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Abstract: In the paper problems with reconfiguration of was given in [5] and its stability conditions in7[2 General

a dynamically decoupled system after actuator fané

decoupling problem with stability for square andghti

considered. On the basis of a universal algoritton f invertible plants has been intensively studiechimpast (see

synthesis of control system for proper, squarehtrignd
left-invertible multi-input multi-output LTI dynamic
(MIMO) plants necessary calculations after faultws are
discussed. It is presented a reconfiguration algori
defining all calculations that need to be done taph
decoupler to new working conditions ensuring stgbdnd
physical reliability of all parts of the system.

Keywords. dynamic decoupling, left-invertible, pole
assignment, polynomial matrix equations.

1. INTRODUCTION

Diagnostics of industrial processes is one of thastm
important design issues. Faults may be connectéd it
proper working conditions of whole process, butyveften
the source of the faults could be in one of thecess
components. If they are dangerous the process ¢Hmail
emergency stopped. However, it could happen thatrés
of one or even more basic process elements lepribeess
still last. For complex processes several methody be
used for proper diagnosing of the whole process20721;

e.g. [3; 6; 27; 29; 35]) and it still arouse comsable
interest [10; 24; 28; 30; 33]. However, most of greposed
methods allow one to exist in the decoupled systeme
fixed poles which (if there are unstable) can resulits
instability. Moreover there are as well often liedtto the
square or right invertible plants with minimum phaeros
only. Additionally the everyday practice shows tluditen
there is a need to maintain and control processhsmore
outputs than inputs. It may happen e.g. duringesgdtilure
when one lose some actuators and the precise tofftadi
outputs is not possible. An universal decouplingpathm
which covers all these problems for square, rigid keft-
invertible plants has been presented in [6].

In the paper problems with reconfiguration of a
dynamically decoupled system after actuator fauk a
discussed. The main goal of the paper is not tsgmteall
details of algorithm described in [6] but rather dscuss
under what conditions is it possible to omit sonzetp of
calculations to make the reconfiguration procedfuiy
automatic and faster.

The paper is organized as follows. The problem
statement and decoupling concept have been brouaght

25] Basing on chosen methods diagnostic system fe%f.‘Ction 2 and 3. The main results, reconfiguraﬁﬁmes

information to overriding system about necessitydofng

after actuator fault are presented in section #alli an

control system reconfiguration and allows contiguin €xample and concluding remarks are given.

process after detecting fault, after losing contial some
actuators [4; 11; 15].

Multi-input multi-output (MIMO) systems give proces
engineer opportunity to reconfigure the systemuohsway
that influence of fault will be minimized. In the ost
optimistic case system after reconfiguration may wbork
in a fully automatic way.

In a design of the control systems decoupling nmegho

are used which goal is to lead a system to thatsii when
a specific group of inputs affects a specific grefiputputs
and no element of this input group have influenoeaay
other output component of the system. However, oyoa
decoupling of MIMO systems is one of the most difft
problems especially for non-square plants which lcave
non minimum phase transmission zeros.

An

since 60’s beginning with [23]. Solution to Morgaroblem

idea of dynamic decoupling for multivariable
(MIMO) systems has been considered by many autho

2. PROBLEM STATEMENT

2.1. Decoupling

We consider a controllable and observable linedi, L
MIMO, model of the plant2 defined by the state and
output equations

X(t) = Ax(t) + Bu(t) 1
y(t) = Cx(t) + Du(t) @
wherex(t) OR", u(t)OR™ and y(t)OR are the state,

input and output vectors respectively. In the polyial
matrix approach transfer matrices of all elemeritsthe

r's'i/stem are defined by pairs of polynomial matriegher



relatively right prime i(r.p.) for plants, or relatively left Definition 2

prime .l.p.) for other elements. Applying this approach, thean actuator fault f is an event that changes theninal

plant model (1) can be transformed to the relagiymime input matrix B 0R™™ to the faulty input matrix®@, 0 R™
matrix fraction description in the frequency s-damas ) . . fr
of less dimension than the origin8l.

