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Abstract. Observer based controllers for loop transfer recovery of non-strictly
proper systems which are left invertible and of minimum phase are considered. A
complete analysis of loop transfer recovery problem using either full or reduced
order observer based controller is provided.
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1. Introduction and Problem Statement

In multi-input and multi-output feedback control system design, performance
specifications such as command following, disturbance rejection, closed-loop
band-width, stability robustness with respect to unstructured dynamic uncer-
tainties etc., are naturally posed in frequency domain in terms of sensitivity and
complementary sensitivity functions (Doyle and Stein, 1981). These sensitivity
and complementary sensitivity functions are related to the loop transfer
matrices evaluated by breaking the control loop at critical points, commonly
either the input or output point of the given plant. Thus typically, one is
interested in designing a closed-loop control system to arrive at a specified loop
transfer function. In this paper, we concentrate on a case when the uncertainties
are modeled at the input point of a nominal plant model and hence the required
loop transfer function is specified at the plant input point. However, our results
can be dualized for the case when the required loop transfer function is specified
at the output point. In recent years, a design procedure called LQG/LTR,
originally proposed by Doyle and Stein (1979) has gained some prominences.
Essentially, LQG/LTR is a two step design procedure. In the first step of
design, a standard state feedback design is done so that the resulting loop
transfer function at the plant input point, here after called as a target loop
transfer function, meets the given specifications. In the second step of design,
one first assumes a closed-loop configuration as in Fig. 1 where C(s) and P(s)
are respectively the transfer functions of a controller and the given plant. Given
P(s) and the target loop transfer function L(s), one seeks to design a C(s) such
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P(s) y

C(s) =

Fig. 1. Closed-loop configuration—
plant with controller.

that C(jw)P(jw) is either exactly or approximately equal to L(jw) in the
frequency region of interest. This second step of design is termed as LTR
design.

Ever since the seminal work of Doyle and Stein (1979), there have been
many papers on LTR using either full or reduced order observer based
controllers. All these papers, however, assume that the given plant is strictly
proper. So far there is no method what so ever in the literature to deal with LTR
design for non-strictly proper systems. In this paper, we focus our attention on
the loop transfer recovery design for non-strictly proper plants. Let us consider
a left invertible and minimum phase plant X,

£=Ax + Bu, y=Cx + Du, (1=1)

where the state vector x€R”, output vector yER? and input vector u€R™. Let
us assume that X is stabilizable and detectable. Without loss of generality, we
also assume that [B', D']" and [C, D] are of maximal rank. Let F be a
stabilizing full state feedback gain matrix such that (a) the closed-loop system is
asymptotically stable, i.e., eigenvalues of A —BF lie in the open left half s-plane,
and (b) the open-loop transfer function when the loop is broken at the input point
of the plant meets the given frequency dependent specifications. The state
feedback control law is

u= —Fx, (1.2)

and the loop transfer function evaluated when the loop is broken at the input
point of the plant, the so called target loop transfer function, is

L(s) = F®B, (1.3)
where @=(sI—A)™'. Instead of using the state feedback control law of (1.2), if
one uses output feedback controller C(s) as in Fig. 1, then the achieved loop
transfer function evaluated when the loop is broken at the input of the plant is

L(s) = C(s)P(s), P(s)=C®B + D, (1.4)

and thus our goal is to design C(s) such that the mismatch function £ (jw) with
E (s) defined as

E(s) = L(s) — L(s) (1.5)
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is either exactly zero or in some sense approximately zero over the frequency
range of interest. More precisely, we say exact LTR (ELTR) is achieved if

C(s)P(s) = L(s) for all s.

Achieving ELTR is in general not possible. In an attempt to achieve “approxi-
mate” LTR, one normally parameterizes C(s) as a function of a scalar or a vector
parameter ¢ and thus obtains a family of controllers C(s, ). We say asymptotic
LTR (ALTR) is achieved if

C(s, 0)P(s) — L(s) pointwise in s

as the tuning parameter o— o, or equivalently E(s, 0)—0 pointwise in § as
o— . Achievability of ALTR enables the designer to choose a member of the
family of controllers that corresponds to a particular value of ¢ that achieves a
desired level of recovery.

Regarding the structure for controller C(s) or C(s, o), one has complete
freedom to choose any appropriate structure for it. All the existing LTR
literature for strictly proper systems, except for Chen, Saberi and Sannuti
(1990) assumes a full or reduced order observer based controller. In this paper,
we will study only the traditional observer based controllers, either full or
reduced order type. A study similar to this paper but using appropriate
compensator structures will be a subject of our future research.

