1 b+1\ "'
K=—(%72_ b+1
<8—|—2 s—|—2( * )> (8+1+8+1)
_ (—bs—3b+2\ (s+b\ ' (s+1)(bs+3b—2)
N s+2 s+1 (s +2)(s+Db)

which will yield the desired Ho = —(b + 1). The closed-loop eigenvalue is in
this case at —b as can easily be verified.
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Parameterizations Using State-Space Descriptions

Consider H = N'D'™" = ﬁ_lﬁ, a doubly coprime factorization in RHx;
i.e., (10.54) is satisfied. It is possible to express all proper and stable matrices
in (10.54) in terms of the matrices of a state-space realization of the transfer
function matrix H(s). In particular, we have the following result.

Lemma 10.14. Let {A, B,C,D} be a stabilizable and detectable realization
of H(s), i.e., H(s) = C(sI — A)"'B + D, which is also denoted by H(s) =

élB; , and with (A, B) stabilizable and (A,C) detectable. Let F' be a state
feedback gain matriz such that all the eigenvalues of A + BF have negative
real parts, and let K be an observer gain matrixz such that all the eigenvalues
of A — KC have negative real parts. Define

A-KCB—-KDK

XY s
U’:[ ﬁ,ﬁ]: —-F I 0 (10.62)
B e -D I
and y
R Y +BF B —-K
U’:[D/ X// = F I 0 |. (10.63)
NTX C+DFD I

—_ 11—
Then (10.54) holds and H = N'D'~" = D' "N’ are coprime factorizations
of H.
Proof. Relation (10.54) can be shown to be true by direct computation, which
it is left to the reader to verify. Clearly, U’, U’ € RHs. That N’, D’ and D', N’
— 11—
are coprime is a direct consequence of (10.54). That N'D~'=D N =H

can be shown by direct computation and is left to the reader. |

In view of Lemma 10.14, U’ and U’ " € RHo, in (10.54) can be expressed
as

U= {_‘;Vi jﬂ _ {:g] [sI—(A—KC)]‘l[B—KD,K]+[_éﬂ (10.64)
and
ot = [ff ‘% _ [CfDF] [sT — (A+ BF)|"\[B, K] + Lf) ﬂ

(10.65)
These formulas can be used as follows. A stabilizable and detectable real-
ization {A, B,C, D} of H(s) is first determined, and appropriate F' and K
are found so that A + BF and A — KC have eigenvalues with negative real
parts. Then U’ and U’ are calculated from (10.64) and (10.65). Note that
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appropriate state feedback gain matrices F' and observer gain matrices K can
be determined, using the methods discussed in Chapter 9. The matrices F'
and K may be determined, for example, by solving appropriate optimal lin-
ear quadratic control and filtering problems. All proper stabilizing controllers
Hy, = NyD'; "' = 572 12/\7//2 of the plant H; are then characterized as in Theo-
rem 10.11.

It can now be shown, in view of Lemma 10.14, that all stabilizing con-
trollers are described by

t=(A+BF — K(C+ DF))i+ Ky+ (B — KD)r,
u=Fi+r,ra=y— (C+ DF)z — Dri,r1 = K'(q)rs, (10.66)
which can be rewritten as

i = Aé + Bu+ K(y — (C& + Du)),
u=F2+ K'(q)(y — (CZ + Du)). (10.67)
Thus, every stabilizing controller is a combination of an asymptotic (full-state,

full-order) estimator or observer and a stabilizing state feedback, plus K'(q)rs
with ro =y — (C& + Du), the output “error” (see Figure 10.4).

+ u
[—=0+—
+
p 4

Figure 10.4. A state-space representation of all stabilizing controllers

10.4 Two Degrees of Freedom Controllers

Consider the two degrees of freedom controller S¢ in the feedback configu-
ration of Figure 10.5. Here Sy represents the system to be controlled and is
described by its transfer function matrix H(s) so that

i(s) = H(s)a(s). (10.68)
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The two degrees of freedom controller S¢ is described by its transfer function
matrix C(s) in

oy g(s) | _ 4(s)
it =) |90 | = e e | 47| (10.69)
Since the controller S¢ generates the input u to Sy by processing indepen-
dently y, the output of Sy, and r, it is called a two degrees of freedom con-
troller.

-

Figure 10.5. Two degrees of freedom controller Sc¢

In the following discussion, we shall assume that H is a proper transfer
function and we shall determine proper controller transfer functions C, which
internally stabilize the feedback system in Figure 10.5. The restriction that
H and C are proper may easily be removed, if so desired.

10.4.1 Internal Stability

Theorem 10.15. Given is the proper transfer function H of Sy, and the
proper transfer function C of S¢ in (10.69) where det(I — CyH) # 0. The
closed-loop system in Figure 10.5 is internally stable if and only if

(i) 4= Cyy internally stabilizes the system § = Hu, and
(#) Cy is such that the rational matric

M2 (I-C,H)'C, (10.70)

(u = Mr) satisfies D"*M = X, a stable rational matriz, where Cy satis-
fies (i) and H = N D~ is a right coprime polynomial matriz factorization.

Proof. Consider controllable and observable polynomial matrix descriptions
(PMDs) for Su, given by

Dz=u, y=Nz (10.71)

and for S¢, given by
D.z. = [N,,N,] {y} U= e, (10.72)

where the N, D are rc and the 56, [K/'y, N‘T] are lc polynomial matrices. The
closed-loop system is then described by
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(DeD — N.N)z = N,r,y = Nz (10.73)

and is internally stable if the roots of det DO7 where DO £ DCD — NCN, have
negative real parts.

