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Controller Architectures for Switching
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Dept. of Electrical Engineering, Automation
Technical University of Denmark
DK-2800 Kgs. Lyngby, Denmark
hhn@elektro.dtu.dk

Abstract— This paper investigate different controller archi-
tectures in connection with controller switching. The controller
switching is derived by using the Youla-Jabr-Bongiorno-Kucera
(YJBK) parameterization. A number of different architectures
for the implementation of the YJBK parameterization are
described and applied in connection with controller switching.
An architecture that does not include inversion of the coprime
factors is introduced. This architecture will make controller
switching particular simple.

Keyword:

Controller architecture, system theory, YJBK parameteriza-
tion, controller switching.

I. INTRODUCTION

The Youla-Jabr-Bongiorno-Kucera (YJBK) parameteriza-
tion, [6], [20], [21] has been investigated in a number of
books, [4], [7], [18], [22] and in papers [1], [8], [9], [10],
[14], [19] for mention a few references. These books and
papers deals with both theoretical results as well as with
applications.

One of the later applications of the YJIBK parameterization
is in connection with Active Fault Diagnosis (AFD), [11],
[12], [16], [17] and Fault Tolerant Control (FTC), [14].

Both the AFD and the FTC approaches make directly use
of the YJBK architecture. In the FTC architecture described
in [14] use the YJBK transfer function directly to change
the controller when faults has been detected. The involved
fault diagnosis in the FTC architecture is based on the same
input and output signals that are connected through the YIBK
transfer function.

A central element in an FTC architecture is to be able to
change controller in a suitable way. One possibility is to use
the YJBK architecture as the basic for an FTC architecture
as described in [14]. A systematic way to switch between
different controllers through the YJBK transfer function is
needed. Controller switching through the YJIBK parameteri-
zation was first shortly considered in [8]. Later, these results
has been extended in [15]. Here, both controller switching
and controller optimization using the YJBK transfer function
has been investigated.

A drawback with using the YJBK architecture directly in
connection with controller switching is the complexity of
the YJBK transfer function. The transfer function include the
coprime matrices from both controllers and from the system.
This will e.g. give a YJBK transfer function 3 times the
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order of the system when switching between two full order
observer based feedback controllers.

The main focus in this paper is firstly to complete the re-
sults from [15] by considering an alternative implementation
of the YJBK parameterization. Secondly, a new architecture
for implementation of nominal controllers as well as for
YJBK parameterized controllers is introduced. The new
architecture give both a simple and direct implementation
of feedback controllers as well as of the YJBK parameter-
ization. It is shown that this new structure will result in a
more simple YJBK transfer function for controller switching
than using the standard implementation. It is shown that
it is possible to implement all feedback controllers as a
feedback from an output estimation error from an arbitrary
observer. At last in this paper, the new controller structure is
considered in connection with extension of the system. The
system is extended by adding extra sensors and actuators. In
this paper, only systems with extra actuators are considered.

The rest of this paper is organized as follows. In Section
II, the system set-up is given together with some preliminary
results for coprime factorization and the YJBK parameteriza-
tion. Controller switching is introduced in Section III. A new
architecture is introduced in Section IV following of Section
V where the systems is extended with additional actuators.
The paper is closed with a conclusion in Section VI.

II. SYSTEM SET-UP

Let a general system be given by:
e = Geygd + Geyu
Ep .
y= Gydd + Gyuu

)

where d € ®" is a disturbance signal vector, u € " the
control input signal vector, e € R is the external output
signal vector to be controlled and y € ® ” is the measurement
vector.