The paper is organized as follows. In Sec. 2, we develop the full order
observer based controller which achieves either ELTR or ALTR. And in Sec. 3,
we consider the LTR design by using the reduced order observer based
controller. Two numerical examples are given in Sec. 4 to illustrate the
developed theory of loop transfer recovery for non-strictly proper systems.

Throughout this paper, A’ denotes the transpose of A, I denotes an identity
matrix while I, denotes the identity matrix of dimension kX k. A(A) denotes the
set of eigenvalues of A. Similarly, 0,,.<[A] and o,;,[A] respectively denote the
maximum and minimum singular values of A. The open left and closed right half
s-plane are respectively denoted by C~ and C*.

2. Full Order Observer Based Controller

In this section, we consider the loop transfer recovery design via the full
order observer based controllers. Without loss of generality but for simplicity of
presentation, we will assume that D matrix in (1.1) has been transformed in the

form of
_| L 0
D = [ 0 0 ], (2.1

where 7 is the rank of D and r=m (left invertibility of X implies that m=p). Let
us partition the state equation of (1.1) as

jf:Ax+B{;u[)+B]Hl } (2 2)

y(; = C(]x + Uy, J"l . Clx
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Here the control # is partitioned as u=[u{, u}]’" where u, and u; are of
dimension » and m—r respectively. And the output y is partitioned as y= [y;j.
¥ 1" where y, and y, are respectively of dimension » and p—r. Hence, we can
rewrite (2.2) as a new system characterized by the triple (4,, B,, C;),

£ =Ax+ Byuy, + Byy,, y,=Cox + u
1 14 0¥ ” 0 u1 2.3)
y,=Cix

where A;=A—B,C, and y, is considered as a known signal. We have the
following results:

Remark 2.1:  Note that if D is of full rank (i.e., r=m), then B;=0.

Lemma 2.1. Consider the system 3 characterized by the triple (4,, B,,

C,) with B;#0. Then, we have

1. X is left invertible and of minimum phase if and only if 2'is left invertible and
of minimum phase.

2. Invariant zeros of X, are the same as those of the given plant X.

Proof.  Itis trivial to verify this lemma by following the properties of a special
coordinate basis (s.c.b) for non-strictly proper systems (Saberi and Sannuti,
1990; Also, see the details of s.c.b in Appendix A).

Now consider a full order observer based controller configuration as given in
Fig. 2. Note that in Fig. 2 we have partitioned the state feedback gain matrix F
in conformity with #, and #, as

The dynamics of the observer-based controller in Fig. 2 can be expressed as

i=A%+ Boy, + Biuy + K(y,—C1 %) (2.4)

Fig. 2. Plant with the full order observer based controller.
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and
uy = oy = _Fu‘.-f- uy =ty = _—Futf' (2.1

By examining (2.3) and (2.4), we note that (2.4) is nothing more than a
conventional observer. Thus, it is simple to verify that the well-known separa-
tion principle holds and the stability of the closed-loop system is guaranteed
whenever A—BF and A,—KC, are stable. The transfer function of the
observer based controller (i.e., the transfer function from y to —, when « and #
are considered as two separate variables) can be easily obtained,

C(s) = F(sI-A;+B,F, +KCy)'[B,, K], (2.6)

where K is the only unknown matrix which is considered as a free design
parameter. In what follows, we examine the necessary and sufficient conditions
for loop transfer recovery of non-strictly proper systems.

Lemma 2.2. Consider the closed-loop system comprising of the given plant
2 along with the observer based controller (2.4) and (2.5) as given in Fig. 2.
Then the mismatch function as defined in (1.6) can be expressed as

E(s) = M(s)[I,,+M(s)I',,+F®B), (25
where
M(s) = [My(s), Mi(s)], (2.8)

and where mXxr and m X (m—r) dimensional matrices My(s) and M,(s) are
given by

My(s) =0, M(s) = F(®7'+KCy)'B, (2.9)

With @1 = (SI"“A ]_)_1 - (SI_A +Bg]C{J)_I.
Proof. See Appendix B.

Lemma 2.3.
E(jw) =0 ifand only if M;(jw) =0 forall w € Q,

where @ is the set of all 0<w< o for which L(jw) and L(jw) are well defined
(i.e., all required inverses exist).

Proof. It 1s obvious.

Thus Eq. (2.7) presents a clear perspective to study the basic mechanism by
which both exact and approximate LTR occurs for non-strictly proper systems.
It is clear that ELTR is achievable if M,(jw)=0 exactly and on the other hand
ALTR is achievable if o,.[M;(jw)] can be made arbitrarily small for all . We
have the following theorem for ELTR.

