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Outline

1. Schematic of the approach
2. Dynamical systems

3. Parity space approach

4. Diagnostic observer

5. Application to EMA fault detection
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Outline

1. Schematic of the approach
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Model-based fault diagnosis

A model of the system is developed to design a residual generator Q(z)

u(t) ! Q(z) is a discrete-
Faults " rit) | time filter, that needs
Ly Q(2) : to be implemented on

u(t) y(t) : : a microcontroller

’ - Plant /'( ------------------------ :
Residual | (t)| Decision | | _Diagnostic
processing logic g decision
' ((t)
______Residual evaluation
Model based fault diagnosis system
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Modeling a plant with faults

A modeling scheme for fault diagnosis considers the following external inputs:
f@  w@®  d@

» y(t): plant outputs (measureable) Faults Noise | Disturbance
. inputs inputs
« u(t): plantinputs (measureable) l l l
« d(t): disturbance inputs (not measureable) u(t) y(0
- Plant >
« w(t): noise inputs (not measureable) Control Plant
inputs outputs

* Disturbances: include unknown uncontrollable inputs (wind shears, crosswinds, load variations)

v If the transfer function from d to y is known, their effect on y can be completely rejected

* Noises: include uncertainties such as random noises or parametric model uncertainties

v They can only be attenuated up to a certain extent
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Classification of fault types
Faults can be classified based on their location (physical classification)...

« Actuator faults: a change in the characteristics of an actuator leading to a loss of

efficiency or even to a complete breakdown (jamming, runaway, floating, loss of effectiveness)

* Sensor faults: erroneous measurements obtained with a defective sensor (freezing,

drift, bias, loss of accuracy ) fu fe s
Actuator Process Sensor
] faults faults faults
 Process faults: malfunction of an |
internal component due to excessive u y
—*| Actuators — Process —| Sensors >
variation of some physical parameter
(structural damage, leakage, shortcut) Plant
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Classification of fault types

..or based on how it is possible to model their effect on the system:

- Additive faults: fault modelled as a fictive input f, which acts independently on the plant

inputs and outputs. The case f = 0 corresponds to the fault-free case. (some types of actuator
faults (jamming, runaway, oscillatory fault case), some types of sensor faults (bias, drift), operational

wear and tear)

« Parametric faults: fault whose effects on the plant depend on the magnitude of some

internal signals or known inputs. (parametric faults, some types of actuator faults (loss of

efficiency, disconnection, stall load)

The classification is important to adopt the correct modeling and diagnosis technique

f/f\/iqgl\ UNIVERSITA
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Outline

1. Schematic of the approach
2. Dynamical systems

3. Parity space approach

4. Diagnostic observer

5. Application to EMA fault detection
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Dynamical systems

Automatica (6 cfu) 2° year Management Engineering
Fondamenti di automatica (9 cfu) 2° year Computer Eng.
Dynamic systems identification (9 cfu) 1° year EMH

A system (physical object that accepts inputs and produces outputs) is said to be

dynamical if the output y(t) at a certain time t does not depend only of the input u(t)

at the same time t, but also on the initial system condition x(0).

* |n an electromechanical motor, the relation between the motor current and the motor speed

can be described by a dynamical model

« The force generated by a skeletal muscle contraction will depend by the viscous damping

given by the tissue and on the elastic storage properties by the sarcolemma and tendons

* Flow equation of blood through the vessels depend on pressures dynamics

An example of static system is the resistor: i(t) = AV(t)/R,

i(t) = current in the resistor [A], AV (t) = voltage drop on the resistor [V], R = resistance [(1].
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Mathematical models of dynamical systems
A dynamical model is mathematical object that can be used to analyze the behavior of

a dynamical system

Tipically they are represented using a set of equations that explain the relation

between the variables involved in the phenomenon, i.e. how the variables evolve in time

Models represent only a simplified version of the real phenomenon:

« «All models are wrong, but some are useful»

There are different types of dynamical models:
« Linear \ nonlinear « Time invariant \ time variant « Continuous \ discrete time
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Example 1: Infectious disease

We want to model the number of people infected with a contagious disease

Suppose to measure the number of infected people one time every day (sampling time)

Let's define as I(t) the number of infected people at day t € N, (discrete-time case)

t is a multiple of the ,777~.__~ Difference  between  new

sampling period T I(t n 1) _ I(t) +‘ /1 I(t) infected and deaths\recovered

—————

« Aisthe disease spreading rate (the higher 4, the faster the spreading. If negative, the
epidemic subsides)

The number of infected people at a certain day depends on the number of infected in the

previous day ‘ The dynamical system has a «memory» property
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Example 1: Simulation

In order to analyze the phenomena, we can simulate the model. To simulate this model we

have to know the initial value of infected people

I(1) = 1; Initial condition

T = 20; lambda = 0.1;
for t =2 : 1 : T
I(t) = I(t-1) + lambda*I(t-1);

end

The number of infected people at a certain day depends on the number of infected in the

previous day ‘ The dynamical system has a «memory» property

/’;,\qs UNIVERSITA | Dipartiment
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Example 1: Simulation

