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Abstract: A reliable controller design method is developed for linear, time-invariant, multi-input multi-output control systems; two
controllers are designed to stabilize the closed-loop system when acting together and acting independently if one fails. All reliable
controllers which achieve closed-loop stability are characterized for strongly stabilizable plants using a factorization approach.
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1. Introduction

Reliable stabilization using the linear, time-invariant (LTI), multi-input, multi-output (MIMO) two-
controller system configuration & (P, C,, C,) (Figure 1) is considered in this paper, where P is the given plant
and C,,C, are the two controllers. The reliable stabilization problem aims to find (if it exists) a reliable
controller pair (Cy, C,) such that the system & (P, C,, C,) is stable when both controllers are acting together
(normal mode) and when each controller is acting alone (failure mode). The failure of a controller is modeled
by setting its transfer function equal to zero.

A multi-controller system configuration that achieves reliable stabilization was introduced in [4, 5].
Factorization methods were used to study the reliable stability of this configuration in [8, 10, 3]. Reliable
stabilization using a two-channel decentralized control system was considered in [6], eliminating the sharing
of input and output channels. A methodology for the design of reliable control systems guaranteeing stability
and H, disturbance attenuation was developed recently in [7]. Sufficient conditions for reliable stability,
with the two-controller configuration used here, were given in [ 10]. In [3], it was stated that a given plant can
be reliably stabilized using this two-controller configuration if and only if it is strongly stabilizable (i.e., it can
be stabilized using a stable controller) in the standard unity-feedback system. In this paper, all reliable
controller pairs (C,, C,) are characterized and a design method to achieve reliable controller pairs is
developed for strongly stabilizable plants. It is shown that one of the two controllers can be an arbitrary
strongly stabilizing controller. A simple example is given to illustrate the method and to show that neither
one of the controllers has to be stable in order to achieve reliable stabilization.

The results apply to continuous-time as well as discrete-time systems.

Notation. Let % be a subset of the field C of complex numbers, % is closed and symmetric about the real axis,
tooe, C\% is nonempty. Let %4, R,(s) and R,,(s) be the ring of proper rational functions which have no
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poles in %, the ring of proper rational functions and the set of strictly proper rational functions of s (with real
coefficients). The group of units of %, is # and the set of non-strictly proper elements of &, is
J = R4 \Ryp(5). The set of matrices with entries in %, is denoted .# (%#,). A matrix M is called #,-stable iff
Me M (Ry), Me M (Ry) is Ry-unimodular iff det Me #, where det denotes the determinant. The identity
matrix of size n is denoted I,. Let the norm of an %,-stable matrix Me.#(#,;) be defined as
| M || = supseaq 6(M(s)), where ¢ denotes the maximum singular value and % denotes the boundary of #.
Let (Np, Dp) denote a right-coprime-factorization (RCF) and (Dp, Np) denote a left-coprime-factorization
(LCF) of PeR,(s)*"™, where Np, NpeRy™ ™, DpeRy"*", DpeRy™*", P = NpD; ! = Dy 'Np; det Dpe.s
(equivalently, det Dpes )if and only if Pe.# (R, (s)). Similarly, (N¢, Dc) denotes an RCF and (D¢, N¢) denotes
an LCF of CeR,(s)"*™. := is used for ‘defined as’; i.e, a:= b (or b = a) means a is defined as b.

2. Problem formulation and preliminaries

The LTI, MIMO two-controller feedback configuration (P, C,, C,), which is shown in Figure 1, is used
for the reliable stabilization problem considered here. In this system, P:ep — yp represents the transfer
function of the plant, C, :ec, — yc, and C; :ec, — yc, represent the transfer functions of the two controllers;
the input vector is u:= [up uf, uf,]", the output vector is y:= [y} y&, y&,]" and the closed-loop transfer
function is H,,(P,C,,C,):u— y.

If one of the two controllers, say C, = 0, the system & (P, Cy,C,) becomes the standard unity-feedback
system called (P, C), in which case the input vector, the output vector and the closed-loop transfer function
would be u:=[up ul]", y:= [y} y&1", Hy(P, C):u > y.

Assumption 2.1. (i) The plant PeR,(s)"*".

(i) The controllers C,, C,eR (s)"*™.

(iii) The system <(P,C,,C,;) is well-posed; equivalently, the closed-loop transfer function
Hyu(P, CI’ CZ)E'ﬂ(Rp(S))

(iv) P,C,, C, have no hidden-%-modes.