Theorem 2.1.  Consider the closed-loop system comprising of the given plant
Z and the full order observer based controller (2.4) and (2.5) as given in Fig. 2.
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Then both the asymptotic stability of the closed-loop system and ELTR can be

achieved under the following conditions:

2. C1 B, is of maximal rank (i.e., the plant has no infinite zero of order higher
than one).

3. The given plant is left invertible and is of minimum phase.

Proof. Under the conditions given in the theorem, a constructive method of
obtaining the observer gain K to achieve both closed-loop stability and ELTR is
given in Appendix C.

Corollary 2.1.  For a left invertible and minimum phase plant as in (1.1), if D
matrix is of full rank, i.e., »=m, then ELTR is achievable.

Proof. r=m implies that B;=0 and hence M(s)=M,(s)=0.

Remark 2.2: ELTR is achievable for any single-input and single-output non-
strictly proper system if it is of minimum phase.

Since FB,=0 severely restricts the class of loop transfer functions that are
exactly achievable, we now focus our attention on ALTR for non-strictly proper
systems. In ALTR, the gain K is parameterized in terms of a tuning parameter
0. Thus we rewrite M,(s) as

Mi(s, 0) = F(®7'+K(0)C,)'B;. (2.10)

Most of the existing literature focuses attention on how to design the observer
gain K (o) such that

(@7'+K(0)C1) 'B;—0 pointwise in s as o—x, (2.11)

which is known as Doyle-Stein condition. (2.11) is a sufficient condition to
render On.<[M;(jw, o)] and hence 0., [M(jw, )] arbitrarily small for all w.
Doyle and Stein (1979) gave another sufficient condition under which (2.11) is
true. Their condition is as follows: Let K(o) be chosen such that as o— =,
K(o)/lo—B.W for some nonsingular matrix W. Then, (2.11) is true and
consequently ALTR is achieved as o— . Also, there were several attempts
later on to weaken Doyle-Stein condition (Madiwale and Williams, 1985; Matson
and Maybeck, 1987; Saberi and Sannuti, 1990). It is well known that in order to
satisfy (2.11), one needs that the triple (4,, B;, C;), namely X, is left
invertible and of minimum phase. However, from Lemma 2.1, it follows that X,
is left invertible and of minimum phase if and only if the given plant is left
invertible and minimum phase. Thus existing design methods can be used to find
the gain K (o). In comparison with the sufficient conditions for ELTR as stated in
Theorem 2.1, one finds a drastic relaxation of the required conditions for ALTR.

Theorem 2.2.  Consider the closed-loop system comprising of the given plant
X and the full order observer based controller (2.4) and (2.5) as given in Fig. 2.
Let the given non-strictly proper plant be left invertible and be of minimum
phase. Then a gain K(o) can be designed such that both asymptotic stability of
the closed-loop system and ALTR can be achieved.

Proof.  The proof is obvious in view of (2.11) and the well known results for
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strictly proper systems.

As discussed above, most often one opts for ALTR design as it requires less
stringent conditions than ELTR design. In ALTR, the level of recovery depends
on Opax[M(jw, o)]. However in order to render om.[M(jw, o)] small, one
needs to increase the tuning parameter ¢ which itself increases the gain K(o).
Thus as discussed by Sogaard-Andersen and Niemann (1989), there is a
fundamental trade-off between the level of recovery and the size of gain. This
trade-off can be visualized in a natural way in terms of the trade-off between the
singular values of sensitivity and complementary sensitivity functions and
singular values of M(jw, o). We can extend their results to the case when the
given plant is non-strictly proper. Let Sy(s, o) and T,(s, o) be the achieved
sensitivity and complementary sensitivity functions in the configuration of Fig. 2
when the loop is broken at the input point of the plant,

So(s, 0) = [I,+C(s, 0)P(s)]™*
and
To(s, 0) =1, — So(s, 0) = [[,+C(s, a)P(s)]'C(s, 0)P(s).

Let S;(s) and T,(s) be the sensitivity and complementary sensitivity functions
corresponding to the target loop-shape. Then, we have an identical lemma as we
have for the case when the given plant is strictly proper:

Lemma 2.4.  Consider the configuration of Fig. 2. Let the given non-strictly
proper plant be left invertible and of minimum phase. Then, there exists a gain
K(o) such that as g— oo,

So(jw, 0) - S,.(jw)
and
Ty(jw, o) — T:(jm).

Moreover, for any given value of o, we have following bounds on all singular
values i=1 to m of Sy(jw, o) and Ty(jw, o):

|ailSo(i, 0)1-alS(jo)]] _

Umax[sp(jw)] OmaxIM1(jw, )]

and

|oi[Ty(jo, 0)]1-0iT:(jw)]]
Omax[Sr(jw) ]

= Omax[Ma(jo, 0)].

Proof. It follows Sogaard-Andersen and Niemann (1989). Also, see Chen,
Saberi and Sannuti (1990).