150

Infected people
=
o

(&)
o

ST naNa | UNIVERSITA | Dipartimento
iz DEGLI STUDI di Ingegneria Gestionale,

Differentrates 4, /1(0) =1

—_—— )\ — 0.1
—_—— )\ = (.2
e A = (.3
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Different initial conditions /(0)

140

120

-
o
o

Infected people

40 r

20

oo
o
T

(o))
o
T

- 1(0) = 100

—_—— )\ = -(0.1
—_—— )\ = (.1
—fg— )\ = (.1

10 15
Time [days]

20
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Example 1: Assumptions

The previous model is a simplified version of the phenomenon. It represents reality up to

a certain extent

[(t+1)=1I()+A-1(t)

A lot of assumptions are used, for example:
 The are infinite infectable people

 The number of people is a real number

If we want to relax these assumptions, and more closely mimic reality, we need a more

complex model

| UNIVERSITA
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Example 2: SIR

The SIR (Susceptible, Infected, Recovered) model is vastly used to model the dynamics

Each infected person will infect a

of an epidemic _ _
/ proportion o of the susceptible people ®

( =TT TITT =S -

St+1) =S(t) —‘-\Q__-_S_'QQ _-_I_CQ) . o:disease spreading rate, € [0,1]
VI +1) =1(t) + 0:_’_5_(?\)\' I(t) — p-1(t) « p:recovery rate, € [0,1]
(R(t+1) =R(0) +p - 1)

—————— [ A proportion p of the infected
people recovers ©

* S(t): number of people that are susceptible to the disease

« J(t): number of infected people

* R(t): number of people that recover for the disease and are not susceptible anymore

UNIVERSITA Vipartimento
DEGLI STUDI li Ingegneria Gestionale,
DI BERGAMO | dellinformazione e della Produzione 15 /102
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Example 2: SIR

A

Rt+1)=R@®)+p-I(t)
\

rS(t +1)=St)—0o-S()-I(t)
I(t+1) =1(t)+o0-S(t)-I(t) —p-I(t)

AS(t+1)=S(t+1)—S(t)

f AS(t+1) =—o0-S5(t)-I(t)
Al(t+1) =o0-5(t)-I(t) —p-I(t)
AR(t+ 1) =p-I(t)

A

\

AI(t+1) = aSOIE) — pI(t) wah  AI(t+1) = () [%5(1:) _ 1] p =IO[RS-SE) —1]p

Given /(t) > 0:

1

° Al(t+1)>0 IF RO>%

1

e AI(t+1)<O0 IF R0<ﬁ

AL(t) = 0 if:

1
R
e I(t)=0

S Ne | UNIVERSITA | Dipartimento

fﬁ/*’\hllj DEGLI STUDI | dilngegneria Gestionale,
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Basic reproductionratioR, = od/p

!

Expected number of new infections from a single
infection in a population where all subjects are
susceptible
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Example 2: Simulation

In order to analyze the phenomena, we can simulate the model

sigma 01;

= 0.
rho = 0.1;

I(1) 0.1;

R(1) = 0;

for t = 2 1 : T
S(t) = S(t-1) - sigma * S(t-1)*I(t-1);
I(t) I(t-1) + sigma * S(t-1)*I(t-1) - rho * I(t-1);
R(t) = R(t-1) + rho * I(t-1);

end

’/Iq;”\'ﬂ'h UNIVERSITA | Dipartimento
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Example 1: Simulation

Population size: 100,06 = 0.01,p = 0.1

100

—©— (S) Susceptible
—tt— (1) Infected T
—#— (R) Recovered
Total

T

80

20

(O - X A
10 20 30 40 50
* o .
t” = 9.36 Time [days]
~",I¢'°:"? UNIVERSITA | Dipartimento
§ (ko] |t | DEGLI STUDI | dilngegneria Gestionale,
ﬂq/fh ' DI BERGAMO dell'lnformazione e della Produzione

R, = ‘= 0.1 - =R
" p s P
t<t*
1 Increase in the
Ry > 0 - AI(t+1) >0 g cted
t>t*
R < 1 S AIE+1) <0 Decrease in
N the infected
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Example 1: Simulation

Infected people

Population size: 100, Differentos,p = 0.1

90 T T T T T T T
—e— o = 0.003
80 - —w— 0 = 0.005 |
—&—0 = 0.015
70 -
« »
50 | ol Flatten the curve» |
By decreasing the
S0 ¢ infection rate /
40 = == = ———
30

0! I B I e e
0 10 20 30 40 50 60 70 80
Time [days]
UNIVERSITA | Dipartimento
DEGLI STUDI di Ingegneria Gestionale,
DI BERGAMO | dell'informazione e della Produzione

This could be denote the maximum
capacity of the sanitary system

Infected people

o
o

o)
o

1N
o

w
o

N
(@)

RN
o

o

Population size: 100, Different p, s = 0.01

—©—p =105
——p = 0.1 |-
i p = 0.05

Higher recovery
rates lead to
lower infections

30 40

Time [days]

50
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Example 2: Assumptions

The previous model presents the following assumptions:
« The number of persons is a real number
* The death/birth rate is slower than the infectious disease

« Everyone canrecover (or die) from the disease

This model can be used to model the seasonal flu outbreak

It is possible to augment the model with exogenous variables (Inputs) that vary

independently from the model dynamics.