The system & (P, C;, C,) in Figure 1 can be desgribeg using coprime factorizations as follows: let (Np, Dp)
be any RQF of f For j=1,2, let (Dc;,Nc) be any LCF of C;. Using Dpép=ep,
Npép = yp, Dc,yc; = Nc¢,ec,, the following description of (P, C,, C,) is obtained:

Up

D¢, Dp + N, Np —5C1:||:§p]_|:5c1 Ne, 0 ] u 2.0
o ~ = o] Cy |>» )
NCzNP DC2 yCz 0 0 NCZ u

C2
—Np 0 6 yP 0 0 0 up
DP - Ini [ P:I =|Yc | — -1 i 00 Uc, |. (22)
Lo 1, JPed |y 0 0 0] Luc,
—_ u

_+.(£4 ¢ i

ucy ec1 yer ++ ep B yp

uca eca ye2 +

T’T @

Fig. 1. The system &(P,C,,C,).
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Similarly, let (lzp, Np) ge any LCF of P. For j = 1,2, let (N¢,, D¢,) be any RCF of C;. Using D¢,{c, = ec,,
Ne¢,éc, = Yc,;» Dryp = Npep, a dual description of #(P,Cy,C,) is obtained

[DeDe, + NpNe, NoNe, |[Ec]_[-N» Dr 07[ " 23
| - DC1 DCz éCz B 0 - Ino Ino qu ’ '
[ —Dc, 0 : Vp 0 I, O] [up

Ne, 0 [ éc‘] = [ ve, ] -0 0 o0 |:ucl ] : (2.4)
L 0 Ng c ye, 0 0 0] Luc,

Definition 2.2. (a) The system & (P,C,,C,) is said to be R4-stable iff the closed-loop transfer function
H,,(P,C,,C,)e M (Ry). Similarly, & (P, C) is Ry-stable iff H (P, C)e M (Rq).

(b) The controller C is an %R,-stabilizing controller for P in the system & (P, C) iff CeR,(s)"*" and
FL(P,C) is Ry-stable. The set S(P):= {C|CeR,(s)"*™ and L (P, C) is Rq-stable} is called the set of all
Ry-stabilizing controllers for P in the system & (P, C).

(c) The pair (C,, C,) is called a reliable controller pair for P in the system & (P,C,, C,) iff

(i) C, is an 2,-stabilizing controller for P (in the system & (P, C)),

(i) C, is an %,-stabilizing controller for P (in the system (P, C)) and

(ii)) L(P,Cy, C,) is HAy-stable.

The set S, (P):= {(C;, C;)| C;is an R, -stabilizing controller for P,j = 1,2, and # (P, C,, C,) is A,-stable} is
called the set of all reliable controller pairs for P in the system £ (P,C,,C,). O

3. Conditions for reliable stability

The reliable stabilization problem considered here deals with finding two proper controllers such that the
system F(P,C,,C;) is #4-stable when the two controllers are acting together and also when one of the
controllers becomes zero. By Definition 2.2, this reliable stabilization problem can be solved if and only if
there exists a reliable controller pair (C,, C,) for the given plant P.

Lemma 3.1 (%,-stability of the system & (P, Cy, C2)). Let (Np, Dp) be any RCF and (Dp, Np) be any LCF of P.
Forj=1,2,let (N¢,;, Dc,) be any RCF and (D¢, N¢,) be any LCF of C;. Then & (P, C,, C;) is Ry-stable if and
only if

D¢, Dp+ Ne,Np  — D,

= —~ ~ 1 .% - i d l s *
Dy i NeN, b, ] is Ry-unimodular; (3.5)

equivalently,

-~ [DpDc, + NoN¢e, NpN
Dy=|"""¢ + NplNe, Ne Cz} is Ry-unimodular. O (3.6)
- DC1 DC

2

Proof. The description of (P, C,C,) given by (2.1), (2.2) is of the form Dy & = Nyu, Np¢é = y + Ggzu, where
Dy, Np, N, Gy are 4J,-stable. Since (Dy, Np) is a left-coprime and (Ng,Dy) is a right-coprime,
H,,(P,C1,C;) = NgDi'Ny + Gue M (Ry) if and only if Dy ' € M (Ry); therefore, ¥ (P, C,, C,) is Ry-stable if
and only if Dy is %s-unimodular. The %4-unimodularity condition on Dy follows similarly from the
alternate description of ¥ (P,C,,C,) in (2.3), 2.4). [
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Corollary 3.2. Under the assumptions of Lemma 3.1, (C,, C,) is a reliable controller pair if and only if for
j= 15 25

5C,Dp + NCij is Ry-unimodular 3.7
and the R,-unimodularity condition (3.5) holds for the matrix Dy; equivalently,

DpDc, + NoN¢, is Ry-unimodular (3.8)
and the Ry-unimodularity condition (3.6) holds for the matrix Dy.
Proof. C;is an Zq,-stablhzmg controller for P if and only if (3.7) holds for any LCF (DC N c;)of C; [8 2].