(Necessity) Assume that the closed-loop system is internally stable, i.e.,
5; 1 is stable. Since C, = D Ny is not necessarlly a left coprime poly—
nomial factorization, write [D( N, = GL[DCU,NC |, where G, is a gcld
of the pair (Dc Ny). Then Dc D — Nc N = G D, = Dk, where Dy,
is a polynomial matrix, with D ! stable; note also that G is stable.
Hence, u = Cyy = DC;Ncyy 1nternally stabilizes y = Hu = ND lu;
i.e., part (i) of the theorem is true. To show that (ii) is true, we write
M = (I — C,H)"'C, = DD;'D¢,(D;'N,) = DD, 'G;'N, = DX, where
X2 D(j IN, is a stable rational matrix. This shows that (ii) is also necebbary

(Sufficiency) Let C satisfy (i) and (ii) of the theorem. If C' = D [N N,]
is an lc polynomial MFD and G, is a gcld of the pair (D N, y), then [D Ny] =
G, [Dcy,ﬁc ] is true for some lc matrices Dc and NC (Cy = D>, 1Nc ). Be-
cause (1) is satisfied, Dc D - Nc N = Dy, where D ! is stable. Premultlply—
ing by GL we obtain D D — N N = GLDk Now if G 15 stable, then D L
where D = D D— N N = GLDk, will be stable since D Lis stable. To show
this, write D~'M = D~Y(I — C,H)~'C, = D; ' D¢, (DC IN,) = D;;'G;'N,
and note that this is stable, in view of (ii). Observe now that the G, N, are
lc; if they were not, then C' = f);l[ﬁy, ﬁr] would not be a coprime factoriza-
tion. In this case no unstable cancellations take place in D,;lGZlK/} (D,;1 is

stable) and therefore, if D~'M is stable, then (G Dy)~! = D! is stable or
the closed-loop system is internally stable. |

Remarks

(i) It is straightforward to show the same results, using proper and stable
factorizations of H given by

H=N'D"!, (10.74)

where the pair (N’,D’) € RHy, and (N',D’) is rc, and of
—1 — o~
C=D', [Ny, N, (10.75)

where the pair (ﬁc, []/\T’y,]/\T’T]) € RH,, and (ﬁc, [Z/\\f’y,]/\T’T]) is le. The
proof is completely analogous and is left to the reader. The only change
in the theorem will be in its part (ii), which will now read as follows: C,
is such that the rational matrix M £ (I — C,H)~1C, satisfies D'~'M =
X' € RHs, where Cy satisfies (a) and H = N'D’~! is an rc MFD in
RH.
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(ii) Theorem 10.15 separates the role of Cy, the feedback part of the two
degrees of freedom controller C, from the role of C)., in achieving internal
stability. Clearly, if only feedback action is considered, then only part (i) of
the theorem is of interest; and if open-loop control is desired, then C, = 0
and (i) implies that for internal stability H must be stable and C, = M
must satisfy part (ii). In (ii) the parameter M = DX appears naturally
and in (i) the way is open to use any desired feedback parameterizations.
In view of Theorem 10.15 it is straightforward to parametrically charac-
terize all internally stabilizing controllers C'. In the theorem it is clearly
stated [Part (i)] that C, must be a stabilizing controller. Therefore, any
parametric characterization of the ones developed in the previous subsec-
tions, as in [1, Subsection 7.4], can be used for C,. Also, C, is expressed
in terms of DM = X (or D'"'M = X").

Theorem 10.16. Given that § = Hu is proper with H = ND™! = D-IN
doubly coprime polynomial MFDs, all internally stabilizing proper controllers

Cinu=C [ﬂ are given by

(a) C = (I+QH)~'Q, M] = [I+LN)D~"]7'[L, X], (10.76)

where Q = DL and M = DX are proper with L, X and D™'(I + QH) =
(I + LN)D~! stable, so that (I + QH)™! exists and is proper; or

(b) C = (X1—KN) '~ (X+KD), X], (10.77)

where K and X are stable so that (X1 — Kﬁl)_l exists and C' is proper. Also,
X, X2:| lD X, [IO

X X ; -1 _ e A _ .
1 and Xo are determined from UU {—N 5 N X 0 I] with
U unimodular. L

If H = N'D'"' = D' N’ are doubly coprime MFDs in RH,,, then all

stabilizing proper C are given by
(c) C = (X|—-K'N) [~ (X,+K'D'), X'], (10.78)
where K', X' € RHy, so that (X — K'N')=\ exists and is proper. Also,
X{ X3] | D X 1ol .
1rrr—1 12 A2 rorrr—1
Uyt = [_N, D,} lN’ X/1‘| {01} with U',U'~! € RH...
(d) C=(I+QH)'[Q,M]=[I+L'N)D'" "'/, X'], (10.79)

where Q = D'L', M = D'X' € RHy, with L', X' and D'~Y(I + QH) =
(I + L'N")D'"' € RHy, so that (I + QH)™! or (I + L'N’)~! exists and is
proper.

Proof. The proof is based on the parameterizations of Section 10.3. For de-

tails, and for additional discussion of the parameters L and L', see [1, p. 624,
Theorem 4.2.2]. [ |
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Remarks

(a) In [1, pp. 592-605] a complete treatment of different parameterizations
of all stabilizing controllers is given. Parameter K in the theorem above
was discussed earlier and parameters @@, X and L are discussed in [1,
pp. 597-605].

(b) Notice that in the above theorem C, is parameterized by K or @ or L,
whereas C). is parameterized by M or X.