Further, let the system be controlled by a stabilizing
feedback controller given by:

Yc: { u = Ky 2)
A. Coprime factorization

Let a coprime factorization of the system Gy, from (1)
and the stabilizing controller K from (2) be given by:

=NM'=M"'N, NM,N,MecRH.,

I o 3)
K =uvi=vlo, UV0,VerH.,
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where the eight matrices in (3) must satisfy the double
Bezout equation given by, see [18]:

(£9) - (5 3)
(v v)( 5%

B. The YJBK Parameterization

Based on the above coprime factorization of the system
Gy, and the controller K, we can give a parameterization of
all controllers that stabilize the system in terms of a stable
transfer function Q, i.e. all stabilizing controllers are given
by using a right factored form [18]:

K(Q)=(U+MQ)(V+NQ)™, Qe R (5)
or by using a left factored form:
K(Q)=(V+0N)" (U +0M), Qe ®oHe ()

Using the Bezout equation, the controller given either by
(5) or by (6) can be realized as an LFT (linear fractional
transformation) in the parameter Q:

-1 gl
K(Q)=#% <( li,Vq _“;11\, >7Q) =7k, 0) (1)

Equation (7) is the same for both the right and the left
form given in (5) and (6), respectively.
The YJBK parameterization is shown in Fig. 1.

d4> — e

Zp
u y

+

/,7‘71,_?7 U
n
0

L
N >O% M

Fig. 1. The YJBK parameterization of all stabilizing controllers K(Q) for
a given system Gy,.

III. CONTROLLER SWITCHING

One of the application of the YJBK parameterization is to
do controller switching in terms of using the YJBK transfer
function Q. It is possible to change the nominal controller
K to another stabilizing controller K; by a suitable selection
of Q. Assume the existence of a coprime factorization of the
system and the controller

Gu=NM;'=M'N;, K =UV"'=V"'0,

1

which satisfy the double Bezout equation given by:
I 0 - Vi -U; M;
0 I N —N;  M; N;
M; U; Vi
NV —N;

> ®)
W)

g‘Q1<Q

Then a switching from K to K; can be obtained by using Q;
given by([15]):

Qi =M"'"M;(OV —V,U) )

wia (1)

in (5). The transfer function X; = M~ 'M; is stable, see [15].
In some special cases, we will have that M = M; and N = N;
and therefore with the result X; = 1.

It is possible to switch from K to K; in a smooth way by
using

or

Qi=M"

Qi(a) =

by increasing o from O to 1.

Instead of using the controller implementation shown in
Fig. 1, it is possible to use an alternative implementation
of the YJBK parameterization as described in [4]. This
alternative implementation is shown in Fig. 2.

aQ;, o € [0, 1] (10)

d —* Zp ——— ¢
u y
+ _1 +
+ 4 U V A
0
M N

Fig. 2. An alternative implementation of the YJBK parameterization, [4].

Using the controller implementation in Fig. 2, it will also
here be possible to calculate a Q transfer function such that
it is possible to change from K to K;. Following the same
line as in [15] for the derivation of (9), we get the following
YJBK transfer function:

Qi=(VUi—

Ov))MM™! (11)

or U
—(V —0 ARYA e
Qi=(Vv -U) (Vi>M,M

for a switch from controller K to K; when the implementation
in Fig. 2 is applied.

The two YJBK transfer functions given by (9) and (11)
has the same structure. It can be shown that the two transfer
functions are identical. This is shown in Appendix A.

IV. CONTROLLER ARCHITECTURES

The two controller architectures shown in Fig. 1 and 2
result in two non-simple equations for Q given by (9) and
(11) when we want to switch from K to K;. Both equation in-
clude six coprime matrices. Following the calculation of the
YJBK parameters, these matrices will decoupling/replacing
dynamic in the controller. This decoupling is not necessary
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by using a more suitable selection of the implementation
of the controller. The critical point in the implementation
is the inversion of matrices. Using the Bezout equation,
it is possible to remove V' or V~! in Fig. 1 or in 2,
respectively, by using a feedback loop instead. The above
two implementations take then the following forms as shown

in Fig. 3 and 4, respectively.

d— —c
Lp
u y
— U+MQ
€
N >O% M
Fig. 3. A new implementation of the YJBK parameterization shown in
Fig. 1.
d _ > ¢
Ep
u y
~ ~ Y +
U+ 0OM «—0 .
M N
Fig. 4. A new implementation of the YJBK parameterization shown in
Fig. 2.

