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• For MIMO systems:
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• Control based on fast model could be more performing
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17Inferenced feedback control
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Inferenced feedback control

Fast control based on inferenced output: mixed regressor
Data availability may be random. In [1] conditions on:
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[1]  OUTPUT PREDICTION UNDER SCARCE DATA OPERATION. CONTROL APPLICATIONS.
P. ALBERTOS, R. SANCHIS, A. SALA Automatica 35 (1999) 1671-1681
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MIMO fast control: No ripple, comp. load, convergence constraints
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MIMO Inferenced feedback control

TITO fast control:
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MIMO fast control: No ripple, comp. load, convergence constraints
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21Academic example
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Academic example
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22Reactor example
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Reactor example

Unstable Batch Reactor, benchmark1
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PI, decentralized control:
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Missing data:
First output: [0 0.03 0.05], lost in 0.01, 0.02  and 0.04
S d t t [0 0 01 0 03 0 04] l t i 0 02 d 0 05
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1 Stability Analysis of Networked Control Systems, Gregory C. Walsh, Hong Ye, and Linda 
G. Bushnell. IEEE Trans on Control Systems Technology, Vol. 10, no. 3, May 2002

Second output: [0 0.01 0.03 0.04], lost in 0.02 and 0.05.
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23Reactor responses
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Reactor responses
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24Multirate Hold model [2]
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Multirate Hold model 
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Continuous LTI System :
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[2]  PERIODIC OPTIMAL CONTROL OF MULTIRATE SAMPLED DATA SYSTEMS.
J. TORNERO, P. ALBERTOS, J. SALT PSYCO 2001. COMO (ITALY)
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25Multirate Sampled model
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Multirate Sampled model
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Continuous LTI System :
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26Multirate S&H Model (2)
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Multirate S&H Model (2)

Altogether:
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27Periodic LQG Control
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Periodic LQG Control

• SR LQ control:
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Direct control Held control
• MR LQ control:
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28MR LQR Solution : Periodic Control K(k): Periodic Control K(k)
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MR LQR Solution
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29Periodic State Estimator
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Periodic State Estimator

• Given the system
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30Illustrative Example
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Illustrative Example

• Assume the CT system
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Time responses
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32Observer effect
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Observer effect
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33S&H Multirate approach
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S&H Multirate approach

• Compact model with LTI + S&H periodic device
Easy to change the S and/or Hold strategy
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m – Easy to change the S and/or Hold strategy

• Multirate LQR easily solved as set of Riccati equation
M l i LQG il l d i f K l fil
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equations
Th bl k i h

le
d

le
d--

D
at

a 
C

o
D

at
a 

C
o • Three blocks in the system: 

– the plant  (LTI, low order)
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– the periodic estimator
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• Clear understanding
• Oscillatory effects. Bang-bang
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34BMIO Approach [3]
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BMIO Approach 

• Consider blocks of inputs and outputs
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[3]  BLOCK MULTIRATE INPUT-OUTPUT MODEL FOR SAMPLED DATA  CONTROL SYSTEMS.
P. ALBERTOS, IEEE Trans on AC. Vol 35 N9 1085-1088. 1990.
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35BMIO Procedure
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Discrete LTI system, period T :

BA + Yk
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- Enough number of measurements (>   )
- Enough number of actions (> )μ
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si=ti/T, rj=tj/T and N= To /T
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36BMIO Procedure
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38BMIO Procedure
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Internal Representation of a Non-Uniformly SD system
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Remark: The matrices W, O, and H could be obtained by 
other modeling procedure. 
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If rank(O)=n, by state reconstruction. 
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39BMIO Procedure. Remarks
m

s
m

s  If there are not enough samples to make O full rank 
i h f i d b l d ( li d)
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m matrix, the frame period must be enlarged (replicated)

 The block vectors could be shifted for a frame period 

on
tr

ol
 o

f M
I

on
tr

ol
 o

f M
I

starting at any other control updating time 

 W, O, H will be correspondingly changed.
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40Analysis of the BMIO procedure.
m
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PROPOSITION 1: For a frame period 0T
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1 ......1

−−= 
is the i-column of the input matrixb B
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I is the i column of the input matrix ib cB

iuig updates for each input vector component
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The expression is equivalent to the previous one
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...

Lemma: W is full rank, if iigr μμ ≥⇔≥

N
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Remarks: i) Dual results for observability.
ii) If W,O are full rank, they are non-singular in a SISO case
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41Analysis of the BMIO procedure.
m
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m
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PROPOSITION 2: Given a SISO non-uniformly SD system,
the necessary conditions for rank(H)=s are:
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m the necessary conditions for rank(H)=s are:

sr ≥.1
si 12 = i

i tt ≤
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I si ,...,1.2 itt ≤

Comments:
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1. It is evident, based on the dimensions of H (sxr).

2 It points out the requirement of enough changes in the input

rm
ly
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ly
 S
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pl 2. It points out the requirement of enough changes in the input    

components to ensure the desired output value at any sampling time.

3 The extension to MIMO system is not easy to express
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r 3. The extension to MIMO system is not easy to express.