The inputs will affect the system behaviour and are usually known signals

| UNIVERSITA

DEGLI STUDI | di Ingeg i
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Example 3: SIR with vaccination

Let's define as I/ (t) the percentage of susceptible people that get vaccinated at the

day t.

(S(t+ 1) =S) —0-S(t) - I(t) —
It+1) =I(t)+0-SE)-1(t) —p - [(t)
R(t + 1) _ R(t) +p- I(t) + * p:recovery rate, € [0,1]

» ¢:disease spreading rate, € [0,1]

.

—

* S(t): number of people that are susceptible to the disease
« [(t): number of infected people
 R(t): number of people that recover for the disease and are not susceptible anymore
« V(t):is an arbitrary signal that perturbs the behavior of the model
/E \
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Example 3: Simulation

Population size: 100,06 = 0.01,p = 0.1
No vaccination input

04 T T T T T T T T T

Vaccination ratio

=—©— (S) Susceptible
% =—tt—(I) Infected
o 50 —f3— (R) Recovered |
()
o Total

OEE==Es S0006606006600600000000000OMAIAAAAAAAAAA
5 10 15 20 25 30 35 40 45 50
Time [days]
DI BERGAMO | dellInformazione e della Produzione

P RSE
gaar2

Population size: 100,06 = 0.01,p = 0.1

With vaccination input

04 T T T T T T T I

Vaccination ratio

Time [days]
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Latent variables (state variables)

Usually, the system variables are not directly measurable. Thus, we can add an output

equation, which specifies what we can actually measure.

Suppose that some authority communicates the number of infected people Y (t)

St+1)=S{t)—o-S(t)-I(t)—V(t)- -S(t)  a:rate of reported cases, € [0,1]
It+1) =1(t)+o0-S(t) - I(t) —p - 1(t) * [:rate of diagnosis errors, € [0,1]
R(t+1)=R@)+p-1(t)+V()- S(t)

\ Y(t) = al(t) — ,B(S(t) + R(t)) <— The output modelis a static equation

The output at time t can be computed using only information up to time t, and depends

on the state variables S(t),1(t), R(t) (the model dynamics)
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Example 4: Simulation

100
 Population size: 100
80
e 0=0.01,p=0.1,aa=0.8,=0.05
 No vaccination input o o0
S
al
40
The output mimic the infected
latent state variable I(t), up to a 20
certain measurement error
0

S/ AN | UNIVERSITA
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—6— (S) Susceptible
- —t— (I) Infected y
—— (R) Recovered
= == Qutput y(t)
N ~ i
N
~
=~
L [— — -
10 20 30 40 50
Time [days]
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General representation

In general, a discrete-time dynamical system can be written as:

x(t + 1) = f(x(0), u®)) .

y(©) = g(x(®), u(®))

SIR dynamical system example

S
e x(t) =1|1(t)

R().
- y@)=Y()

1|
IF

/lq |\°" ‘UNWERSITA

« u(t) =V()

DIBERGAMO | dellinformaziol

x(t) € R™! are the states or latent variables

y(t) € RP*1are the outputs or measurements

u(t) € R™*! are the inputs or exogenous variables
f(,) € R™1is the process function

g(-,) € RP*lis the output function

S(t)—a-S)-I1(t) = V() -S()]

« fx@®u@®)=| I®+0c-S© 1) —p-1(t)
Rt)+p-I1(t)+V(t) S(t)

« g(x@®,u@®) =a-1()+B-(SE)+R({1))

25 /102



Linear systems: general representation

When f and g are linear functions of the states x(t) and the inputs u(t), we talk of Linear

dynamical systems (we consider the discrete-time case)

a1 0 Qin (b1,1 bl,mu_
A= ¢ P |eERY™ B=| € R
(x(t+1)=A-x(t) + B - u(t) i v dpn b, b,
\ - d’ -
. Yy =C-x(@)+D-u(t) I dig -+ Qim, T
_dp’l dp»mu_
Example (SISO systemp = 1,m, = 1)
05 1 3
(xl(t + 1) = 0.5 x1(t) + x,(t) + 3 - u(t) A= [ 0 0_1] €R¥* B = [0] € R
< XZ(t + 1) — 01 . xZ(t)
X y(t)le(t)-l_ 'XZ(t)'I_S'u(t) C = [1 3] ERlXZ D=5€eR

3;7/;:-’3,"3’»,, UNIVERSITA | Dipartimento
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Z-transform
Given a discrete signal s(t): Z* —» R the Z —transform is the polynomial:
Z[s](z) =S(z) = Z s@®)-z7t=5s500)+s)z"t + - « z € Cisacomplex number
t=0