follows
As in Definition 1 it is assumed that faults appear
y=B,(s)A*(Ju (2) abruptly and remain effective once they have oecland
where that the pair(A, B, ) is stabilizable.
B,(9A(9=C(3$,-A)'B+D 3) Actuator fault change in this case the nominalesys{1)

to the faulty systeny?,
Assuming dynamic block decoupling of the designed

control system we group output and a vector of erogs X, (t) = Ax; () + B, u, (t) +hd, (1) @)
signals into K’ blocks according to the partitions 7
? g mep Y, (1) = Cx, (t) + Du, (1).
RALI [a() |
1: . The influence of thebd, (t) should be minimized be
_ _ using any disturbance decoupling method, e.g. A;21B;
y() = yi_(t) a0 =) 4 _(t) ’ ) 34] and will not be considered in this paper.
LY () ] |G () | 3. DECOUPLING CONCEPT
where . .
K K The goal of decoupling of the LTI dynamic systenm ca
yMOR, > =1, q®OR", Ym=m. (5) be achieved in a control system structure whicttaios the
i=1 i=1 dynamic feedforward compensator with state feedback

matrix F . Feedback law, employed to decouple the system
We want to design a decoupled system in which eacfihe linear state variable feedback along with dyica
part (loop) i =1,2,..k of a system defined by pairs of feedforward) is described by

signals g, (t), y,(t) could be controlled independently of

other partsj #i . Moreover, each part of the system should u(s) =G(ILy (9 ($+G( BL( (), (8)
be designed with individually supposed dynamic prips  Where
according to the requirements. f(s)=F(9x,(92Fx() 9)

2.2 Actuator faults
mxm

X,(s) is a partial state vector of the pla@(s) UR[§™",
Definition 1 [26] LOR[I™, L()OR[§™™, F()OR[§™™ -
An actuator fault f is an event that changes theninal  polynomial matrices such th&™(s)L,(9 and G™(s)L(9
input matrix BOR™™ to the faulty input matrix8, OR™™ g proper andF (s)A%(9 is strictly proper. Without any
of the same dimensions. Faults appear abruptly rmgain = |gss of generality the matrixL,(s) may be taken as
effective once they have occurred. The pék,B,) is L(9=1..

assumed to be stabilizable. The main problem is to find a method for block
Actuator fault change the nominal system (1) to thelecoupling of the control system (between the $sgggand

faulty systemz; y) so as to obtain the transfer matrik(s) free of
cancellation of unstable "hidden" modes. For thelied
X (1) = AX, (t) + B, u; (t) + b d; (1) ©) decoupling law this transfer matrix takes the form

Yy, (t) =Cx, (t) + Du;, (t) o
T(9) =B(9[G(3A(3-F( ¥ L( ¥

(10)
where after [26]b is the column ofB that corresponds to =N(s)D*(9
the blocked actuator and, (t) is a constant determining with
blocking position. N(s) = block diagN; (5)I0 R 4™ (11)
Very often a fault of actuator brings the systena tetate D(s) = block diagD, )0 R{g™™ (12)

in which we can use fewer inputs to operate thegss. In

this case rank of the input matrix of the plant elod . . )
decreases and it is legitimate to propose anotainigon Where i=1,2,..k and j=1,2,..k according to the
of the actuator fault. partition (4).



The algorithm starts with determination of the nuaher
matrix of the system. It is taken as a block diadanatrix
N (s) = blockdiagN; (s),i= 1,2,...k , where

the partition (4). TherB,(s) takes the form

B,(s) =N(9B(3. 13)
Then the algorithm allows one to calculate rankshef
remaining system elements which means number espuf
the system which values are assumed during cailcnsat
The details of an universal algorithm for decouplgguare,
right and left-invertible plants has been preserited8].
Utilizing theorems given in [16; 31], which dedmi
stability of the decoupled system and property bfita
elements the algorithm guarantees free locatioallgfoles

of the system and guarantees that all designed ealism

(parts of the system) are proper (or strictly prppso they
are able to be physically realizable.