By Lemma 3.1, #(P,C,,C,)is Ry-stable if and only if Dy in (3.5) is #,-unimodular for any LCF (DC , N c,)of
C;. The equivalent conditions on the RCF of C; follow similarly. O

Lemma 3.3 (Conditions for reliable controller pairs). Let (Np, Dp) by an y RCf and (Dp, Np) be any LCF of P.
Then (Cy, Cy) is a reliable controller pair if and only if for some LCF (D¢, N¢,) of C;,j =1, 2,

De,Dp+ Ne,Np = I (3.9)
and

5c2 + 1\7C2N,,D~Cl = D~C2(I,,i — DpD~C1) + 5C‘ is Ry-unimodular. (3.10)
Equivalently, (C,, C,) is a reliable controller pair if and only if for some RCF (N¢,, Dc,) of C;,

DpD¢, + NpN¢, = 1, (3.11)
and

D¢, + De,NpN¢, = (I; — D¢,Dp)De, + De, is R,-unimodular. (3.12)

Proof. C;is an #,-stabilizing controller for P if and only if (3.9) holds for some LCF (DCJ, N c;)of C; [8,2].
By Lemma 3.1, #(P,Cy, Cy)is #,-stable if and only if Dy in (3.5) is #,-unimodular for any LCF (DC N c)yof
C;. Hence, for the LCF satisfying (3.9), by elementary-row operations (over R4), Dy 1s Ry~ ummodular if and
only if (3.10) holds, where the second equality follows from (3.9) since NC Np=1I, - DC Dp. Conditions
(3.11)-(3.12) on the RCF of C; are obtained similarly. I

4. Reliable controller pair design

The plant P is said to be strongly %,-stabilizable if there is an #,-stable %,-stabilizing controller
Ce M (R,) for P (in the system (P, C)). If % = €., P is strongly #,-stabilizable if and only if it satisfies the
parity interlacing property, i.e., P has an even number of poles between pairs of blocking zeros on the positive
real axis [8, 9]. From a coprime factorizations v1ewpomt P is strongly %y~ stablllzable if and only if, for any
RCF (Np, Dp) of P, there exists an #,-unimodular D¢ such that DeDp + NcNyp is Qq,-ummodular for some
R ,-stable N. Therefore, C is an %,-stable %,,- stabilizing controller for P if and only if DeDp + NcNp is
Ay-unimodular for any RCF (Np, D) of P and any LCF (D¢, N¢) of C, where D¢ is #5-unimodular [8].

For P strongly #,-stabilizable, Cse.# (%) is an &,-stable &#,-stabilizing controller if and only if there
exists an RCF (Np, Dp) of P such that

Dp + CsNp = I, (4.13)

equivalently,

. D, —-C
Ly Cs P S (4.14)
'_NP Ino— NPCS NP Ino
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Therefore, if P is strongly %#,-stabilizable, then it has an RCF (Np, Dp) and an LCF (D, Np) with Np = Np;
from (4.14), (15,:, N p) = ((I.c — NpCs), Np), where Cse # (R4) is an R,-stabilizing controller for P. Now the
set S(P) of all #,-stabilizing controllers for a strongly %,-stabilizable plant P can be described in terms of
any %,-stable %#4-stabilizing controller Cs as follows: Let (Np, Dp) be the RCF of P which satisfies (4.13).
Then

S(P)={C =Cs + (Ii — ONp) "' Q| QeRy" ™, det(l,; — QNp)es}. (4.15)

The requirement that Qe.# (#,) satisfies det(I,; — QNp)e.# is equivalent to C being proper. If P is strictly
proper, then det(l,; — QNp)e# for all Qe (Ry).