If the series converges (for inputs s.t. s(t) = 0,Vt < 0, this is always true), then S(z) can be
espressed as
N(z)

2T

where N(z) and D(z) are finite degree polynomials
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Delay

Given a signal s(t), then the signal w(t) = s(t — 1) has Z-transform:
Zlw](z) =W(z) = Z w(t) - z7l = w(0) + W(l)Z_l + W(Z)Z_z 4 ..
t=0
=s(-1) +s(0)z7 ' +s(1)z7% + -

=0+ z 1. (S(O) + 5(1)2_1 + )

(0]

=z 1 -zs(t) .zt = z71.8(2)

t=0

We can interpret z71 has a delay operator (and z as a forward operator)

3;7"\'::’;"[.]3’",, UNIVERSITA | Dipartimento
:( ifoql )3 | DEGLISTUDI | dilngeg Sestionale
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Linear systems: transfer function

Consider a SISO system. The transfer function ¢ (z) describes the relation between the

input and output of a LTI (linear time invariant) dynamical system, when x(0) = 0

u(t) y(t)

— G(z) —

In a SISO system, it is possible to express G(z) as the ratio between the Z-transform of

the input signal and the Z-transform of the output signal

Zlyl(z) Y(2) - 'HUS. G (z) will be the ratio of two

G(z) = Zlul(z) ~ U(z) rational polynomials

L
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Linear systems: transfer function

In general, if we apply the Z-transform to the state variables, to the inputs and to the

outputs, we obtain that G(z) can be expressed as:

G(Z) — C(Zln — A)—lB + D | (discrete-time case)

u(t) y(t) The transfer function can be viewed as an object
— G(z —>
( ) that filters the input u(t) to obtain the output y(t)

The filtering behaviour of G(z) can be viewed in the frequency domain

The transfer function G(z) depends only on the system and not on the input signal

/lq |\°" ‘UNWERSITA
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Linear systems: transfer function

0.1 0.4

0.3 0.2] :

A= B=[O] C=[3 1] D=0

G(z)=C(zl,—A)™*B+D

o R R

=[3 1]

- z—0.2 c d

z— 01 —0.4 []_ [a b1 _
0

1 d

a-d—>b-cl—c

—b
a

|

1 z—02 04 1
=il <z2 —03z—01l 03 z-o01l) [o] B




Linear systems: transfer function

N IR
1 _
62) = 793 —oxls U ’ 02 z—01] [o]_
1 _
=77 _o03,—01° U ’ 02] -

B 3z—0.3 The denominator is the
G(z) = 22 _ 037 — 0.1 . characteristic polynomial
of the matrix A

S Ne | UNIVERSITA | Dipartimento
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Linear systems: transfer function

Transfer function G(z) = 3z—0.3
form 4 T 2 03z-01
With a little abuse of notation, we can write:
32 — 0.3 -1_0.32z72
t)=G(2)u(t) = u t = t
y(©) = 6@ult) = ————u®) - y(O) = u(®)

y(t) =03y(t—1)+01y(t —2) +3u(t —1) — 0.3u(t — 2)

|\

U i [=]9) a Gestionale
“1 q’\ el e Pcion
\(

Recursive equation
(filter) form
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Linear systems representation summary

Summarizing, we can represent a LTI SISO discrete-time dynamica systems as:

1) State-space representation 2) Transfer function representation
,
x1(t+1) =01x(t) + 0.4x,(t) + u(t) l 3,-1 _ (0.3,-2
Sx,(t+1) =0.3x,(t) + 0.2x,(t) Czl,—MB+D  G(2) = 03, 01,
L Y(@) =3x(0) +x(0) G | |
realization

3) Recursive filter representation
y(t) =03y(t—1)+01y(t —2)+3u(t—1) — 0.3u(t — 2)

The state-space is the most complete representation. The transfer function form represents only

the states that are reachable\observable from input\output signals, respectively

f/qu\/iqgl\ UNIVERSITA | Dipartimento
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Linear systems: zeros and poles

The transfer function polynomials describe the properties of the dynamical system

« Zeros: roots of the numerator () - 3z —0.3
YA —
« Poles: roots of the denominator (eigenvalues of the A matrix) — z*—03z-0.1

A discrete-time LTI dynamical system is said to be asymptotically stable iff its poles are
in modulus less than 1

asymptotically

z?> — 0.3z — 0.1 > Poles: z; =0.5; z, = —0.2 21l <1&& |7l <1 Gaple system

« Asymptotic stability implies that the output of the system has a «bounded energy»,
given a «bounded energy>» input

« |f asystem isin a stable equilibrium state, it will return to it after a perturbation

Tt
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Frequency response

Consider a sampled sine wave with the sampling period T,. The sampled values are:

s(t) =A-sin(2afy -t - Ts + @)

/ t \

Amplitude Frequency Phase

1
With sampling period T, the Nyquist frequency is: fyyq = Js =

2 2T,

In order to sample correctly, we need to use a sufficiently high sampling frequency f,