As in the case when the given plant is strictly proper, the expressions given
above can be used to analyze the inevitable trade-off between good recovery as
indicated by o,.«[M(jw, o)] and robustness and performance as reflected in
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the sensitivity and complementary sensitivity functions. To do this, one can
apply the so-called recovery diagrams developed by Sogaard-Andersen and
Niemann (1989).

3. Reduced Order Observer Based Controller

Now, let us consider a reduced order observer based controller. In this
section, without loss of generality but for simplicity of presentation, we will
assume that the given system X is in the form of a special coordinate basis
(Saberi and Sannuti, 1990; See also Appendix A). Then some of the state
variables correspond exactly to the given output y, and hence need not be
estimated. Let us first partition the state equations (2.3) of X as

% = Anx + A2xz + Briun + Bory, (3.1)
iy = Aoy 1y + Agaxz + Biauiz + Boey,

Vo= Cox + up, y, = x1. (3.2)

Here x; consists of all the output y, and is of dimension n;=p—r while x,
consists of the rest of the state variables and is of dimension #n,=n—p+r. The
control u, is partitioned as u;=[u11, #i2]" where u, does not directly control
the state variable x, and is of dimension m, while #,5 controls directly x, and is
of dimension my=m—m;—vr. Similarly, let us also partition the output y, as
=19 911" Here v, is directly controlled by #;; and y,, consists of the rest
output which is not directly influenced by u;;. Moreover, y,, and y, , are
respectively of dimension m, and p,=p—r—m;. In view of the special coordi-
nate basis given in Appendix A, one can eaesily rewrite (3.1) as

3., = Duy, + Disxs + Booy, + Griun
¥, = Cny, + Cr2xz + Bory, (3.3)
X2 = Agaxz + Biatrz + A21y, + Bozy,
for some appropriate matrices Djy,D12,-+,By», and moreover, (;; is non-
singular. Since x,=y,, we need to estimate only x,. For this purpose, we

consider the following reduced order system X, characterized by the triple
(AZZ: Blzr CTZ):

%y = Agaxy + Braurz + A21y, + Bo2y,, (3.4)
w= Cizx2 = ¥y, — Cu1y; — Bory,: (3.5)

In (3.4) and (3.5), ¥, and y, are considered as known signals and w is the output
by which x, is to be estimated. We have the following lemma.

Lemma 3.1. Consider the system X, characterized by the triple (4,5, B2,

C,,) with B,,#0. Then, we have

1. X, is left invertible and of minimum phase if and only if X' is left invertible and
of minimum phase.

2. Invariant zeros of X, are the same as those of the given plant 2.
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Proof. It follows from the special coordinate basis of X as given in Appendix A
and the partition of dynamic equations of X' as in (3.3).

Now we can design a full order observer for the reduced order system X,.
Consider

fy = Agpfs + Broury + Any, + Bozy, + K(w—Ci2%;), (3.6)

where K, is the observer gain for the reduced order system X,. As in the case of
full order observers, K, is the only unknown matrix here and hence it is
considered as a free design parameter. The estimate £, given by (3.6) requires
w=y,,—C11¥,—Bo1y, This implies that we need a differentiator to obtain £,.
However, following Kwakernaak and Sivan (1972), one can rewrite (3.6) in
another variable z. Let

£o =2z + K,y,,.
Then

:=A,(z+K,y,,) + Byzurz + (A21—K,C11)y; + (Boz—K,Bo1)y,, (3.7)
where A, is the dynamic matrix of the reduced order observer,
A, = Ay — K,Cra.

Thus, by implementing (3.7), £ can be obtained without generating j ,,.
In Fig. 3, the state feedback gain matrix F' has been partitioned as

F(ll F[)Z
F = ,
[Fn Flz]

where Fy;, Fys, F1; and Fi» are of dimension rXmny, ¥Xns, (m—r)xXn, and

(m—r) X n,, respectively. Now in order to bring the theory of full and reduced
order observers to the same frame work and to understand the conditions for

¥y

By:—K, By ™

An—K,Cii™

+
[l (el [7] [
) A |

|
|
|
|
l
| ]
J
]
l
|
|

)

[0, K,]

Fig. 3. Plant with the reduced order observer based controller.
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either ELTR or ALTR clearly, we present the following results which are
analogous to Lemmas 2.2 and 2.3.

Lemma 3.2. Let us partition the state feedback gain F' to correspond with
the dynamic system given in (3.1),

I :[Fls Fz],

where F'; and F, are the feedback gain associated with x, =y, and x, respective-
ly. Then the mismatch function E,(s), the error between the target loop
transfer function L(s) and that achieved by the reduced order observer based
controller is given by

E,(s) = M,(s)[Im+M,(s)]“(I,,,+F¢B), (3.8)
where
M, (s) = [M,(s), M,1(s), M,»(s)] (3.9)

and where mXr, mXm; and m X m, dimensional matrices M,q(s), M,,(s) and
M,,(s) are given by

M,(s) =0, Mu(s) =0, My(s) = Fp(Pz+K,Cr2) "B (3.10)

with <D22= (SI”B _"Agz)_.l.
Proof. See Appendix D.