10.4.2 Response Maps

It is straightforward to express the maps between signals of interest of
Figure 10.6 in terms of the parameters in Theorem 10.16. For instance,

u = C Lz{] = [Cy,C/] [i{] = CyHu + C,r, from which we have u =

(I — CyH)™'Crr = Mr. (In the following discussion, we will use the sym-
bols u, y, r, etc. instead of @, ¢, 7, etc. for convenience.) If expressions in
(d) of Theorem 10.16 are used, then

uw=D'X'r, and y=Hu=N'D"'D'X'r=NX'r (10.80)

in view of (I — CyH)™' = D'(I + L'N")D'~!. Similar results can be derived
using the other parameterizations in Theorem 10.16. To determine expres-
sions for other maps of interest in control systems, consider Figure 10.6,
where d, and d, are assumed to be disturbances at the input and out-
put of the plant H, respectively, and n denotes measurement noise. Then,

u=[Cy, Cy] {y + Ciy + 77} + dy, from which we have u = (I — C, H) ' [C,r +
Cydy +Cyn+d,) and y = Hu = H(I — Cy,H)"YCyr + Cydy + Cyn + dy).

r—l.

Figure 10.6. Two degrees of freedom control configuration

Then, in view of (10.79) in Theorem 10.16, we obtain

uw=D'X"r+D'L'd,+ D'L'n+ D'(I+ L'N)D'"'d,
= Mr+ Qdy + Qn + Sidy (10.81)

and
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y=NX'r+N'Ld,+ N'L'n+N'(I+L'N)D'""d,
=Tr+ (S0 —I)dy + HQn + HS;d,. (10.82)

Notice that Q@ = (I — C,H)~'C, = D'L’ is the transfer function between u
and d, or 7. Also,

S, 2(I—-CyH) ' =D'I+L'N)D''=1+QH (10.83)

is the transfer function between v and d,. The matrix S; is called the input
comparison sensitivity matriz. Notice also that y, = y +dy = Tr + Sod, +
HQn+ HS;dy; i.e.,

So=(I—-HC,) ' =1+HQ (10.84)

is the transfer function between y, and dy,. The matrix S, is called the output
comparison sensitivity matriz. The sensitivity matrices S; and S, are impor-
tant quantities in control design. Now

Se—HQ=S8,-N'L' =1 (10.85)

since HQ = H(I — C,H)™'C, = HC,(I — HCy)™' = -1+ (I — HC,)"! =
—I 4+ S,, where S, and HQ are the transfer functions from y, to d, and 7,
respectively. Equation (10.85) states that disturbance attenuation (or sensi-
tivity reduction) and noise attenuation cannot occur over the same frequency
range. This is a fundamental limitation of the feedback loop and occurs also
in two degrees of freedom control systems. Similarly we note that

S;i—QH =1. (10.86)

We now summarize some of the relations discussed above:

T=H(I-C/H)'C,=HM =NX (y=1Tr),
M= (I-C,H)'C, = DX (u = Mr),
Q= (- CyH) Cy=DL (u= Qdy)a
So=(I—-HC,)" =1+HQ (Yo = Sody),
S;=(I-C H) '=T1+QH (u = Sidy),

where y = Tr denotes the relation between y and r from (10.82) when all the
other signals are zero. Similar expressions hold for the rest of the relations.

Realizing Desired Responses

The input—output maps attainable from r, using an internally stable two de-
grees of freedom configuration, can be characterized directly. In particular,
consider the two maps described by
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[fﬂ = L\TA r, (10.87)

i.e., the command/output map 7" and the command/input map M. Let H =
ND~! be an rc polynomial MFD.

Theorem 10.17. The stable rational function matrices T and M are real-
izable with internal stability by means of a two degrees of freedom control
configuration [which satisfies (10.87)] if and only if there exists a stable X so

that
L\TA - {g] X. (10.88)

Proof. (Necessity) Assume that T and M in (4.169) are realizable with in-
ternal stability. Then in view of Theorem 10.15, X £ D~!'M is stable. Also,
y=Hu=(ND 1) (Mr)=NXr.

(Sufficiency) Let (10.88) be satisfied. If X is stable, then T and M are
stable. Also, note that T'= HM. We now show that in this case a controller
configuration exists to implement these maps (see Figure 10.7). Note that

w= Mr+ Cy(fr +y) = [Cy, M+ Cyf] {ﬂ , from which we obtain

w= (I +CyH) (M +C,T)r. (10.89)

Now if M = M and T = T, then in view of T' = HM, this relation implies
that u = (I + C,H) ' (I + CyH)Mr = Mr and y = Hu = HMr = Tr. Fur-
thermore, Cy, is a stabilizing feedback controller, and the system is internally
stable since T and M are stable. |

Figure 10.7. Feedback realization of (T', M)

Note that other (than Figure 10.7), internally stable controller configura-
tions to attain these maps are possible. (The realization of both response maps
T and M, instead of only T as in the case of the Model Matching Problem,
makes the convenient formulation in Theorem 10.17 possible. The realization
of both T" and M is sometimes referred to as the Total Synthesis Problem; see
[6], [7] and the references therein.)

The results of Theorem 10.17 can be expressed in terms of H = N'D'~!,
rc MFDs in RH,. In particular, we have the following result.
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Theorem 10.18. T, M € RH, are realizable with internal stability by means
of a two degrees of freedom control configuration [which satisfies (10.87)] if
and only if there exists X' € RHo, so that

T N’
{M} = [D’]X/' (10.90)
Proof. The proof is completely analogous to the proof of Theorem 10.17, and
it is omitted. ]

Remarks

(i) It is now clear that given any desirable response maps Lzﬂ = [T ] r

M
T N'| ., , .

such that [M] = [D’] X', where X' € RHy,, the pair (T, M) can be
realized with internal stability by using for instance a controller (10.79),
C =[(I+ L'N)D'7Y7L X'], where [(I+L’N’)D’71,L’] € RH,, and
X’ is given above, as can easily be verified. It is clear that there are
many C', which realize such T and M, and they are all parameterized via
the parameter L' € RH,,, which for internal stability must satisfy the
condition (I + L'N’)D’'~! € RH,,. Other parameterizations such as K’
can also be used. In other words, the maps T, M can be realized by a
variety of configurations, each with different feedback properties.