The sine frequency has to respect the Nyquist criteria (sampling theorem)

fo SfNyq =%

/lq \ UNIVERSITA
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Frequency response theorem

Consider an asymptotically stable LTI SISO system with transfer function G(z).

u(t) R

G(z)

Consider an input singal u(t) such that:

y(t) R

u(t) = A-sinRuTst - f + @)

The output signalis: y(¢t) = y(t) + A - sin(2aTst - f + )

Transient effect System Gain effect
lim y(t) =0 A=A- |G(ej-2ﬂfTs)|
t—>oo

/ \ UNIVERSITA
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System phase shift
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Frequency response theorem
Defining the FRF (Frequency Response Function) of the SISO LTI system as:

Hr,(f) = G(e/#™'s7)

We can write the output y(t) given a sine input u(t) = A - sin(2nTst - f + @) as :
y(t)=A- |HTS(f)| - sin (an t+ @+ AHTS(f))

The output of an LTI system to a sine wave input, after the transient, is another sine

wave with the same frequency, but with phase and gain modified by the system

The FRF depends only on the system and the sampling period/frequency
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Bode diagrams

The bode diagrams are composed by two graphs:

 The magnitude graph, that plots the magnitude of the system frequency response

|He, ()]

 The phase graph, that plots the phase of the system frequency response

£Hr, (f)

The frequencies are plotted in a logarithmic scale

The magnitude is expressed in dB (decibels), i.e. dB(f) = 20 - log|HTS(f)|

The phase is usually expressed in degrees, but sometimes the radiants are used instead

ffflq’;,\qs UNIVERSITA partiment
i[ Ifexil )& | DEGLI STUDI | dilngeg estionale
.”."ﬂ'f?ﬁ\" DI BERGAMO | dellinformas fella Produzion 39 /102

XY

Pt
n
Y

T



6(2) 0.05z + 0.2
) 7Z) =
Bode diagrams System 22 — 1.8z + 09

bandwith ~ 1Hz

Bode Diagram / f 1 1 5
DT T AT T, =0.1s ) =5 = =
: s NYa = o1 " 2.0.1
~ 10 [ l }
m
Z I
g Of Output 1 Compute the output of the system with input
E amplification | Output (si ith 0.5Hz):
% 10l ) | attenuhtion| sine wave with frequency 0.5Hz):
= 20 I - u(t) = sin(2nT,t - 0.5)
|
-30 | — 8 ' > & T & T & TS &
o 1 oae[ s e A SR S n NN
I . ., o® o ® o ® o ® o ® o ® o ® °® |
§_90_ | 2—.”0 :'..o’o°o’o"o’o’o’_
®
3 180 | . O«V‘W‘V\""”"""
_ccué Hi .:.....0.0.0.0.0'o°_
o -270 n 4 .ﬁ. ®e e . o, o, e, e, e, ¢
6 .; °e LIPS LIPS LIPS LI LIPS LI o
-360 - s . | | v * * ® ® ® * h 3
-2 1 20 40 60 80 100 120 140 160 180 200
10 fNyq 10 Time
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Linear systems: continuous time

Physical systems are naturally described in continuous time, i.e. t € R, ,;, as opposite to

discrete systems where t € N ;. In this case, a linear dynamical model reads as:

(k(t) = A-x(t) + B - u(t) Lap'a‘Z t'ia(‘;‘)Sfm'm (sX(s) =A-X(s)+B-U(s)
< \
Y = C-x(t) + D - u(t) — Y(s)=C-X(s)+D - U(s)

The transfer function G(s) can be computer by resorting to the Laplace transformation,
where s € C is the Laplace variable. We then have that

(continuous-time case)

G(s)=C(sl, —A)™'B+D

« The system G(s) is asymptotically stable iif the

poles are < 0

Tt
(i

£aage
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How to get models of dynamical systems

There are several ways to define a model for a physical system:

1. White-box models: derive a continuous-time model from the physics of the system,
by combining differential equation (usually conservation laws). Then, discretize the

model with the sampling frequency f; of your measured signals (Matlab c¢2d)

2. Gray-box models: derive the model structure (hnumber of poles\zeros) from physical

laws, but estimate its parameters (ex. The transfer fuction polynomial coefficients)

from data

3. Black-box models: estimate both the model structure and the model parameters

I \ IMAD (6 cfu) 1° year Master degree Computer Engineering
Dynamic systems identification (9 cfu) 1° year EMH

/\
*’EHA

£aage
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Outline

1. Schematic of the approach
2. Dynamical systems

3. Parity space approach

4. Diagnostic observer

5. Application to EMA fault detection
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Modeling systems with faults

We consider faults that can be modeled as additive signals

« Many faults (on actuators and sensors) can be modeled in this way

* Process faults, usually modeled as multiplicative faults, can be restated as additive