Remark 3.1: The expression for E,(s) is identical to the corresponding one
when full order observer based controller is used, see (2.7), except that now
M,(s) takes the place of M(s).

Lemma 3.3.
E,(jw) =0, ifandonlyif M,,(jw) =0 forall w € 2,,

where Q, is the set of all 0=<w@< o for which L,(jw) and L(jw) are well defined
(i.e., all required inverses exist).

Proof.  The proof is obvious.

It is clear that M,(s)=0 if and only if M,»(s)=0 and M,,(s) is dependent only
on the reduced order system 2, which is strictly proper and left invertible with
no invariant zeros in C*. Hence, we have the following theorem which is
analogous to Theorem 2.1.

Theorem 3.1. Consider the closed-loop system comprising of the given plant

% and the reduced order observer based controller as given in Fig. 3. Then both

the asymptotic stability of the closed-loop system and ELTR can be achieved

under the following conditions:

1. C,B; is of maximal rank (i.e., the plant has no infinite zero of order higher
than one).

2. The given plant is left invertible and is of minimum phase.
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Proof. Condition 1 implies that m,=0 and M,,(s) is nonexistent. Hence
M,(s)=0 and thus ELTR takes place. It is straightforward to verify through the
properties of the special coordinate basis that the stability of the reduced order
observer is guaranteed by the condition 2.

Remark 3.2: When reduced order observer based controllers are used, the
condition FB,=0 is not necessary for ELTR.

Since in general M,(s) or equivalently M,»(s) cannot exactly be made zero,
one focuses attention on ALTR. That is, one needs

M,;(s, 0) = Fo(®P33+K,(0)C13)'B1s — 0 pointwise ins as ¢ — =,

where the gain K,(0) is now parameterized in terms of a tuning parameter o.
However, as in the previous section, in order to have the state feedback and
observer design to be independent of one another, one needs to require that

(@53 +K,(0)C12) !By — 0 pointwiseins as 0 — ©, (3.11)

which is the Doyle-Stein condition. Again it is well known that (3.11) can be
satisfied if (A2, B2, C12), namely %, is left invertible and of minimum phase.
Furthermore, from Lemma 3.1, it follows that X, is left invertible and of
minimum phase if and only if the given plant is left invertible and of minimum
phase. Hence, we have the following result which is analogous to Theorem 2.2.

Theorem 3.2.  Consider the closed-loop system comprising of the given plant
2 and the reduced order observer based controller as given in Fig. 3. Let the
given plant be left invertible and be of minimum phase. Then a gain K,(o) can be
designed using the triple (A;3, By2, Ci2) such that both asymptotic stability of
the closed-loop system and ALTR can be achieved.

Proof.  The proof is obvious in view of (3.11).

Now as in Lemma 2.4, we would like to develop bounds on the sensitivity and
complementary sensitivity functions generated by the use of reduced order
observer based controllers. Let Sy,(s, o) and Ty,(s, o) be the generated
sensitivity and complementary sensitivity functions in the configuration of Fig. 3
when the loop is broken at the input points of the plant,

So,(s, 0) = [,,+C,(s, O)P(s)]™
and
To,(s, 0) = I,, — So,(s, 0) = [1,,+C,(s, 0)P(s)]'C,(s, 0)P(s),

where C,(s, o) is the transfer function of the reduced order observer based
controller. We have the following results analogous to Lemma 2.4.

Lemma 3.4. Consider the configuration of Fig. 3. Let the given non-strictly
proper plant be left invertible and of minimum phase. Then there exists a gain
K,(o) such that as o— o,

Sor(jw, 0) = S (jw)
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and
T(}r(jws a) — Tp(jﬁ)).

Moreover, for any given value of 0, we have the following bounds on all singular
values i=1 to m of Sy,(jw, 0) and Ty,(jw, 0):

| 0ilSy,(jw, 0)]- o;[S;(jw)] |
Gmax[sp(]‘m)]

= Gmax[Mr2(jm, 0] ]

and

| 0 To, G, 0)1=0i[T(j®)]| = Omax[M,2(jw, 0)].
Omax[Sr(jw)]

Proof. It follows Chen, Saberi and Sannuti (1990).
4. Examples

Two examples are presented in this section to illustrate the theory of loop
transfer recovery for non-strictly proper systems developed in the previous
sections. As in the existing LTR literature, we give the maximum and minimum
singular value graphs of the target loop and achieved loop transfer matrices for
each example over a given range of . We also include the plots of the maximum
singular values of the mismatch function between the target loop and achieved
loop transfer matrices in the case of ALTR, since it is the best way to check
whether true recovery has taken place or not (Chen, Saberi and Sannuti, 1990).