A direct calculation of the control vector u of the YJBK
parameterization in Fig. 3 gives:

(U+MQ)(My — Nu)
(I+UN+MQN)" (U +MQ)My
(MV +MQN)~' (UM +MQM)y
(V+0N)~! (T +0M)y

which coincides with Fig. 1.

Alternatively, the right factored form given by (5) can also
be derived directly from Fig. 3 in the following way:

(U+MQ)(My —Nu)
(I+(U+MQ)N)~ (U +MQ)My
(U+MQ)(I+N(U+MQ))"'My
= (U+MQ)(MV +MNQ) 'My
(U+MQ)(V+NQ)~ly

u

u =

which coincides with Fig. 2.

The controller structure in the Fig. 3 and 4 is very simple
and it does not involve any inversions of matrices/transfer
functions. As it will be shown below, it will also simplify
the controller switching.

It should be mentioned that another controller architec-
ture has been considered in connection with Loop Transfer
Recovery (LTR), [13]. This LTR controller architecture is
similar to the architectures shown in Fig. 3 and Fig. 4.

A. Controller Switching

Using the new implementation of the YJBK parame-
terization shown in Fig. 3 or 4, it is possible to reduce
the implementation complexity of the implementation of Q;
significantly. The feed forward part of the controller in Fig.
3 (ie. U(Qi(ar)) =U +MQ;(a)) can now be rewritten into:

U(Qi(a) = U+aM;
U +oaM;(T0V —-V,U)

= (1—o)U+a((I —MV;)U +M0V)

= (1—-a)U+a(-UNU+UM,V)
= (1—a)U+aUM;(—GyuU+V)
= (1-a)U+oUMM™!

(12)
In the special case where M = M;, U(Q;(a)) take the
following simple form:

U(Qi(a)) = (1 —o)U + al; (13)

Using either (12) or (13), the controller switching get very
simple. It will only require a calculation of the U; for the
controller K; and possibly also M; 'M. The implementation
of the controller switching using U(Q;) given by (12) will
give a lower order of the controller than using the general
equation for Q; given by (9).

Equivalent, using the set-up in Fig. 4, the feed forward
term (i.e. U(Q;(a)) = U + Q;(a)M) take the following form:

U(Qi(o) = U+oaQiM 14
= (1-o)U+oM 'MT;
or
U(Qi(o)) = (1 - )T +al; (15)

in the simple case where M = M;.

It is possible to obtain controllers as a combination of a
number of controllers by using the YIBK parameterization,
[15]. This can be done by using a YJBK transfer function
given by:

N
0=Y o0 (16)
i=1
Note that there is no condition that oo = Y} ; o; should be
equal to 1. Using Q given by (16), it will be possible to
optimize the controller, based on a number of predesigned
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controllers. The feed forward part of the controller in Fig. 3
U(Q) can now be rewritten into for s = 2:

Uu(Q) U+ouMQi+oiMQ»

U+oyM(0,V —VU) + oMy (T,V —VBU)

= (1—ay—)U+oy((I—MV\)U+MUYV)
+00 (I —MaVa)U + MyU,V)

= (1—o—o)U+oy(-UNU+UMV)
+0(—UaNU + Ua M, V)

= (1—o—0)U+oUiM(—GyU+V)
+0€2U2M2(—GyuU+V)

= (1-o4 *(XZ)U+(XIU1M1M_1 + Uy MM ™!
o))

or in a more compact notation

-

U(Q):(l—G)U—f—( OCiUiMi)Mil oc:ioc,- (18)
=1

i=1

Again, if M; = M, then (18) take the following simple form:

N
U(Q)=(1-o)U+ Y ol (19)
i=1

The equivalent equations can also be derived when for
YJBK implementation shown in Fig. 4. U(Q) is then given
by:

s

0(Q) = (1-0)T +M~' (Y ouM;T;) (20)
i=1
or s
0(0)=(1-)0+) o0 (1)
i=1

when M; = M can be applied.