(t) w(t) d(t
(x(t + 1) =A- x(t) +B - u(t) + By - d(t) T Bf ' f(t) Faultsf Noise (Di)sturbance
nx1 nxn nxm, my, X1 nxmy mgx1l nxms mpx1 \ linputs \ inputs
\ y()=C-x(t) +D-u(t) + Dy -d(t) + Df - f(t)
pXx1l pXxn pXm, p X my p X ms u(t) Plant y(t)
(transfer function —
« d(t) € R™aX1; additive unknown disturbances Control matrix Gyy) Plant
inputs outputs

- f(t) € R™r*!: additive fault signals
« We assume no noise signals w(t) are present

/lq |\° UNIVERSITA | Dipartimento
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The parity space framework

In the parity space FDI (Fault Detection and Isolation) framework the dynamics of the

residual signals are presented in the form of algebraic equations

Thus, most the problem solutions are achieved with linear algebra tools

« the system designer is not required to have rich knowledge of advanced control theory
 most computations can be completed without complex and involved algorithms

« agreat number of FDI methods and ideas have been first presented in the parity

space framework, and later extended to other frameworks ~_u(t) | r ()
yo | @@
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Parity space idea
Suppose that w(t) =0, d(t) = 0and f(t) = 0, i.e. the system is not subject to external

noise, disturbances and faults. Then, with s > 0, the following relations hold:
e y(t—s)=Cx(t—s)+ Du(t—s)

e yt—s+1)=Cx(t—s+1)+Du(t—s+1)

E‘{Ax(t —s)+Bu(t—s)} +Du(t —s+1)

= CA'x(t —s)+ CBu(t—s)+Du(t—s+1)

ffflq’;,\qs UNIVERSITA nartimant
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Parity space idea
e yt—s+1)=Cx(t—s+1)+Du(t—s+1)

EC-A{Ax(t —s)+Bu(t—s)} +Du(t —s+1)

= CA'x(t —s) + CBu(t —s) + Du(t —s + 1)

e y(t—s+2)=Cx(t—s+2)+Du(t—s+ 2)
=C-{Ax(t—s+1)+Bu(t—s+ 1} +Du(t—s+2)

=CA - {Ax(t—s)+Bu(t—s)}+ CBu(t—s+1)+Du(t—s+ 2)

Y Yy
= CA*’x(t —s) + CA* " *Bu(t — s) + CBu(t — ST+ 1) + Du(t — ST+ 2)

t—s+(2-1) t—s+(2)

/lq \ UNIVERSITA
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Parity space idea
e y(t—s+2)=Cx(t—s+2)+Du(t—s+2)
=C-{Ax(t—s+1)+Bu(t—s+ 1} +Du(t—s+2)

=CA - {Ax(t—s)+Bu(t—s)}+ CBu(t—s+1)+Du(t—s+ 2)

R Y
= CA*’x(t —s) + CA* " *Bu(t — s) + CBu(t — ST-l- 1) + Du(t — ST-l- 2)

t—s+(2-1) t—s+(2)

e y(t—s+s)=y(t) =CASx(t —s) + CAS 1Bu(t —s) + -+ CBu(t — 1) + Du(t)

1 T
t—s+(s—1) t—s+(s)

/ \ UNIVERSITA | Dipartiment
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Parity space idea

Define now the following quantities:

T u(t—s)
my, X1
u.(t) =|u(t—s+1)
my,(s+1)x1
L ou(t)
p X my,

Hu,s —

p(s+ 1) xmy(s+1)

57 A";j;,‘lkv,, UNIVERSITA
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Parity space idea

Given the quantities ug, y, H, 5, H, . We can write

ys(t) = Hysx(t —s) + Hy su,(t) Parity

relation
-1 C 1 )
y(t_S) D . o - 07 u(t_S)
B e e :

CA CB e .
yit—s+D|=|". |'x@=s)+| T e - lu(t—s+1)
| nx1 P T e 0
] y(t) | CAS CAS™1B ... ... CcB DIl | u(t) |
p(s+1)x1 p(;+1)_><n p(s+ 1) xmy(s+1) m,(s+1)x1

Halla 5
."W\



Parity space idea

ys(t) = Ho,sx(t —s) + Hu,sus(t)

Parity
relation

* Describes the inputs and outputs relationship based on the past state vector x(t — s)

* y.and u, consist of the temporal and past outputs and inputs, and are known

- Matrices H, ; and H,, ; are composite of system matrices 4, B, C, D and are also known

* The only unknown variable is x(t — s)

3;/’*,";5152, UNIVERSITA | Dipartimento
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Parity space idea

The underlying idea of the parity relation based residual generation lies in the utilization

of the that, for s > n, the following rank condition holds: i p(;n'
rank(HO,s) < n < the number of rows of the matrix H, ;,i.e. p(s + 1) H,s = C.A
p(s+1)xXn
Therefore, for s > n, there exists a vector vT € R*P(s+1) =« 0, such that: A5

v Hys =0

The multiplication of a row vector
for a matrix results into a linear
combination of the matrix rows

that is, it is possible to express a row of H, ; as linear combination of other rows of H, ;.