4. RECONFIGURATION AFTER ACTUATOR FAULT

The algorithm outlined in the previous section who
one to fully automate process of the synthesiseabdpled
system which may be used in an adaptive controhtor-
linear or reconfigurable systems. 13 steps of fgerdghm
allow one to check all necessary conditions ancriles a
calculation which has to be made to ensure stahdlitd
property. According to a type of fault full recogdiration
may require to carry out all calculations form tlexoupling
algorithm. However some of them serve only to deiee
e.g. orders of matrices of the transfer matricepasficular
elements of the system. Some types of faults dahange
structure of the systems itself and appropriatpsstaf the
algorithm may be omitted. This will be discussedtliis
section from the point of view of the reconfiguoatiafter
actuator fault.

4.1 Inputs outputs pairing

The first problem with decoupling using any decaugpl
method is pairing of the system inputs and outpdtsThis
calculations are done in first step of the algonitwhere the
pairing is established by permutation matriR. We
permute rows of matrixB,(s) of the faulty system, or

2, and if it is necessary, group plant's outpuits) (and
Y, (S)). SubstituteB, (s) := PB,(9 .

Proper pairing may be done by utilizing theory oB®R
factors. Their analysis help to determine impact tloé

specific inputs on some outputs [19].
calculations,

RGAQO0) =G(0).0imG" (0), (14)
which can be made automatically allows one to chemk
an actuator fault impacts the influence of its itspdror the
faults which cause loss of the actuator it is natblavious

particular
blocks N, (s) are the greatest common left divisors
(g9.c.l.d) of columns ofi-th row-block of B,(s) caused by

These simpl

that the change of input output pairing is necgsbat even
if we do not loss any inputs but their faults chants
dynamics and gains the change of pairing may be a
necessity.
Example 1

After change of the elements A(2,2) and A(3,1) fod t
system steady state gain matrix

5 4 3 [ 1.8182 0 -0.818
A=|3 7 4| RGAA)=|-0.5455 1.4 0.145

13 2 4 | —0.2727 -0.4 1.672

5 4 3 [ 0.5405 0.8649 - 0.405
A=|3 1 4| RGAA)=| 0.8108 -0.4595 0.648

1 2 4 | —0.3514 0.5946 0.756
one should consider to change the pairing from

(ul_ ViU, =Y, U — Y3) to (Ul_ Yo U, =Yy U — Y3)-

RGA analysis may also be useful for analysis ofléfie
invertible systems. If the original systeth or the faulty
one 2, has more outputs than inpdts m then it has to be

verified whether full dynamic decoupling is everspible.
To check that a theorem given in [31] may be iz

Theorem 1 [31]

A left-invertible plant with the transfer matrix@)Lof rank m
can be block decoupled according to the partitidhkfy use
of linear state variable feedback and dynamic feedrd if
and only ifrankB; (9= m, i =1,2,..k.

If theorem 1 is satisfied then a standard proceduag
be utilized [8; 31] else only partial decouplinggdsessible
and all decoupling procedure may be done for arsgua
down plant. Outputs which may be omitted in this
calculations may be pointed out by a procedure rgive
[19]. To select a square subsystem we eliminateothiput
with the smallest row sum in the RGA matrix.

4.2 Inter connection transmission zer os

According to theories given in [16; 22; 31] if the
polynomial matrix G(s)0 H $™, ag.c.l.d. of all columns
B(s) defined by the relation

B(s) =G(9B(9, (15)
is not unimodular and if its zeros lie in the uibdtaregion
of the complex plane, the (unobservable) poleseabdpled
system corresponding to these zeros are fixed asthbie.
These so called ‘interconnection’ transmission gerannot
be eliminated by a feedforward compensator of “zero

é)rder". To remove these unobservable poles we sarthe

compensation scheme together with an additionabyn
feedforward compensator obtained by augmentingothet

model with a serial dynamic elemeRt (s)P.*(9 .
After calculations of the elemenR, (s)P.*(9 the

“standard” procedure with an “augmented plant” dam
used and a decoupled systd(s) without fixed poles is



automatically obtained. FinallyR,(s)P;*(s should be which do not change number of uncontrollable and
“shifted” into the structure of dynamic feedforward SOntrollable and observable poles of the decouplestem.
compensator [1; 16]. An algorithm which may be used The assumed matrice®(s) and [L(s),L(9] leave the

calculate this additional dynamics was given by1} and
has been modified in [7] to make it more reliabled a
efficient.