The controller switching based on the architecture in
Fig. 3 can also be used in connection with implementation
of arbitrary controllers. A controller K; = U,Vfl can be
implemented by using the control input given by:

u=UMM e (22)

This is a direct consequence of (12) (for o = 1). The € vector
given by
(T N y
e= (M -N) <u>

can always be implemented as an output estimation error
vector, 1.e. ( M -N ) describe an observer. € will be the
innovation vector when a Kalman filter is applied. It will
always be possible to obtain a coprime factorization that will
include an observer. This has been shown in [8]. Based on the
controller architecture in Fig. 3, it is possible to implement
feedback controller using the general structure shown in Fig
5.

The controller architecture shown in Fig. 5 has also a
relation with fault diagnosis and active fault diagnosis. The
€ vector is here used as the residual vector for detection and
diagnosis of additive and parametric faults in the system, [2],

(31, [5], [11], [16].

(23)

d— vp —e
u y
— U;M;M ™!
€
Observer

Fig. 5. An observer based implementation of the feedback controller K;.

It will also be possible to reformulate the controller
architecture shown in Fig. 4 in a similar way.

B. Input-Output Implementation

Another issue in connection with the implementation of
the controller switching is the accessibility of internal signal
vectors in the nominal controller, special the input point for
the M vector in between U and V! in Fig. 1 (or the € vector
in Fig. 2). It is therefore interesting to based the parameteri-
zation part of the controller only on the measurement vector
y and control vector u. The original formulation of the YIBK
parameterization given by (7) can be rewritten into, [7], [18]:

0 vl
K(Q) = K(0 + Fi V71 _Vle aQ

(0)
= K0)+V '+ V-INQ)~lv!
= K(0)+V!1Q(V+NQ)!

= K(0)+K(Q)

As it can be seen from (24), this realization will require
that V~! need to be implemented separately in K(Q). This
will give an unstable transfer function for nominal unstable
controllers. It is not impossible to use this realization for an
unstable nominal controller, but it is not to prefer.

To remove the inversion of V, another implementation has
been considered in e.g. [7]. The implementation is shown in
Fig. 6.

(24)

d —

Lp
u y

< K

\—\ Q_ +
Gyu(I—KGy,)™!

Fig. 6. An implementation of the YJBK parameterization when K is a
stable controller, [7].

The controller in Fig. 6 is given by:

K(Q) = K(0)+O(I+NVQ)~! (25)
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A simple calculation show that the connection between Q
in (7) and Q in (25) is, ([7]):

o0=v'gv! (26)

or
Q=VQoVv
It is possible to remove either V=! or V~! from (26) by
using the controller implementation shown in Fig. 3 or in
Fig. 4. From (4) we have directly that V~! can be written
as:

v i=Uu(+NU)'M (27)

From Fig. 3 we also have that V! is the transfer function
from y to € given by (r =0)

e=U(I+NU) 'My=v~ly

Further, € can also be written directly as function of the
measurement output and the control input given by:

e=My—Nu

Equivalent, V™! can also be substituted by using the
double Bezout equation and the controller set-up shown in
Fig. 4. It should be pointed out that it is only possible to
remove either V1 or V1, not both at the same time without
affecting the general YJBK parameterization.

V. SYSTEM EXTENSION

In some cases, it is relevant to consider the possibility to
extend the system with extra sensors and/or actuators. This
will give an additional freedom in the YJBK parameteriza-
tion. Some preliminary results has been given in [14] and
more detailed results has been given in [10]. These results
are all derived with respect to the controller implementation
shown in Fig. 1. Instead of using the implementation in
Fig. 1, it is possible to use the two implementations shown
in Fig. 3 and 4. It will here be possible to simplify the
implementation of the YJBK parameterization.