Example 1.  Consider a non-strictly proper plant described by

@9 1 o, 6 T 17 2 8 §]
=], 2 9 04 0 6 9 1 00
8 2 =1 0 0 =2 1 1 00

A= 2 =2 0 =4 2 0 ~=1|. B=|0 2 0],
o 2 3 0 -2 1 -1 0 3 0

1 ®& 2 =3 2 2 0 0 0 1

| —3: =% SRR CER R (R 98 L0 =1 0.
10 00000 1 0 0
C=0100000]. D=000],
L0 001 0 0 0 0 L0 0 0

which is square and invertible with two invariant zeros at z;=—2 and z,=—4.
The state feedback gain matrix is given as

19.0075 —15.2595 6.8147
—13.5241 26.8185 —2.7557
7.1266 —10.0804 —2.7934

—0.2864 0.2532 1.3794 3.1722 l

F:

0.0581 -0.1105 -0.6243 —6.2823
—2.2915 1.4206 7.4193 0.3031
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We design ALTR via full order observer based controllers by using Kalman filter
formalism. The observer gain is obtained as

K(o) = PCH,
where P is the solution of the algebraic Riccati equation,
A]P + PAII = PC’ICIP -+ O'ZB].BFI =0

with A, B, and C; as defined in (2.3). The plots of singular values in Figs. 4(a)
and 4(b) clearly show that ALTR takes place as o increases.

Example 2. Consider the given plant,

5 09 -3 3 5 0 9
4 -9 2 9 7 =3 3 b
A=19 g 1 6 3|, B=| -5 2 2|
6 -1 6 -8 9 2 =2 2
7 =1 8 =6 2 4 8 6

50
=
=
- 0
=
3
= . '\_ N
& < 'larget loop ) .
= === Achieved loop 0=10 £
——= Achieved loop 6=10" N
N
—100 Liii A e §ii Sageia ey
107! 10" 10! 10%
Frequency [rad/sec]
(a)
30 =
— ZU'_ ..... \\
3 N,
g W7 Mg, N
= ~.
=] 0 N ~
— N .
& N =
= —10 > ~
= . R
Spk. = Omax{E(jw)} for 6=10 \'Q
——— OnuxiE(jw) } for 6=10"
—30 A '} A4 s 4 ii) 1 A A1 1 8 i3y 1 i L i i i
107! 10" 10! 10*

Frequency [rad/sec]

(b)
Fig. 4.
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=

which is left invertible with no invariant zeros. The state feedback gain matrix is
designed as

0.1238 —0.0853 —1.9687 1.0131 1.2659
F=11.3416 -0.3102 2.1914 -0.0171 1.8150 |.
3.3664 0.6067 3.7863 0.7023 2.2218

It is straightforward to verify that ELTR can be achieved by using a reduced
order observer based controller. The following reduced order observer based
controller, which achieves ELTR as shown in Fig. 5, is obtained by ATEA
method (asymptotic time-scale and eigenstructure assignment method de-
veloped by Saberi and Sannuti (1990)):

—5.5331 4.4470 14.1642
i, = | —6.2615 —12.1601  2.8991 |z,
—2.5236 —3.0757 —1.4197
0.5631 —0.1482 —0.6093 0.8944
+ | 1.4034 —0.5858 —3.1420 0.3465 |y,
1.9158 —1.3809 —0.9479 0.7657
0.4362 —-0.3675 —0.5447
—i = | —1.3304 0.3803 2.8331 |z,
—3.1625 0.6465 4.1990
—0.2612 0.2885 0.2338 0.0274
+ 0.4462 —0.2353 —0.6571 0.2109 |y.
0.9222 —0.4446 —1.3998 0.4776
20
és-—t-——w:-——&-—ll——*-.._*\
5 U‘"——‘——i-—"——*-...,*_h* e
= _gof el N
L '“ak.‘_ \'\.
2 _q0} L R
g ——— Target loop AN *“\‘
= —60¢ * %% Achieved loop \"\.* ~)
—80¢ e,
b 3
_:lUUb L L I I 1 1
107 107" 10" 100 102 10 10°  10°

Frequency [rad/sec]

Fig. 5.
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5. Conclusions

The loop transfer recovery (LTR) methods for non-strictly proper systems,
using both full order and reduced order observers are developed in this paper.
We have converted the problem of loop transfer recovery design for a non-
strictly proper system into the one for a corresponding strictly proper system.
Hence, all the existing results of LTR can be directly applied. Two numerical
examples are presented to demonstrate the results.
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Appendix A: A Special Coordinate Basis (s.c.b) for Non-strictly Proper
Multivariable Linear Systems and Its Properties

Consider a linear system X,
£=Ax + Bu, y=Cx + Du,

where x, v and u are respectively n-, p- and m-dimensional state, output and
input vectors. Without loss of generality, we assume that [B’, D']" and [C, D]
are of full rank.