(ii) In a two degrees of freedom feedback control configuration, all admissible
responses from r under condition of internal stability are characterized in
terms of the parameters X (or M), whereas all response maps from dis-
turbance and noise inputs that describe feedback properties of the system
can be characterized in terms of parameters such as K or ) or L. This
is the fundamental property of two degrees of freedom control systems: It
is possible to attain the response maps from r independently from feed-
back properties such as response to disturances and sensitivity to plant
parameter variations.

Ezample 10.19. We consider H(s) = (stlz(é'g)jz) and wish to character-
ize all proper and stable transfer functions T'(s) that can be realized by
means of some control configuration with internal stability. Let H(s) =
-1
(;’_é) (Ejlggz) = N'D'"! be an rc MFD in RHo. Then in view of Theo-
rem 10.18, all such 7 must satisfy N’ 'T = St2T7 = X' € RH. Therefore,
any proper T with a zero at +1 can be realized via a two degrees of freedom
feedback controller with internal stability. In general, all unstable zeros of H
must appear in T for internal stability to be possible. This shows a fundamen-

tal limitation of feedback control.



10.4 Two Degrees of Freedom Controllers 439

Now if a single degree of freedom controller must be used, the class of real-
izable T'(s) under internal stability is restricted. In particular, if the unity feed-
back configuration {I,Gyy, I} in Figure 10.10 below is used, then all proper
and stable T that are realizable under internal stability are again given by
T =NX = :;%XI where X’ = L’ € RHy [see 10.100] and in addition

(I+X'N)D'~' = (1+ X’;;é)g;fg;z € RHu; ie.,, X' = ng/d, is proper
and stable and should also satisfy (s 4 2)d, + (s — 1)n, = (s — 2)%p(s) for
some polynomial p(s). This illustrates the restrictions imposed by the unity

feedback controller, as opposed to a two degrees of freedom controller.

It is not difficult to prove the following result.

Theorem 10.20. T, M,S € RH., are realizable with internal stability by a
two degrees of freedom control configuration that satisfy (10.87) and (10.85)
/S = S,, see Figure 10.6 and (10.81), (10.82)] if and only if there exist
X', L' € RHy, so that

T N0y 0
M|=|D o [L,]+ 0f, (10.91)
S 0N I

where (I + L'N')D'~' € RH... Similarly, T, M,Q € RH,, are realizable if
and only if there exist X', L' € RHs, so that

T NOT
M|=|Do {L,], (10.92)
Q 0 D

where (I + L'N")D'~!' € RH .

Proof. The proof is straightfoward in view of Theorem 10.18. Note that S or
@ are selected in such a manner that the feedback loop has desirable feedback
characteristics that are expressed in terms of these maps. |

10.4.3 Controller Implementations

The controller C' = [Cy, C;] may be implemented, for example, as a system S,
as shown in Figure 10.5 and described by (10.72); or as shown in Figure 10.7
with C = [Cy, M + C,T], where C,, stabilizes H and T, M are desired stable
maps that relate » to y and r to u; i.e., y = Tr and u = Mr. There are
also alternative ways of implementing a stabilizing controller C'. In the follow-
ing discussion, the common control configuration of Figure 10.8, denoted by
{R;Gys,Gyp}, is briefly discussed together with several special cases.
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|
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Figure 10.8. Two degrees of freedom controller {R; G, Gy}

{R; G¢¢,Gyp} Configuration

Consider the system in Figure 10.8. Note that since
_ Y| _ Y
u=1c,1 Y] =Grsemanmn Y], (10.93)

{R;Gs¢,Gsp} is a two degrees of freedom control configuration that is as
general as the ones discussed before. To see this, let C = [Cy,C,] =

PR
D', [N'y,N',] be an lc MFD in RH,, and let
— — 1 —
R=N'".,Gjy=D', ,Gpp=N'y. (10.94)

Note that R and Gy, are always stable; also, G]Tfl exists and is stable. Assume
now that C' was chosen so that

D'.D'— N',N' = U, (10.95)

where ,Uv’, U ' € RHy. Then the system in Figure 10.8 with R, Gy and Gy
given in (10.94) is internally stable. See [1, p. 630] for the proof of this claim.

We shall now discuss briefly some special cases of the {R; Gf¢, Gy} con-
trol configuration, which are quite common in practice. Note that the con-
figurations below are simpler; however, they restrict the choices of attainable
response maps and so the flexibility offered to the control designer is reduced.

(1) {I;Gs¢,Gp} Controller

! G, LUl 7 —Y
(I e ISR

| -

| 1

I G, |~

Lo ___°L L=1

Figure 10.9. The {I;G¢s, G} controller

In this case u = [Cy, C;] E{

—

=[G¢sGp, Gyl [2:|, that is,
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Cy = C.Gyp. (10.96)

See Figure 10.9. In view of (10.79) given in Theorem 10.16, this implies that
L'=X'Gp (10.97)

or that the choice for the parameters L’ and X’ is not completely independent
as in the {R; Gy, Gy} case. The L' and X’ must of course satisfy L', X’ and
(I+L'N")D'~! € RH,. In addition, in this case L’ and X’ must be so that a
proper solution Gy of (10.97) exists and no unstable poles cancel in X'G .
Note that these poles will cancel in the product Gf;G, and will lead to an
unstable system. Since L’ and X’ are both stable, we will require that (10.97)
has a solution Gy, € RH. This implies that if, for example, X'~1 exists,
then X’ and L’ must be such that X'~'L' € RH; i.e., the X’ and L’ have
the same unstable zeros and L’ is “more proper” than X’. This provides some
guidelines about the conditions X’ and L’ must satisfy. Also,

Gyr=[(I+L'N)D'~1X". (10.98)

It should be noted that the state feedback law implemented by a dynamic
observer can be represented as a {I; G¢¢, Gy} controller. See [1, Section 7.4B,
Figure 7.8].