The following condition for the existence of a reliable controller pair was stated in [3]. The assumption
that the plant is strictly proper is a technicality which is used here only in the sufficiency proof to ensure that
the second controller is proper; to illustrate that this condition is not necessary for the existence of reliable
controller pairs, the plant in Example 4.7 is chosen non-strictly proper.

Theorem 4.1 (Existence of reliable controller pairs (Minto and Ravi [3])). Let PeR,,(s)" ™. There exists
a reliable controller pair (C,, C;) for P if and only if P is strongly R,-stabilizable.

Proof. Necessity: Let (C,, Cz) be a reliable controller pair, then by Lemma 3.3, ]552 + NCZN ,,DMCl =M is
Ay-unimodular, where (DCJ, ch)ls aLCF of C; satlsfymg (3.9). Using DC2 =M~ NCZN rDc,, forj=2,(3.9)
becomes (M — NCZNPDcl)DP + chNp =MD, + NCZNP(]m DC Dp) = I,;. But by (3.9) for j = 1, this last
equality is MDp + (NCZN PNC,)N p=In, where M is #4-unimodular, which implies that P is strongly
ARq-stabilizable since M~ (NCZN pNCI)eJl (#4) is an A, -stabilizing controller for P.

Sufficiency: By (4.15), C;=Cs+ (I;— Q;Np)™'Q; is an %,-stabilizing controller for P. Since
Pe M (R,,(s)), for any Q;e A4 (%,,), the controller C; is proper. Let k be an integer larger than || CsNp ||, then
(I; + CsNp/k)* is #4-unimodular. By the binomial expansion [10]

k
(Ini + CsNp/kY = I; + CsNp + Z r{CsNg), (4.16)

1=2
where r, are the binomial coefficients. Let

k

Q2= —Cs Y n(NpCs)' ™3 (4.17)

1=2
let C1 = Cs, Cz = CS + (Ini - Qsz)_le. Then (310) holds since Ini + (Ini — QZNP)CSNP =
(I; + CsNp/k)* is #4-unimodular. Therefore, (C,, C,) is a reliable controller pair. [J

Since this condition is necessary for the existence of a reliable controller pair (C,, C,), from here on, it is
assumed that P is strongly 2%,-stabilizable.

Theorem 4.2. (All reliable controller pairs). Let PeR(s)" " be strongly Rq-stabilizable. Let Cse . # (Ry) be
any Ry-stable Ry-stabilizing controller for P. Let (N p, Dp) be the RCF of P satisfying (4.13). Then the set S,(P)
of all reliable controller pairs (Cy, C,) is:

8$,(P)={(C1,C3)|Cy = Cs 4+ (Ii — Qi Np) ' Q1,C2 = Cs + (Is — Q2Np)"1Q3,
01,0:6R57™, Ly + (Ii — Q2Np)CsNp — [(Ini — Q:Np)Cs + Q21NpQ  Np
is Ry-unimodular, and det(l,; — Q;Np)e #, det(l,; — Q2Np)ef}. 4.18)

If P is strictly proper, then det(I,; — Q,Np)e.# for all Q;c M(Ry),j = 1, 2. Furthermore, the controller C; of the
reliable controller pair (Cy, C,)€S,(P) is #4-stable if and only if, in addition to satisfying the Ry-unimodularity
condition in (4.18), Q,€e Ry *" is such that

(Iyi — Q;Np) is Ry-unimodular, equivalently, det(l,; — Q;Np)e #. 4.19)
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Proof. By (4.15), for C; is an %R,-stabilizing controller for P if and only if C; = Cs + (I,; — Q;Np) "' Q;,
Qe M (Ry) satisfies det(Im Q;Np)ef so that C;e#(R,(s)). Then

(5C,-’ N’c,-) = (i — Q;Np), (I; — Q;Np)Cs + Q)) (4.20)

is an LCF of C;. Since this LCF satisfies (3.9), by Lemma 3.3, (C,, C,) is a reliable controller pair if and only if
for j = 1,2, Q;e.#(#,) is chosen such that (3.10) is satisfied; equivalently, 502 + 1\7C2N Pﬁc‘ =(I,;— Q:Np)
+ [ — Q2Np)Cs + Q2INp(li — Q1Np) = Ly + (i — Q2Np)CsNp — [(Is — Q2Np)Cs + Q2 1NpQ Np is
R -unimodular. Furthermore, C; = DC 1NC is &y-stable if and only if DC is #5-unimodular, equivalently
(4.19) holds. O

Corollary 4.3 (Special cases for reliable controller pairs). Let PeR(s)"*™ be strongly #,-stabilizable.