The vector v, can be found by solving the above linear system. However, v, is not

guaranteed to be unique.

i A‘i?"l';lq\“»,, UNIVERSITA
i Iq]/\u |¢ | DEGLI STUDI
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Parity space residual generator

From the observation that vIH, ; = 0, a residual signal r(¢t) is built as:

r(t) = vl - ()’s(t) . us(t)) Residual

1xp(s+1) p(s+1)x1 generator

In the nominal case where d(t) = 0, f(t) = 0, we have that:

I . . In the nominal case,
r(t) = vs (HO'S x(t S)) =0 the residual is zero

Vectors satisfying v{ - H, ; = 0 are called parity vectors. The set P, = {v, | vsH, s = 0} is

called parity space

Foy
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- pcxn_
Parity space residual generator b, =
The main observation for building a parity vector was the fact that: P

| CAS

rank(HOIS) < n < the number of rows of the matrix H, ;,i.e. p(s + 1)

The previous statement can be proved by considering the square matrix A € R™*", its

associated characteristic polynomial (with 1 € C)
() = A"+ a A+ a2+ +ay,
and characteristic equation ¢ (1) = 0, whose solutions are the eigenvalues of 4

From the Cayley-Hamilton theorem, it holds that:
p(A) =A"+ a, A"+ AP 44 anl, =0
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|
Parity space residual generator
pA) =A"+ g A" +a, A2+ +a,l, =0

C- @A) =CA" + a,CA" 1 + a,CA" 2 + -4+ q,C = 0

As an example, consider a 2° order LTI SISO system, i.e. with 4 € R?*? and C € R'*?

e C=|C1 C2] <« CA=]|w1 W]

C
Hos=|CA|. C-9(4) = CA>+a,CA+a,C=0
3 2 2 wy W
¢4 CAZ = _a1CA — a2C = —aq [Wl WZ] — ady [Cl C2] = [_al _az] I:Cll sz]

— [—a1 —az] [C(,{l]

Thus, the rows of CA4% can be expressed as a linear combination of the rows of € and CA4,

with rank(Ho,S) <?2

e e,
N\
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]
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Parity space: example

Consider the SISO nominal system model

anTl + bn_lzn_l + -+ b1Z + bO
Z"+ a1zt + -+ ayz + ag

U(z)

Y(z) = Gyu(Z)U(Z) =

A trivial way to construct a parity space based residual generator is to:

1. rewrite the system into its minimum state space realization form

2. solve the linear system v{ - H, ; = 0 for v;

3. construct the residual generator r(t) = v’ - (ys(t) — Hy us(t))

S7 a5 | UNIVERSITA | Dipartim nto
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Parity space: example

On the other side, it follows from Cayley-Hamilton theorem that:
e
A"+ a, A" '+ a, AV 4+ +agl, =0 == [a, - a,_, 1] C:A =0

| CA" )
where 4, C denote the system matrices of the minimum state space realization of G,,,,(2).

That means that:
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Parity space: example
The residual generator can be constructed as:

T(t) - v? ’ (ys(t) - Hu,s us(t)) = v?ys(t) - ngu,s us(t) — [aO R | 1]ys(t) - ngu,s us(t)

=qyy(t—s)+ - +ayt—s+1)+y(t) —viH, s u,(t) =0

For the equality r(t) = 0 to hold in the nominal case, it follows that

vZHu,s=[b0 o by bn]

As a result, the residual generator, corresponding to the previous choice of v, is given by

T(t) = [aO "t Ap—1 1] Vs (t) — [bO o bp_q bn] " Us (t)

57 ’.\;.: | %"-, UNIVERSITA I Dipartimento
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Parity space: DC motor example

Consider an open-loop model of a DC motor

7,(t)
4 1/R, iq(t) y Tm(t) 27 1/] ‘”“2 « Model input u(t) = V(t)
y k, —1J :
- 1+ Tgs S « Model output y(t) = w(t)
E(t) ) - Disturbance d(t) = 7,(t)
e
Total inertia J: 80.45 - 107° Kg - m? 1
G =
Motor electrical constant k,: 6.27 - 1073 V/rpm yu(S) K. . (1 ey R4 s+J-T,- R4 52>
e KK a K:K
Motor torque constant k; = 0.06 Nm/A e e
Motor coil inductance L, = 0.003 H ‘ R,(1+T,s)
. . Gya(s) = — 2 2
Motor coil resistance R, = 3.13 Q) yd R, R,
| | a K.K, - (1 + - KtK s +]-T,- KtK 32)
Electrical time constant T, = L, /R, s

S A s | UNIVERSITA | Dipartimento
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Parity space: DC motor example

Compute the transfer functions and convert to discrete time (with sampling freq. 100 Hz)

Go (5) = 2286 10° 28 -~ 1.184 7 + 1.184
w) =T 046+ 1496) = v T 2008522+ 2943 1075
w
Go (s) —12430 - (s +1043) c2d 6 12362 + 0.003637
— Z — \
YT (s + 1042)(s + 1.496) = Oy z2 —0.9852 z + 2.943 - 1075 ;
A valid parity vector is: -7