From the reconfiguration point of view all these

calculations are necessary only if the plant adtdault has
any ‘interconnection’ transmission zeros, whichl rparts
lie in the left-half plane of the s-domain E.g. fbe system

same and the only calculation necessary to beechout
regardless of the type of damage is right matnxsthn

[L(9D(9B($+L( $B( HA™( )s=G( )s-F( )& () (16)

where G(s)O R §™™ is the quotient and-F(s)O H §™"

necessary at all.
4.3. Stability of the system

Stability of the decoupled system describes thieviohg
lemma and theorem.

Lemma 1 [16]

The block diagonal matrixD(s)0 H $™ that satisfies the
relation (10) exists if there exist polynomial nicds
L(s)OR §™™" and B(s)O H $™™" of full rank such
that

G(S)A(9-F(9-L($D( ¥B( p=L()B( )-

Theorem 2 [16]

The closed-loop poles of the decoupled systg(s)
realized by linear state variable feedback (l.s)vwith
dynamic feedforward consist of the zeros|[d1(s), L( s)]|,

which are uncontrollable, the zeros 4ITBT(S),I§T(S)]T|,

which are unobservable and the zeroq (s)| , which are
controllable and observable.

designed control system which details may be founf2;
9; 32] ends the algorithm.

Like it was shown on the basis of the deliberagwen
huge part of a calculation of the described dedogpl
algorithm may be omitted due to the fact that foms
failures the system structure is constant.

4.4 Outline of thereconfiguration algorithm

An universal algorithm for decoupling square, rigind
left-invertible plants is presented in [8]. The alktd
description of all steps of the standard decouptiragedure
for square and right invertible plante>1 may be as well
found in [2, 9]. The algorithm guarantees free tmoaof all
poles of the system and guarantees that all designe
elements (parts of the system) are proper (ottistpcoper).
Moreover it allows one to fully automate processtlod
synthesis of decoupled system which may be usednin
adaptive control for non-linear or reconfigurablestems.
Below an outline of the discussed procedure is quesl.
The algorithm has been divided into 4 general stagfe
calculations. An offline analysis of the possitaeifs allows
one to prepare matrice®(s)and [L(s), L(9] which are

used in Stage 4 finalizing calculations.

Thealgorithm

All' this matrices and their determinants zeros aresage 1.

arbitrary set

naturally on a type of actuator fault.

According to Theorem 2to eliminate any unobservable
poles of the decoupled system for the plants wittrem

inputs than outputsn> | one has to determine matrB(s)
so as to gefB(s), B"(9]" unimodular. So for systent,
or 2, which after fault still hasm>1 to ensure that the

reconfigured system will not have any unobservaigkes
these calculations must be done any time unlesdathiée

does not chang®(s) so much that zerol{;BT(s), I§T($]T|

with the old B(s) will still be stable. For actuator faults

according to theDefinition 2 these calculations are
obligatory.

The rest of calculations depends on the systenctane
and to be more precise on the structure of mat(2psThe
fault which does not change their structures da¢sieed to

recalculate rank of the matriceB(s) and [L(s), L(9]

in appropriate steps of the decogplin
algorithm. Recalculation of the necessary numbed anpg
values of all poles of the decoupled system depends'

Given the plant description (1) derive its trangfeatrix
(A (9 . Group plant’s outputs/(s) (and y,(s)).

If the system has more outputs than inplitsmcheck
whether full dynamic decoupling is possible andcakdte a

new numerator matrix B, (s). Substitute
T.(9 =B (9A™(9.
Stage 2.

Calculate numerator matrix (11) and determine

G(s)OR 3™, a g.c.l.d. of all columns of the matrix

B(s)=G(9B(9. If G(s)is not unimodular (or stable)

calculate the additional dynamic element.

Connect (in series) additional dynamic element
R. (P (9 with the plant (1). Run the *“standard”

procedure again with an “augmented plant”.
Stage 3.
According to Theorem 2eliminate any unobservable

poles of the decoupled system by findingB4s) matrix
which makeqdB'(s), B"(9]" unimodular.



Stage 4.
Determine the structure and chose matrideés) and
[L(9),L(9]. Execute right matrix division (16) and

determine the time domain realization of the desiyn
control system.