Without loss of generality, let’s only consider the case
when additional actuators is added to the system. The case
where additional sensors or actuators and sensors are added
to the system can be derived in the same way by using the
general results from [10].

Let the system Xp given by (1) be extended with some
extra actuators resulting in the following system:

6([) = Gedd(t) + Geu,extuext(t)
Zpext :
y(t) = Gydd(t) + Gyu,extuext(t)

Uext(t) = <L ((t,)))
( G Gewa )

(Gu Gua )

where u, is the additional actuator inputs.
It has been shown in [10] that the coprime matrices has
the following structure:

(28)

with

Geu,ext =

Gyu.ext =

The above eight matrices has the following form:

M M

Next = (N Ny ) Mexe = ( 0 11 )

U
Ut = (0> Vet =V
} b } o (29)
Mexe = M Next = ( N N )
_ vV v ~ U
Vext = < 0 Il ) Ut = (0)

This structure can be obtained when an observer based
feedback controller is applied as the nominal controller or
when the general state space description of the coprime
matrices given in [18] is applied. This structure might not
be obtained in other cases.

Based on the coprime matrices for the extended system
given in (29), the standard implementation of the YJBK
parameterization can be derived. However, using instead the
implementation shown in Fig. 3 will give a much more sim-
ple structure of the complete controller. Using the coprime
matrices directly in Fig. 3 given the block diagram shown
in Fig. 7 where the YJBK transfer function for the extended

system is given by:
Qext = (QQl)

where Q) is the transfer function due to the extension.

d Z‘4P,ext ¢
Uext y
| U+Mo+ Mo
0l
€
N N M
-+

Fig. 7. Implementation of the YJBK parameterization when additional
actuators has been included.

A little manipulation of the block diagram will give a
much more clear structure of the controller. This has been
done in Fig. 8.

The transfer function from €; to e in Fig. 8 is the
additional term that will occur when extra actuators are added
to the system.

Equivalent, including extra sensors or both extra sensors
and actuators can be handled in the same way.

Another important issue in connection with this is the
closed-loop stability aspect when the applied sensors and/or
actuators are changed. In this case a stability analysis of the
closed-loop system is needed. Such an analysis is independed
of the controller implementation. This stability analysis can
be found in [10].
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Z:P,exl
Uext y

U+MQ

Uext €

=

€1

I<—Q1

Fig. 8. An alternative implementation of the YJBK parameterization when
additional actuators has been included.

VI. CONCLUSION

Different architectures for implementation of the YJBK
parameterization has been considered in this paper. Con-
troller switching has been considered for an alternative
implementation of the YJBK parameterization. It has been
shown that the two YJBK transfer functions are identical.

A new architecture for the YJBK parameterization has
been described. This architecture will give a very simple way
to switch between controllers compared with the standard
architecture.

At last, the new architecture has also been applied in
connection with adding extra actuators to the system. It has
been shown that including extra actuators to the system will
only extent the architecture with an extra term.

APPENDIX
A. Proof of (9) and (11) are identical

M~'M;(OV —V,U) - (VU; — OV;)M;M !
= MUV VUM —MVU;—OV,)M;

= MU(I+NU)—MV;,UM — (I +UN)M,;U; + MUV;M;

= MUNU — M V;UM — UNM;U; + MUV;M,;

= M(UN—VM)U +U(MV;, — NU,)M;

= M;(U;Gy, — Vi) MU + UM (V; — Gy, U;)M;

= MUN; —V:M))M; 'MU + UMM; " (M;V; — N;U;)M;
= —-MU+UM

=0

[1]
[2]
[3]
[4]
[5]
[6]
[7]
[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

(171

[18]

[19]

[20]

[21]

[22]

1103

REFERENCES

B.D.O. Anderson. From Youla-Kucera to identification, adaptive and
nonlinear control. Automatica, 34(12):1485-1506, 1998.