(it) {I;Gysy¢,1} Controller

[H |
L1

1
1
I
|
1
Figure 10.10. The {I;Gy¢, I} controller

A special case of (i) is the common unity feedback control configuration;

see Figure 10.10. Here u = [C), Cy] {ﬂ =[Gy, Gyyl {ﬂ, that is,

Cr=0Cy, (10.99)
which in view of (10.79) implies that
X' =1 (10.100)

In this case the responses between y or u and r (characterized by X’) cannot be
designed independently of feedback properties such as sensitivity (character-
ized by L’). This is a single degree of freedom controller and is used primarily
to attain feedback control specifications. This case is discussed further below.
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I
1
1 + !
I
I

Figure 10.11. The {R; Gy, I} controller

(i11) {R; Gy, I} Controller
— Y| _ Y. :
Here u = [Cy, C] L} = [Gys,GfsR) L}, that is,

C, = CyR. (10.101)
See Figure 10.11. In view of (10.79) given in Theorem 10.16, this implies that
X' =L'R. (10.102)
The L' and X’ must satisfy L', X', (I + L'N’)D'~! € RH,. In addition, they
must be such that (10.102) has a solution R € RH.. Note that R stable is

necessary for internal stability. The reader should refer to the discussion in
(i) above for the implications of such assumptions on X’ and L’. Also,

Gy =[I+L'N)D'~1 1L (10.103)

() {R;I,Ggp} Controller

Figure 10.12. The {R;I,G} controller

In this case
u=1[C,,C,] {ﬂ =[Gy, R {f{] . (10.104)

See Figure 10.12. For internal stability, R must be stable. In view of (10.79)
given in Theorem 10.16, this implies the requirement [(I + L'N’)D'~1]71 X’ €
RH,,, in addition to L', X', (I+L'N")D~! € RH,,, which imposes significant
additional restrictions on L’. Here

(G, Rl = [(I + L'N)D'" 1L, X]. (10.105)
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|
I 1
1 :r |
I [

| | ;

Figure 10.13. The {I;1,Gyy} controller

u

MH |
L1

(v) {I;I,Gyp} Controller

This is a special case of (iv), a single degree of freedom case where R = I; see
Figure 10.13. Here, R = I implies that

X' =(I+LN)D™, (10.106)
or that, X’ and L’ must satisfy additionally the relation
D'X'—-L'N' =1, (10.107)
a (skew) Diophantine Equation. This is in addition to the condition that
L', X',(I+L'N)D™! € RH.
Unity (Error) Feedback Configuration

Consider the unity feedback (error feedback) control system depicted in Fig-
ure 10.14, where H and C are the transfer function matrices of the plant
and controller, respectively [see also Figure 10.10 and (10.99), (10.100)]. This
configuration is studied further below.

Q

Figure 10.14. Unity feedback control system

Assume that (I + HC)™! exists. It is not difficult to verify the relations

y=(+HCO)'HCr + (I + HC) 'd & Tr + Sd,
u=(I+CH) 'Cr— (I+CH)*Cd % Mr — Md. (10.108)

If they are compared with relations (10.81)—(10.86) for the two degrees of
freedom controller, then v = Cyy + C,r, C, = —C and C, = C, since u =
—Cy+ Cr. Hence, for the error feedback system of Figure 10.14, the relations
following (10.86) assume the forms
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M=(I+CH)"'C=DX=-Q=-DL,
T=H(I+CH)'C=(I+HC)'HC =HM = NX,
S,=(I+HC)'=1+HQ=1I-HM =1-T,
S;=(I+CH) ' =I+QH=1—-MH. (10.109)

If now Theorem 10.16 is applied to the present error feedback case, then it
can be seen that all stabilizing controllers are given by

C=[(I-XN)D''X, (10.110)

where [(I — X N)D~!, X] is stable and (I — XN)~! exists. H = ND~!isa
right coprime (rc) polynomial matrix factorization.

Similarly, it can be shown by applying Theorem 10.16 that if H is proper
and H = N'D’ " is anrc MFD in RH 0, then all proper stabilizing controllers
are given by

C=[I-XN)D "X, (10.111)

where [(I — X’N")D'~", X'] € RHy, and (I — X'N")~! exists and is proper.
H Square and Nonsingular

Assume now that H is proper and H ! exists; i.e., H is square and nonsingu-
lar. Let H = ND~! be an rc polynomial MFD. If T is the closed-loop transfer
function between y and r, it can be shown that the system will be internally
stable if and only if

[NY(I —=T)H,N~'T] (10.112)

is stable. Assume that T" # I in order for the loop to be well defined. Note
that if T is proper, then

C=H'T(I-T)"! (10.113)
is proper if and only if H~'T is proper and I — T is biproper.
SISO Case

If, in addition, it is assumed that H and T are single-input, single-output
transfer functions with H = n/d, the closed-loop system will be stable if and
only if

(1-T)d*=8d' and Tn* (10.114)

are stable, i.e., if and only if the sensitivity matrix has as zeros all the unstable
poles of the plant and the closed-loop transfer function has as zeros all the
unstable zeros of the plant.