(i) Suppose that one of the two controllers in the reliable controller pair (C,, C,) is #,-stable. Without loss of
generality, let C,:= Cse M (Ry) be an Ry-stable R,-stabilizing controller for P. Let (Np, Dp) be the RCF of
P which satisfies (4.13). Then (Cs, C,) is a reliable controller pair if and only if C, = Cs + (I; — Q2Np) " 10;,
where QR "™ is such that

I, + (I, — Q,Np)CsNp is Ry-unimodular and det(l,; — Q,Np)e.?. 4.21)

(i} (Cy, C,) is a reliable controller pair with C; = C, if and only if C; = C, is R,-stable and both C, and
2C, are R,-stabilizing controllers for P.

Proof. (i) If C,e.#(#,), then the set S(P) can be characterized in terms of Cg:= C, and (4.21) follows from
{4.18) by taking Q, = 0.

(ii) By Theorem 4.2, (C,, C,) is a reliable controller pair if and only if it belongs to S,(P) in (4.18). In
addition, C; = Cs + (I; — Q1Np) 1Q, = C, = Cs + (I, — Q,Np} ™! Q, if and only if 0; =0, Using the
LCF of C; in (4.20), the #,-unimodularity condition in (4.18) holds if and only if DC2 + NC,NPDC is
Ry ummodular with DC2 = DC1 since C; = C,; equivalently, (I,; + NCZN p)DC2 is &, ”-ummodular which is
satisfied if and only if both of the matrices in the product are £ ,-unimodular. Now DC2 is A,-unimodular if
and only if C, is #,-stable; using (3.9), (I,; + chNp) = D~C2DP + 2NCZNP is A5-unimodular if and only if
2C, is also an #,-stabilizing controller for P. 0O

Corollary 4.4 (All reliable controller pairs for #,-stable plants). Let Pe.# ().
(i) The set S,(P) of all reliable controller pairs (C,, C,) is

8:(P)={(C, C2)|Cy =i — Q1 P) 10y, Co = (I; — Q2P) 105,04, Q26 Ry ™,
— Q2PQ1P is %%'unimodular and det(],,,- — QIP)Ej, det(],,i - Q;_P)E:f}. (422)
If P is strictly proper, then det(l; — Q;P)e# for all Q;e . #(Ry), j =1, 2. Furthermore, for j =1, 2, the
controller C; of the reliable controller pair(C,, C;)eS,(P) is R,-stable if and only if Q;e Ry "™ is such that
(Ii — Q;P) is Ry-unimodular, equivalently, det(l,; — Q;Np)e ¢.

(ii) (Cy, Cy) is a reliable controller pair with C, = C, if and only if C; = C; = (I; — @, P)" ' Q,, where
Q.25 is such that (I,; — Q,P) and (I; + Q,P) are both & ,-unimodular.

Proof. (i) If the plant is %2,-stable, then Cg = 0 is an #,-stable %,-stabilizing controlier. With this choice of
Cs, an RCF of Pe.# (#4) which satisfies (4.13) is given by (Np, Dp) = (P, I,,;). It then follows from Theorem
4.2 that (C,, C,)is a reliable controller pair if and only if C; = (I,; — Q;P)”' Q;, where, forj = 1,2, Q;e R "™
satisfy

I,; — Q,PQ.P is #z-unimodular 4.23)
and

det(l,; — 0,P)es,  det(; — Q,P)eS. (4.24)
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(i} The two controllers of the reliable controller pair (C,, C,) are equal if and only if they belong to the set
S,(P) in (4.22) with Q, = Q,. Hence (4.23) becomes (I; — Q:1PQ Py = (I, — Q1P)U,; + Q,P) is Ry-uni-
modular, equivalently, each matrix in the product is #,-unimodular. Therefore, (4.24) holds and the two
controllers C; = C, = (I,; — O P)"1Q, are #,-stable. [

Algorithm 4.5 (Reliable controller pair design). Let PeR(s)™*™ be strongly %,-stabilizable.
(1) Find any %,-stable 2#,-stabilizing controller Cse.# (%) for P.
(2) Find the RCF (Np, Dp) of P which satisfies (4.13).
(3) Choose any Q,e %™ such that

M2:= Ini + (Ini - QZNP)CSNP is .@W-unimodular and det(I,,; — Qsz)Ef. (425)

If P is strictly proper, then det(l,; — Q,Np)ef for all Q,e Ry *".
(4) Choose any Q,eZ4*™ such that

M=l — M3 [(I; — Q:Np)Cs + Q2 INpQ Np = 1,; — M3 (M, — I; + Q2Np)Q;Np

is #4-unimodular and det(l,; — Q;Np)e.#. (4.26)
If P is strictly proper, then det(I,; — Q,Np)e# for all Qe A5 "™
(5) Let
Cy=Cs+(y—0O:Np) 10y, Cy=Cs+ (i — Q:Np) 1 Qy; 4.27)

then (C,, C,) is a reliable controller pair.