M. Blanke, M. Kinnart, J. Lunze, and M. Staroswiecki. Diagnosis and
Fault-Tolerant Control. Springer, 2003.

J. Chen and R. Patton. Robust model-based fault diagnosis for dynamic
systems. Kluwer Academic Publishers, 1998.

M.A. Dahleh and 1.J. Diaz-Bobillo. Control of Uncertain systems.
Prentice Hall, 1995.

J. Gertler. Fault detection and diagnosis in engineering systems.
Marcel Dekker, 1998.

V. Kucera. Stability of discrete linear feedback systems. In Proceed-
ings of the 6th IFAC World Congress, Boston, MA, 1975. Paper 44.1.
J.M. Maciejowski. Multivariable feedback control. Addison Wesley,
1989.

J.B. Moore, K. Glover, and A. Telford. All stabilizing controllers
as frequency-shaped state estimate feedback. IEEE Transactions on
Automatic Control, 35:203-208, 1990.

H.H. Niemann. Dual Youla parameterization. [EE Proceedings -
Control Theory and Applications, 150(5):493-497, 2003.

H.H. Niemann. Parameterization of extended systems. IEE Proceed-
ings - Control Theory and Applications, 153(2):221-227, 2006.

H.H. Niemann. A setup for active fault diagnosis. IEEE Transactions
on Automatic Control, 51(9):1572-1578, 2006.

H.H. Niemann and N.K. Poulsen. Fault tolerant control for uncertain
systems with parametric faults. In Preprints of 6th IFAC Symposium
on Fault Detection Supervision ans Safety for Technical Processes,
SAFEPROCESS 2006, pages 517-522, Beijing, China, 2006.

H.H. Niemann, P. Sggaard-Andersen, and J. Stoustrup. Loop transfer
recovery for general observer architectures. International Journal of
Control, 53:1177-1203, 1991.

H.H. Niemann and J. Stoustrup. An architecture for fault tolerant
controllers. International Journal of Control, 78(14):1091-1110, 2005.
H.H. Niemann, J. Stoustrup, and R.B. Abrahamsen. Switching
between multivariable controllers. Optimal Control - Application and
Methods, pages 51-66, 2004.

N.K. Poulsen and H. Niemann. Stochastic change detection based
on an active fault diagnosis approach. In Proceeding of 46th IEEE
Conference on Decision and Control, New Orleans, Louisiana, USA,
December 2007.

N.K. Poulsen and H.H. Niemann. Active fault diagnosis based on
stochastic tests. International Journal of Applied mathematics and
Computer Science, 18(4):487-496, 2008.

T.T. Tay, LM.Y. Mareels, and J.B. Moore. High performance control.
Birkhiuser, 1997.

H.T. Toivonen and A. Medvedev. Damping of harmonic disturbances
in sampled-data systems - parameterization of all optimal controllers.
Automatica, 39(1):75-80, 2003.

D.C. Youla, J.J. Bongiorno, and H.A. Jabr. Modern Wiener-Hopf
design of optimal controllers - Part I: The single-input-output case.
IEEE Transactions on Automatic Control, 21(1):3-13, 1976.

D.C. Youla, H.A. Jabr, and J.J. Bongiorno. Modern Wiener-Hopf
design of optimal controllers - Part II: The multivariable case. IEEE
Transactions on Automatic Control, 21(3):319-338, 1976.

K. Zhou, J.C. Doyle, and K. Glover. Robust and optimal control.
Prentice Hall, 1995.

Authorized licensed use limited to: Danmarks Tekniske Informationscenter. Downloaded on August 02,2010 at 09:50:14 UTC from IEEE Xplore. Restrictions apply.