This is a result that is well known in the classical control literature (refer
to the book by J. R. Ragazzini and G. F. Franklin, Sampled Data Control
Systems, McGraw-Hill, New York, 1958). It is derived here by specializing
the more general multi-input, multi-output case results to the single-input,
single-output case.
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Ezample 10.21. Given H(s) = (573)’(;1),
tions 7" that can be realized via the error feedback configuration, shown in
Figure 10.14, under internal stability, are to be characterized. When an er-
ror feedback configuration is used, 7" must satisfy the following conditions:

[(1—T)d,TnY = {(Sg)—(?il), dT&TJJ stable; that is, T must be stable

and dr — np = (s — 2)CZT, ny = (s — )iy (T must have as zero the un-

stable zero of H). The controller C' = nr(s=Dstl) _ arls+) por O to be
(s—2)(s41) (dr—nrT)(s—1) dr
s—2)(s+1)nr

proper H™ 1T = (5—1)dn must be proper and 1 — T = dT{;T"T must be
biproper; these are satisfied when deg dr > degny + 1. The closed-loop eigen-
values are the zeros of ded + nen = dr(s — 2)(s + 1) + fp(s + 1)(s — 1) =
(s+1)[(dr —nr) +nr| = (s+ 1)dr.

If T is to be realized via a two degrees of freedom controller instead, in
view of Theorem 10.17, the stability requirement is that 7= NX = (s — 1) X
with X stable.

It may be of interest to use Theorem 10.18 and proper and stable factoriza-

-1
tions. In this case, let H = (s—;)_(i+1) = ((;_;11)2) (Zﬁ) . Then T is realiz-
able with internal stability using a two degrees of freedom configuration if and

only if N'~1T = ((S:r_ll);(?; = X' is proper and stable. That is ny = (s — 1)f
and degdr > degnz + 1. In the error feedback case, [(1 — T)d' !, Tn'~1] =
[(denT)(erl) ny(s+1)2

dr(s—2) > dr(s—1)
ity, that 7" should be stable, dp — ny = (s — 2)czT,nT = (s — 1)nip; and for
properness, deg dr > degnr + 1 as before.

all scalar proper transfer func-

} must be proper and stable, which imply, for stabil-

10.4.4 Some Control Problems

In control problems, design specifications typically include requirements for in-
ternal stability or pole placement, low sensitivity to parameter variations, dis-
turbance attenuation, and noise reduction. Also, requirements such as model
matching, diagonal decoupling, static decoupling, regulation, and tracking are
included in the specifications.

Internal stability has, of course, been a central theme throughout this
book, and in this section, all stabilizing controllers were parameterized. Pole
placement was also studied in Chapter 9, using state feedback. Sensitivity
and disturbance noise reduction are treated by appropriately selecting the
feedback controller C,. Methodologies to accomplish these control goals, fre-
quently in an optimal way, are developed in many control books. It should be
noted that many important design approaches such as the H., optimal control
design method are based on the parameterizations of all feedback stabilizing
controllers discussed above. In particular, an appropriate or optimal controller
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is selected by restricting the parameters used, so that additional control goals
are accomplished optimally, while guaranteeing internal stability in the loop.
Our development of the theory of two degrees of freedom controllers can
be used directly to study model matching and decoupling, and a brief outline
of this approach is given in the following. Note that this does not, by far,
constitute a complete treatment of these important control problems, but
rather, an illustration of the methodologies introduced in this section.

Model Matching Problem

In the model matching problem, the transfer function of the plant H(s) (y =
Hu) and a desired transfer function 7'(s) (y = T'r) are given and a transfer
function M(s) (u = Mr) is sought so that

T(s) = H(s)M(s). (10.115)

Typically, H(s) is proper, and the proper and stable T'(s) is to be obtained
from H(s) using a controller under the condition of internal stability. There-
fore, M(s) can in general not be implemented as an open-loop controller,
but rather, as a two degrees of freedom controller. In view of Theorem 10.18,
if H= N'D'""is an rc MFD in RH.,, then the pair (T, M) can be real-
ized with internal stability if and only if there exists X' € RH., so that
!
[Aj;] = {g,] X'. Note that an M that satisfies (10.115) must first be se-
lected (there may be an infinite number of solutions M). In the case when
det H(s) # 0, T can be realized with internal stability by means of a two
degrees of freedom control configuration if and only if N’ = X’ € RHy
(see Example 10.19). In this case M = D’X’. Now if the model matching
is to be achieved by a more restricted control configuration, then additional
conditions are imposed on T for this to happen, which are expressed in terms
of X' (see, for instance, Example 10.19 for the case of the unity feedback
configuration).

Decoupling Problem

In the problem of diagonal decoupling, T(s) in (10.115) is not completely
specified but is required to be diagonal, proper, and stable. In this problem
the first input affects only the first output, the second input affects only the
second output, and so forth. If H(s)~! exists, then diagonal decoupling under
internal stability via a two degrees of freedom control configuration is possible
if and only if

ni

N7 =N"! = X' € RH,,, (10.116)

Mm,

dm
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where H = N’D'"' is an rc MFD in RH,, and T(s) = diag[ni(s)/di(s)],
i =1,...,m. It is clear that if H(s) has only stable zeros, then no additional
restrictions are imposed on T'(s). Relation (10.116) implies restrictions on the
zeros of n;(s) when H (s) has unstable zeros.

It is straightforward to show that if diagonal decoupling is to be accom-
plished by means of more restricted control configurations, then additional
restrictions will be imposed on T'(s) via X’. (See Exercise 10.5 below for the
case of diagonal decoupling via linear state feedback.) A problem closely re-
lated to the diagonal decoupling problem is the problem of the inverse of
H(s). In this case, T'(s) = I.