Theorem of s.c.b  There exist nonsingular transformations I'y, I'; and I'3, an
integer KI=n, and integer indexes g and r;, i=0 to KI, with r,=0, such that

x=NZ& y=Dhly7), w=nL#, 77, =I[% % % 3,

Zp = [Zp1s Thoy -5 Bowrdl's  %oi = [Bhricrs Fbsicos =0 Thuol's
f} = [55'1;'- f{zf, ™ f:*ﬂf]', f;‘f: [fl;'_la f!,;,—_z, T, fft:]’,
Ty = (3 Top =5 Tiod's F,= [Fp T T o0 ]
= [, @4 -, Bigl's %= A + L3, + Lu3,,

Xp = Apwxp + Liog¥,, F,, = Car%pi = Tp1ic1, §, = Cp %,

ch == Acc-ff + Amfa + chj}-—i_ ch?b -+ Bcﬁ,

Kl

j"u(}f = E(Ia_x"a T E{)b_x"b A E(Jc_x"(.' +j§1 EIJj_xujf—i_ I_“_(.'!-

For each i=1 to K],
K
x,-f = Aiffif + L,fj-f} + B,‘f[fi; o E,-affa 4 E,-b.ﬂfb + Egrfc + }g]Egjfjf],

Vo= CyZy =%, §J,= Cr%.

Here, the last rows of L, have zero elements and that A,,=0,

= 0 L1y, | 0
av=| g o] mes )]

Furthermore, the pair (4., B.) is controllable and (A;;, C;) is observable.

For clarity, the dimension of each variable is given now: X,, %, %i, %pij, X,
Xp Zipy Xigy Wy Wiy U, ¥y 5,00 5, and y,, are respectively of dimension n,, n,, i7;
Tivjo Moy Mgy Ripy Gy Mgy Gy My, pf, 4, b, and r;, where

K1
p= Eu(qr.+r;), n=mn, +n, +n,+ ng,
Kl KI
my, = pf = tgnqi! M, =m— M, Pb = P = Pf = tgl?’i,
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Kl 1
W= My Np= 21 Riry Wy = 2-‘1”‘;-

Property 1. The given system X is right invertible if and only if ¥, and hence
¥y, are nonexistent, left invertible if and only if ¥, and hence 7 are nonexistent,

invertible, if and only if both X%, and X, are nonexistent.
Property 2. Invariant zeros of X are the eigenvalues of A

i

Property 3. X is left invertible and of minimum phase implies that X is
detectable.

Appendix B: Proof of Lemma 2.2
Rewrite the transfer function of the given plant as

P(s) = [ g‘l’ }[q)B(,, ®B,] + [ i) g ] (B.1)

Then, from (1.4), (2.6) and (B.1),

L(s) = C(s)P(s)
= F(®1'+KC,+BF,)!
X [(@'+B,Cy+KC,)®B,, (ByCy+KC,)PB,]
= F[I,+(®7"+KCy)'BF, "' (7' +KCy)™!
X [(@7'+KC,)PB,, (ByCy+KC,)PB,]
= F[I,+(®7'+KCy)'B,F, I
X [®By, (&7 '+B,Cy+KCy) '(ByCy+KC)®PB,]  (B.2)
= F[I,+(®7'+KC,) [0, B,1F]?

X [®By, ®B,—(®7'+KC,)'B;] (B.3)
= [I,+F(®d7'+KC;) [0, B1]1!
X [F®B,, F®OB,—F(®:'+KC,)'B,] (B.4)

= [I,+M(s)] "' [F®B—M(s)].

Note that we use @7'=(sl,—A+B,Cy)=®'+B,C, in reducing some of the
above algebra. Also, to go from (B.2) to (B.3), we use matrix identity,