5EXAMPLE

In order to illustrate the theoretical considenagioan
example of reconfiguration of a decoupling consgstem
is presented. Let assume a plantifof 5 order withm=3
inputs andl =3 outputs) defined by the following matrices
of the state and output equations (1)

0O 1 0 00 1 00
0O 0 1 0O 0 0O
A=|-1 -2 -1 0 0],B=|0 1 1|,
0O 0 0-10 0 01
0O 0 0 -1 2 010
10100
C=0 1 0 0 14,D=0
0 1000

This plant can be described in thep. matrix fraction
as follows

s-2 s-8 4

B,(s)=| 1 s+4 -1,

0 1 0
$-2s -8s-1 4s
A(s)=| s-2 $+s6 -3
0 0 s+1

=-0.2150+i1.307,s, = -1,

5, =-0.5698 and one transmission ze} =-2. So, it is
unstable and minimum phase. A fully decoupled syste

contains four (1-1-2 in a loop) controllable andsetvable
poles and the dynamic precompensator is of ran&. 280

It has the poles =2, s,

for any systemZ2, with minimum phase zeros one has onlyan

do calculations of Stage 1 and 3, assume mabjis),
[L(9),L(9] =1, and carry out calculations of Stage 6.

The transfer matrix of the decoupled system may be

described by

s+0.5 0 0
N(s)=1,, D(s)=| O s+0.4 0
0 0 sS+s+0.24

Assuming different possible actuator faults one can

consider few possible plants to be decoupled andrao
systems to be reconfigured and recalculated. Leiresent
three options:

a) the value of transmission zero changes with ghanf
actuator parameters. If the elemeBt, <-1 the value of

zero is greater than O and the plant changes ta hen-
minimum phase one. Then one obtain decoupled system
which consist of six controllable and observabléepand
dynamic precompensator of rank two. In such a case
calculations of all stages has to be carried owing®

prepared to such a fault matricEgs) and [L(s), L(9] may

be assumed offline and used in Stage 4.

b) an fault of the first actuator brings the systeman
left invertible plant and after grouping first atidrd output
the system to be decoupled is described irrihe. matrix
fraction by matrices

2 — -
B.() = S°+4s+3.75 -2 2,
1 0
S$+&-2.255325 -8+ &
A(s) = .
425+ 4.25 -5 2

In this case there is as well necessary to assome f
poles but this time grouped in two sets (1-3 im@p). The
transfer matrix of the decoupled “square” systemny rha
described by

N(s)=1,,D(9) {SJ’O'S

0

0
s’ +1.45 + 0.64s+ 0.09}'

The system after decoupling has two independent
outputsy, and y, with third outputy, depending on them.

c¢) an fault of the third actuator brings the systenman
left invertible with B,(s) not satisfying theorem 1 so then a

standard procedure may not be utilized. Then fiassible
to square down the plant but depending on whichuiuwwill
be omitted different structures (minimum or non-imam
phase) have to be dealt with.

d) an fault of the third actuator makes the system
uncontrollable and the decoupling is not possible.

As the example shows an offline analysis allows e
check the system structure after a fault and thexpgre
appropriate (sets of poles) matrices. Creatinga tf graph
of possible faults and structures of the controstems
considerably simplifies and speeds up the cal@anati
The system after reconfiguration is still parthcdepled
d may allow to continue regulation or at leaststde
disabling.

6. CONCLUSIONSAND FINAL REMARKS

In the paper problems with reconfiguration of a
dynamically decoupled system after actuator fauéren
considered. The analysed algorithm allows one tity fu
automate the process of redesign the control systhith
may be used especially in adaptive decoupled,
reconfigurable, fault tolerant MIMO systems.

Conditions were shown which indicates the possybdf
carrying out simplified path of calculations in thase the
system change does not change its structure. Sugty af
reconfigurability considerably simplifies and aaretes
process of designing of the control system. Full
reconfiguration of the system in some cases may be



accelerated approximately over 50% which may play 18]
significant role for safety of operation of dangeso
processes which after failures should be stoppefdsisas

possible in some specific way. [19]

The study has been partly supported by the Gran[zo]

No. N N514 679240 financed by the Polish Ministrf o
Science and Higher Education. [21]
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