In the problem of static decoupling, T(s) € RH.m is square and also
satisfies T'(0) = A, a real nonsingular diagonal matrix. An example of such

. s24+1 s(s2+2

T(S) 1S T(S) = d(ls) S(8+2) 82(+ 3s +)1
mial. Note that if T(0) = A, then a step change in the first input r will affect
only the first output in y at steady-state and so forth. Here y = Tr = Ti
and limg_,g sTi = T(0) = A, which is diagonal and nonsingular. For this to
happen, with internal stability when H (s) is nonsingular (see Theorem 10.18),
we must have N’ 'T = X’ ¢ RH., from which can be seen that static de-
coupling is possible if and only if H(s) does not have zeros at s = 0. If this is
the case and if in addition H(s) is stable, static decoupling can be achieved
with just a precompensation by a real gain matrix G where G = H=1(0)A. In
this case T'(s) = H(s)G = H(s)H'(0)A from which T'(0) = A.

, where d(s) is a Hurwitz polyno-

10.5 Summary and Highlights

Interconnected Systems—Feedback

o let y = Hyu and u = Hoy + 7, where the plant H; = NlDfl, and the
controller Hy = D5 LN, are both coprime MFD. Then the closed-loop
system is stable if and only if det(Ds D7 — NaN7) is a Hurwitz polynomial

I —H,
or the poles of [—H1 I
e The Diophantine Equation

} are stable (see Theorem 10.4).

DDy — NyNy = D,

is important for feedback systems. The roots of det Dy, are the closed-loop
eigenvalues. See (10.30).

e For interconnected systems in parallel and series, see (10.3)—(10.5) and
(10.6)—(10.8).



448 10 Feedback Control Systems
Parameterization of All Stabilizing Feedback Controllers

e Given Hy = N1 Dy L= lN)f 1K71, a doubly coprime factorization, all feed-
back stabilizing controllers Hy are given by

Hy; = _(516X1 - Nkﬁl)il(ﬁky1 + Nkﬁl)

= —(Y1 Dy, + Dy Ni) (X1 Dy — N1 Ni) L, (10.44)
where B
X, v1][D -V, I0
1 1 I 1 1
| X e - 10.41
vu [_Nl Dl] [Nl Xl] [OI] (10.42)

with U a unimodular matrix. The polynomial matrices K/'k and N in
D;'N, = NyD;' = K (10.51)

are arbitrary and 5,;1, D,;l stable; the closed-loop eigenvalues are the

roots of det Dy or of det Dy, (see Theorem 10.6).
e Equivalently, all stabilizing controllers are given by

Hy = —(X1 — Kﬁl)il(yl + Kﬁl)
= —(Y1 + D1K)(X; — N1 K) 1, (10.50)

where the poles of K are the closed-loop eigenvalues (see Theorem 10.7).

— ]~
e Given H; = N|D'7' = D', N’y a doubly coprime MFDs in RH,., then
all proper stabilizing controllers Hy are given by

Hy=—(X| = K'N'\)""(Y{ + K'D'y) = —(Y'1 + D\K")(X'y — N/K')™",

(10.58)
where K’ € RH, any rational proper and stable matrix (see Theo-
rem 10.11).

e See (10.67) for all stabilizing controllers in terms of state-space descrip-
tions.

Two Degrees of Freedom Controllers

e Given H = ND™! right coprime,

its) = 6,660, ¢, | 27| (10.69)

stabilizes H if and only if
(i) 4= Cyy stabilizes § = H, and
(ii) C, is such that
M2 (I-C,H)'C, (10.70)

(u = Mr) satisfies D™'M = X, a stable rational matrix (see Theo-
rem 10.15).
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e See Theorem 10.16 for parameterizations of all stabilizing two degrees of
freedom controllers.

e See (10.81) and (10.82) for relations between u, y and external inputs and
disturbances.

e Given y = ND 'u, y = Tr and u = Mr are realizable via any control
configuration with internal stability if and only if

T N
HIBIE
where X is stable. See Theorems 10.17 and 10.18.

e The cases when a more restricted controller is used are addressed. See
(10.96)—(10.107). The error or unity feedback controller is further discussed
in (10.108)-(10.114).

e The model matching problem, the diagonal decoupling problem, and the
static decoupling problem are discussed. See Subsection 10.4.4.

10.6 Notes

Two books that are original sources on the use of polynomial matrix descrip-
tions in Systems and Control are Rosenbrock [18] and Wolovich [22]. In the
former, what is now called Rosenbrock’s matrix is employed and relations to
state-space descriptions are emphasized. In the latter, what are now called
Polynomial Matrix Fractional Descriptions are emphasized and the relation
to state space is accomplished primarily by using controller forms and the
Structure Theorem, which was presented in Chap 6. Good general sources for
the polynomial matrix description approach include also the books by Vardu-
lakis [19], Kailath [16], and Chen [9]. A good source for the study of feedback
systems using PMDs and MFDs is the book by Callier and Desoer [8].

The development of the properties of interconnected systems, addressed
in Section 10.2, which include controllability, observability, and stability of
systems in parallel, in series, and in feedback configurations is primarily based
on the approach taken in Antsaklis and Sain [7], Antsaklis [3] and [4], and
Gonzalez and Antsaklis [14].

