


A framework for systemaƟcally reformulaƟng a model with unknown inputs into

a model with known inputs that can be used to esƟmate the desired dynamics
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SomeƟmes :)



RoboƟcs – varying payload

AutomoƟve industry – slope of road

Marine applicaƟons – wind and wave

Bridges and planes – vibraƟon in structure

TelecommunicaƟon – unknown data and channel

1. Neglect or parƟally miƟgate

2. Measure – EIV

3. Eliminate – sensor-to-sensor

4. Assume – Ɵme-series, blind idenƟficaƟon

Indirect framework
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Complete model intractable

EsƟmate part of system

Limited measurements sx

CorrelaƟon�⇒ bias

Indirect input measurements

UnconvenƟonal networks
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EsƟmate the MIMO transfer funcƟonGO(p) from
yO = GO(p)u +HO(p)⌧ and u = F

�

� + F
⌧
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The input is assumed to be (parƟally) unknown
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Idea: Eliminate unknown input using algebraic manipulaƟon

AssumpƟon: There exist filters fDD and fII, such that fDDGDD = I and fIIGII = I
Solve forGDDuD andGIIuI and apply filters

uD = fDD [yD −HD⌧] uI = fII[yI −GIKuK −GIDuD −HI⌧]
The indirect model

yO = �G̃OKuK + G̃OIyI + G̃ODyD� + ⌧̄ = G̃Oũ + ⌧̄
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Input uncorrelated with the process disturbance, i.e. F
⌧

= 0
All inputs known: Classic open-loop

All inputs directly measured: Classic errors-in-variable (GDD = I and eD =HD⌧ )
All inputs indirectly measured: Sensor-to-sensor system idenƟficaƟon problem

Input correlated with the process disturbance, i.e. F
⌧

≠ 0

All inputs known: Classic closed-loop
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Input correlated with the process disturbance, i.e. F
⌧

≠ 0 (conƟnued)

Dynamic networks where the notaƟon v = F
⌧

⌧ and r = F
�

� is used

Both F
⌧

and F
�

can be full matrices (allows correlaƟon between external signals)

The indirect model “flips the arrows” to uƟlize the input measurements
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Why is it necessary or beneficial to include an input?

IdenƟfiability – can both be gained and lost

Consistency and Variance



An input can typically be neglected without affecƟng the

consistency if it is independent of the remaining inputs.

It is beneficial to use the input measurement if the

signal-to-noise raƟo is high.
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True system

yO = bKuK + bIuI + ⌧O
yI = uK + uI + ⌧I

where we are interested in bK .

Predictor with neglected input

ŷO = b̂NKuK⇒ b∗
K
=bK+↵bI

Predictor with using input measurement

ŷO = (b̂IK − b̂I)uK + b̂I yI⇒ b∗
K
=bK+↵bI �I
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The roll subsystem can be described by
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Only measure the moƟon with an inerƟal measurement unit (IMU) (and the rudder angle)

y1,t = �̇t

+ b1,t + e1,t – roll rate

y2,t = as,t + b2,t + e2,t – tangenƟal acceleraƟon

y3,t = −rt + b3,t + e3,t – yaw rate

y4,t = �t + e4,t – rudder angle

The signal v̇ is unknown but indirectly measured by the IMU
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p (roll rate)r (yaw rate)

as (tangential acceleration)

� (rudder angle)

u (surge)
v (sway)
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An instrumental variable method is a correlaƟon based approach, in principle
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correlated with the moƟon induced by the rudder

uncorrelated with the moƟon induced by the disturbance

The opƟmal instruments would be the noise-free signals (intractable)

The instruments are created by simulaƟng the signals using the rudder signal
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Unknown input exist in many engineering applicaƟons

A framework using indirect input measurements

Several already exisƟng models are recovered as special cases

The benefits of using the framework
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