(Firstly the system should be output controllable)
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42Analysis of the BMIO procedure.
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PROPOSITION 3: For a MIMO non-uniformly SD system,
h di i f k(H)
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si 12 = i
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jm is the number of inputs updated at time jt
Th ffi i ld i h k h i
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o The sufficiency would require to check that any input 

component influences any output component between 
any two updating times
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pl any two updating times.

 If H is full rank, the system will be denoted 
“output invertible”.
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If condition 1 holds, it is always possible to start the frame 
period in such a way that condition 2 is also satisfied.
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43BMIO Model Controllability.
m

s
m

s
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UU representation. State 
dimension (ps+mr)
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 + OWHOQOPHH

dim(W) n x mrThe controllability matrix is:
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pl  00 II

mr x mr In case of full rank matrices O, W the 
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r mr x mr

maximum rank of this matrix is mr+n
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44BMIO Model Controllability. Options
m

s
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s
y p

Using a new block vector defined as follows:
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The new “state” equation is:
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pl  Only n eigenvalues of those attached to the dynamic of 

this enlarged state can be assigned by this control.
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45Control of Non-Uniformly SD Systems.
m

s
m
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y y

[ ] N WUxATkxx ++ )1( HUOxY +=
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O
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m
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O
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m [ ] kkk WUxATkxx +=+=+ 01 )1(

11 −− += kkk QUPYx

kkk HUOxY +=

kkkk HUOQUOPYY ++= −− 11
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Structure Assignment Controller:
A
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o If W is full rank, a desired closed loop response 

could be obtained applying the control law:
kdk xAx =+1
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kd xxAAWUWUxAxA Γ=−=+= )(
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State
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11 −− Γ+Γ= kkk QUPYU
Input / outputHow to choose it ?
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46Control of Non-Uniformly SD Systems.
m

s
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s
y y

Output Tracking Controller:
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m

If the block matrices W, O, and H are full rank, it is possible to 
obtain a desired reference.

on
tr

ol
 o

f M
I

on
tr

ol
 o

f M
I

++= UMYMMYU

kkkk HUOQUOPYY ++= −− 11
Input / Output 
C t ll

Desired 
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OQHMOPHMHM #
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ControllerReference
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StateFeedback 
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and with reference forwarding:
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47Control of Non-Uniformly SD Systems.
m

s
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y y

By comparison of:
#
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A perfect tracking of a given reference is equivalent to
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o A perfect tracking of a given reference is equivalent to 

assigning a system structure OWHAA N
d

#−=
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pl Previous controllers: Performance based in cancellation features.

Drawbacks: robustness, numerical computation accuracy,
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r Drawbacks: robustness, numerical computation accuracy, 

intersampling behaviour, disturbance treatment.
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48Reactor’s example
m
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s
Reactor s example

2.5

BMIO reference tracking (compared with mixed regressor)
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49Control of Non-Uniformly SD Systems.
m
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Another option: To force a suitable pole assignment.
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++ UMYMMYU

If H is full rank (by proper selection of starting updating control):
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1211, −− ++= kkkdk UMYMMYU

This controller allows to assign mr+n poles of the global closed-
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o loop controlled system by proper selection of matrices M’s.
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The ouput reference has been deleted
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50Control of Non-Uniformly SD Systems.
m
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The closed loop dynamic is characterized by the eigenvalues of:
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21 , MM are computed by any pole placement algorithm
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51Ripple-free Control.
m

s
m
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pp

In order to avoid the intersampling ripple of the controlled system, 
for constant inputs, a constant steady-state control should be used:
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Stability:
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52Ripple-free Control: Regulation
m

s
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An dynamic control law can be expressed in matrix form
AAWU NΓ

#
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r The gain matrix should be reset for step changes in reference or 

disturbances
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53Ripple-free Control.
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Tracking:
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54Ripple-free Control.
1 β
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Input/Output control: kdY ,
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55Lag filter (scalar)
m

s
m

s
g ( )

In order to avoid the intersampling ripple of the controlled system, 
for constant inputs, a constant steady-state control should be used.
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The initial gain being γ0, and the steady state gain being   , the 
controller will be: where
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56Lag filter (matrix)
m
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In order to avoid the intersampling ripple of the controlled system, 
for constant inputs, a constant steady-state control should be used.
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The initial gain being Γ0, and the steady state gain being   , the 
controller will be: where
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57Academic example
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Consider the SISO plant )5.1)(2.0(
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Evolving period: T0 =1.5 s;  Fast sampling period: T=0.25 s; N=6
Fast DT plant model matrices are:
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BMIO plant model matrices are:
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58Closed-loop behavior
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59REFERENCE TRACKING
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1.4
Respuesta de un controlador de CancelaciónUnit step reference
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1.2 Fast response, Hidden oscillations!
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60RIPPLE-FREE
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Design Γ for stable slow behavior  (poles in 0.163)
and apply progressive control (β=0.7)
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61RIPPLE-FREE
m

s
m

s

Controller must be reset for large errors  Hybrid Control
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62CONCLUSIONS
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CONCLUSIONS

• Non-Uniform Sampling/updating
– MIMO systems
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– Computing resources optimization
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• Control design
– Get the fastest rate performance
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– Avoid intersampling ripple

• Estimate the fastest signals (output)
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– Mixed regressor
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• Ripple free control design: BMIO approach
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