Parameterizations of all stabilizing controllers are of course very impor-
tant in control theory today. Historically, their development appears to have
evolved in the following manner (see also the historical remarks on the Dio-
phantine Equation in [1, Subsection 7.2E]): Youla et al. [23] introduced the
K parameterization (as in Theorem 10.7 above) in 1976 and used it in the
Wiener—Hopf design of optimal controllers. This work is considered to be the
seminal contribution in this area. The proofs of the results on the parameter-
izations in Youla et al. [23] involve transfer functions and their characteristic
polynomials. Neither the Diophantine Equation nor PMDs of the system are
used (explicitly). It should be recalled that in the middle 1970s most of the
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control results in the literature concerning MIMO systems involved state-
space descriptions and a few employed transfer function matrices. The PMD
descriptions of systems were only beginning to make some impact. A version
of the linear Diophantine Equation, namely, AX + Y B = C polynomial in
2~ ! was used in control design by Kucera in work reported in 1974 and 1975.
In that work, parameterizations of all stabilizing controllers were implicit,
not explicit, in the sense that the stabilizing controllers were expressed in
terms of the general solution of the Diophantine Equation, which in turn can
be described parametrically. Explicit parameterizations were reported later
in Kucera [17] in 1979. Antsaklis [2] in 1979 introduced the doubly coprime
MFDs (used in this book and in the literature) for the first time with the
polynomial Diophantine Equation, working over the ring of polynomials, to
derive parameterizations of all stabilizing controllers and to prove the results
by Youla et al. in an alternative way. In this work, internal system descrip-
tions were connected directly to stabilizing controller parameterizations via
the polynomial Diophantine Equation. In Desoer et al. [10] in 1980 parame-
terizations K’ of all stabilizing controllers using coprime MFDs in rings other
than polynomial rings (including the ring of proper and stable rational func-
tions) were derived. It should also be noted that proper and stable MFDs
had apparently been used earlier by Vidyasagar. In Zames [24] in 1981, a pa-
rameterization @ of all stabilizing controllers, but only for stable plants was
introduced and used in H, optimal control design. (Similar parameterizations
were also used elsewhere, but apparently not to characterize all stabilizing con-
trollers; for example, they were used in the design of the closed-loop transfer
function in control systems and in sensitivity studies in the 1950s and 1960s,
and also in the “internal model control” studies in chemical process control
in the 1980s.) A parameterization X of all stabilizing controllers (where X is
closely related to the attainable response in an error feedback control system),
valid for unstable plants as well, was introduced in Antsakis and Sain [6]. Pa-
rameterizations involving proper and stable MFDs were further developed in
the 1980s in connection with optimal control design methodologies, such as
H . optimal control, and connections to state-space approaches were derived.
Two degrees of freedom controllers were also studied, and the limitations of
the different control configurations became better understood. By now, MDF's
and PMDs have become important system representations and their study is
essential, if optimal control design methodologies are to be well understood.
See [1, Subsections 7.2E and Section 7.6] for further discussion of controller
parameterizations.

The material on two degrees of freedom controllers in Section 10.4 is based
on Antsaklis [4] and Gonzalez and Antsaklis [12], [13], [14], [15]; a good source
for this topic is also Vidyasagar [20]. Note that the main stability theorem
(Theorem 10.15) first appeared in Antsaklis [4] and Antsaklis and Gonzalez [5].
For additional material on model matching and decoupling, consult Chen [9],
Kailath [16], Falb and Wolovich [11], Williams and Antsaklis [21], and the

extensive list of references therein.
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Exercises

10.1. Consider the double integrator H; = 512'

(a) Characterize all stabilizing controllers Hs for Hj.
(b) Characterize all proper stabilizing controllers Hs for H; of order 1.

10.2. Consider the double integrator Hy = 312'

(a) Derive a minimal state-space realization for Hy, and use Lemma 10.14 to
derive doubly coprime factorizations in RH .

(b) Use the polynomial Diophantine Equations to derive factorizations in
RH.

10.3. Consider Hy = [52;{1, sE.

(a) Derive a minimal state-space realization {A, B, C, D}, and use Lemma 10.14
and Theorem 10.11 to parameterize all stabilizing controllers Hs.

(b) Derive a stabilizing controller Hs of order three by appropriately selecting
K’. What are the closed-loop eigenvalues in this case? Comment on your
results.

12
10.4. Consider H = [ syl osy3 }
s+1 s+1
(a) Derive an rc MFD in RHy,, H = N'D'~".

ny

0
(b) Let T = {‘61 na ], and characterize all diagonal T" that can be realized
da

under internal stability via a two degrees of freedom control configuration.

10.5. In the model matching problem, the transfer function matrices H €
RP*™(s) of the plant and T' € RP*™(s) of the model must be found so that
T = HM. M is to be realized via a feedback control configuration under
internal stability. Here we are interested in the model matching problem via
linear state feedback. For this purpose, let H = ND~! an rc polynomial
factorization with D column reduced. Then Dz = u,y = Nz is a minimal
realization of H. Let the state feedback control law be defined by u = Fz+Gr,
where F' € R[s|™*™, G € R™ ™ with det G # 0 and deg,, I < deg,, D. To
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allow additional flexibility, let » = Kv and K € R"™*9. Note that Hrgx =
ND-'GK = (ND™Y)(DDz'GK) = (ND")[D(G~'Dr)"'K| = HM where
Drp=D-F.

In view of the above, solve the model matching problem via linear state
feedback, determine F, G, and K, and comment your results when

s+1)(s+2 s
(a) H = (232—)gs+2)’ T= sié’

s+1 0
(b)H:|: f s+2:|a T:IQa

sJSrZ sJSrS s+1
ou=[FH], o[
s+1 (s+2)(s+4)

Hint: The model matching problem via linear state feedback is quite easy to
solve when p = m and rank H = m in view of (G™'Dp)™'K = D7'M =
D 'H-'T = N~IT.