Remark 4.6. (1) Algorithm 4.5 characterizes a subclass of reliable controller pairs. For any Q,, Q,€.#(#,)
satisfying (4.26) and (4.25), respectively, I+ (I; — @Q2Np)CsNp — [(Ii — Q2Np)Cs + Q,1NpQ Np =
M,M, is #,-unimodular. Therefore, {(C,, C,)|forj=1,2,C;= Cs + (I, — Q;Np)~'Q;, @, and Q, satisfy
(4.26) and (4.25)} is a subset of the set S, (P) of all reliable controller pairs in (4.18). The set of Q, satisfying the
R,-unimodularity condition in (4.25) is not empty; one method of choosing @, was given in the proof of
Theorem 4.1, ie, let @, = — Cg ZLZr,(N »Cs)' ™2, whether r; are the binomial coefficients in the binomial
expansion of (I,; + CsNp/k)¥, with the integer k chosen larger than || CsNp|. An obvious choice for Q; to
satisfy (4.26) is the zero matrix implying C,; = Cs is %#4-stable; another way is to choose @, so that
Q.1 < 1/|NpM35' (M, — I; — Q;Np)||. The condition det(I,; — Q;Np)e.# is necessary and sufficient for
C;j to be proper; if P is strictly proper, this condition holds for all Q;e 25 *". Choosing Q; strictly proper is
sufficient to ensure det(l,; — Q;Np)e £.

(2) Let P be #,-stable. Following Corollary 4.4, Algorithm 4.5 is modified for %,-stable plants as follows:
(1) Let Cs = 0. (2) An RCF of Pe.# (#,) which satisfies (4.13) is given by (Np, Dp) = (P, I,,;). (3) Choose any
Q,eZ3*" such that det(I,; — Q,P)e#. If P is strictly proper, then det(l,; — Q,P)e.# for all Q,e Ry ™. (4)
Choose any Q,e#5 ™ such that M, = I,; — Q,PQP is #,-unimodular and det(I,; — Q,P)e.#. If P is
strictly proper, then det(I,; — Q,P)e# for all Q,e&y ™. (5) For j=1,2,let C;=(I,; — Q;P)”' Q;; then
(Cy, C,) is a reliable controller pair.

Example 4.7. Let P = (s + 1)/(s — 2). Let % be C.. Clearly, P is strongly %,-stabilizable since it has no
zeros in %. An R,-stable #,-stabilizing controller for P is given by Cs = 4/(s + 1). The RCF (Np, Dp)
which satisfies (4.13) is Np=(s + 1)/(s + 2), Dp =(s — 2)/(s + 2). Choose Q, satisfying (4.25) and @,
satisfying (4.26) as Q, = 12(s + 2)/(s + 1)(s + 10), @, = 2(s + 2)/(s + 20). From (4.27), the reliable controller
pair corresponding to this choice of Q; and Q, is C; = — 2(s* + s + 38)/(s + 1)(s — 18), C, = 16/(s — 2).
Neither one of the controllers in this reliable controller pair is %,-stable. Using the same Q,, an
alternate solution is obtained by choosing @, = 0. Then with the C, given above, (Cs, C,) is a reliable
controller pair.
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5. Conclusions

For LTI, MIMO systems, a design method was developed to find two stabilizing controllers C, and
C, such that the closed-loop system & (P, C,, C,) is stable both when the two controllers act together and
when either C, or C, fails. All reliable controller pairs (C,, C,) are parametrized in Theorem 4.2 and a design
method to achieve reliable controller pairs is given in Algorithm 4.5. The controller design method proposed
here is only concerned with maintaining stability when one controller fails; other performance criteria might
not be satisfied. Extensions of the reliable stabilization method to reliable decomposition of a given
controller, which was briefly considered in [3] and [1], as well as maintaining other performance objectives
after failure are problems to be studied in the future.
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