(@ 1+ByCy+KC) W(ByCy+KCy) =1, — (& '+B,Cy+KC) 1!,
Moreover, to go from (B.3) to (B.4), we use the identity
XU, +YXI' = [I,+XYT'X

for XeR"*" and YER"™™. Thus, we have
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E(s) = L(s) — L(s)
= F®B — [1,,+M(s)] ' [F®B—-M(s)]
= [1,+MG)1 MU, +M(s))F®B — F®B + M(s)]
= I, +M(s)]*M(s),,+F ®B)
= M(s)[,,+M(s)]"'U,,+F®B).
Appendix C: Proof of Theorem 2.1
In view of conditions (2) and (3) of Theorem 2.1, it follows theorem of s.c.b

in Appendix A and Saberi and Sannuti (1990 b) that there exist nonsingular
transformations I';, I', and I'; such that

x= rlf! y=r2[5'—;_|f! ji’]_fy y;]'-
u = Islay, w1]", X =[x, X}, %],
Xa = Aaafa + Labj{;, & Lalfjilf + La(lfj;(]fy
X = Awx + Long¥y, + LoorVyp 3, = Co %,
Xp= E.x, + E,%, + Elfff #H Eufjiuuf + iy,
y1f= ff: y(}f = C‘(]_,!"-T‘f o ﬁ{.'l-
Here, the pair (4;;, C;) is observable. Furthermore, A(A,,) are the invariant
zeros of the given plant and hence in view of condition (2) of Theorem 2.1, they
are in C.
Since (A, C,) is observable, one can select a gain K,, such that
A(Ay,—K;,C)p) are in the desired locations in C™. Also, one can always choose

a gain K/, such that A(E, —Kj;,,) are in the desired locations in C~. Now
choose a gain K as

- 0 Lalf Lab
K = 0 Lb 1f Kbb H
0 Kpy Kp

where K, is an arbitrary matrix with appropriate dimensions. Finally, let
[Ko, K1 = IKT3,

where K, and K are of dimension #n X7 and n X (p—r), respectively. It is now
straightforward to verify that A, —KC, has eigenvalues in C~ and that

F(®7i*+KC,)'B,

0

provided FB;=0. Hence in view of Lemmas 2.2 and 2.3, ELTR is achieved.
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Appendix D: Proof of Lemma 3.2

In the reduced order observer based feedback control system of Fig. 3, at
first we want to evaluate the loop transfer function L,(s) when the loop is broken
at the input point of the plant. For this purpose, consider the plant input « and
the controller output # as two separate variables. Then, from (3.1),

Byauyy = % — Appxy — Apixy — B:)z}'{,-
This implies
Biyuiz(s) = ®3325(s) — As1x1(s) — Byyy,(s).
From (3.3), one has
K,3,,(8) = K,[C1121(5)+ Cr2x2(s) +Bory,(s)].

Hence, we obtain

Biauys(s) = (P53 +K,Cia)x2(s) — (A2 —K,Cy1)x:(s)
== (BU2_-K?'BU].)yU(s) = K,-J;'IZ(S)- (D.1)

Then, from (3.7),

Zy= Ky, +2
= (A=K, C12)%y + Braupp + (A —K,Cii)xy
+ (Bo2—K,By1)y, + K,¥,,-

Hence,
£5(s) = (P33 +K,C12) " [(A21—K,C11)x:1(5)
+ (Boz—K,Bo1)y,(s) + K,9,,(s) + Biyu1»(s)]
and
—a(s) = F1x1(s) + Fy%,(s)
= F1x1(s) + Fp(®P33+K,Crp)™!
X [(A21—K,C11)x1(s) + (Bo2—K,Bo1)y,(s)
+ K,5,,(s) + Biauy2(s)].
Thus

Up+Fa(P33+K,A12)7'[0, 0, Bi21)[—idi(s)]
= F1x1(5) + Fo(Pzn+K,C12) ' [(A21 —K,)x1(s)
+ (Buz“Ker)J’U(S) + Krjlz{s)]
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and therefore

—t(s) = [Ly+M ()] [F1x:1(s) + Fo( P33 +K,Cr2)™"

X [(ABI_Kr)xl(s) * (B(jz_KYBU].)yu(S) + K?’j‘[z(s)]

= [L,+ M, ()1 (F1x1(s) + Fax5(s) — Fo(@33+K,C1p)7"

X [(D33+K,C12)x2(5) — (Az1 —K,)x:(5)

= (Btlz_KrBul)}’U(S)—Krj’lg(S}]), (D.2)
where

M,(s) = Fo(®3+K,C12)7'[0, 0, Bi2l.

Note that

Fyx,(s) + Fyx,(s) = F®Bu(s). (D.3)
Thus, (D.1) to (D.3) imply that

—4(s) = U+ M, ()" [FPBu(s) — Fp(@5;+K,C12) ' Bizur2(s)]
= [, + M) ' [F®B—M,(s)]uls).

Hence,
Ls) = Uy+M(s)]"' [F®B—M,(s)].
Then, we have

L(s) — L,(s)

= U, +M ()] [(L,,+M,(s))FPB — F®B + M,(s)]
= U, +M,(s)]"'M,(s)U,,+F ®B)

= M,(s),,+M,(s)]" U, +F®B).
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