-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
_ -
-

=[2.943-10"°> -0.9852 1]
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Parity space: DC motor example

A state space realization of G,,(z) leads to . [ 0.9852 _0_007535] g - [16
. Zxn 10.003906 0 nxm, ’ 0
minreal (ss (G yu)) “
6 ) = 1.184 z + 1.184 - 2%2 exd
yult) = 2 0.9852 2 + 2.943 - 10-5 - C =10.07401 18.95] D=0
pXn p Xmy,
1X%x2 1x1

0.0740 18.9468 0 0 0
H,s = [0.1469 —0.0006 Hy,s=|11842 0 0
ps+xn [0.1447 —0.0011]  »e+DxmG6+0 23508 1.1842 0
124+1)%x2 12+1)x12+1)

Always check the solution!
0.0740 18.9468
ViH,s =[2.943-1075 —0.9852 1]-[0-1469 —0-0006‘=[0 0] CORRECT!®
0.1447 —-0.0011
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Parity space: DC motor example

1. Simulate data, u(¢t) = WN(0,1)

Output

Time [s]
e,
T ~Ne | UNIVERSITA | Dipartimento
iz DEGLI STUDI di Ingegneria Gestionale,
(el DI BERGAMO | dell'informazione e della Produzione

Residual

2. Compute the residual

r(t) = oL - (5(t) = Hys us(D))

%1014

Evaluated residual

1.5

3. Evaluate the residual

0(t) = [r(t)l

%1071
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Parity space: effects of faults and disturbances

Suppose now that disturbances and faults affect the system, i.e. d(t) + 0 and f(t) # 0.

By defining the quantities:

fs(t) =

me(s+1) x1

d (t) =

my(s+1)x1
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Parity space: effects of faults and disturbances

Given the quantities u, ys, fs, ds, Hy 5, Hy s, Hr 5, Hy s W Can write

Yyt —s) ] D 0 C u(t—s)
cA CB ;
yt—s+1D|=| . |'x(t—5)+ o lu(t—s+ 1)+
y(®) a5 .CA*'B CB u(t)
D, 0 C01 T d(t—s) 1 Dp 0 0171 fE—9) 7
+ - ldt—s+ 1)+ e f(t—s+1)
: 0 : : 0 :
CAS™'By CB; Dql d(t) CAS™'Bf CBs Dy f@®

PR i
;‘}-flc(‘""]g\"s, UNIVERSITA

i hpenl ) ‘ DEGLI STUDI | dilngeg
(nin - | DIBERGAMO | dellinforr

ys(t) — Ho,sx(t R S) + Hu,sus(t) + Hd,sds(t) + Hf,sfs(t)

T

64 /102




Parity space: effects of faults and disturbances

The effects of the disturbances and faults on the residual are then given by:

r(t) = o7 - (y5(£) — Hys us(2))

— U?; ' (Ho,sx(t —s) + Hd,sds(t) + Hf,sfs(t))

r(t) = v] - (Hasds(t) + Hy of (1))
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Parity space: effects of faults and disturbances

r(t) = v] - (Hasds(t) + Hy of ()

Ideally, if vZHf,S + 0, the residual is not zero when a fault is present, and so fault

detection is achieved. However, the residual is also sensitive to the disturbances.

The choice of the parity vector has decisive impact on the performance of the residual

generator. Its design can however be carried out in a straightforward manner.

In against, the presented form of r(t) is not ideal for an on-line implementation, since

not only the actual, but also the past measurements and input data need to be recorded
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Parity space: DC motor example

7,(t)
T () 44~
. J}‘ W

f(@®)
w(t) +J:r (t)

Suppose there is a STEP fault, "© . /R, | ®
_ 1+ T,s ! s i
f(t) =20 -step(t) on the speed ()
E(t
sensor attime t = 10 ke
60 0.5
Faulty output
40k = == :Healthy Output
0.4F
20 | S
= ® 0.3 F
o =
S5 02F
20 L%
_40 - 01r
-60 0 L
0 5 10 15 20 5 10 15 20
Time [s] Time [s]
“““ UNIVERSITA | Dpartimento
a2 | oreercaMo | Geinaramagions e della Produzione 67 /102




Parity space: DC motor example

f(®)
w(t) _|_J\+ w(t)

7,(t)
Tm(t)+ 8
k; > —

Suppose there is a NOISE fault, " -+ 1/R, | @® 1)
] _ 1+T,s . s e
f(t) = WN(0,2%) with SNR = 10 on o
E(t
the speed sensor at timet = 10 ke
60 T 25
Faulty output
= = :Healthy Output
40 - 20l
©
>
20 o
5 o 157
g o ) -
@) © 10+
=
-20F @©
>
L
5 -
-40 F
| | | 0 LL.IMJLLI,LLLJMLMN
-600 c 10 15 20 0 5 10 15 20
Time [s] Time [s]
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Parity space: input decoupling
For the fault detection purpose, an ideal residual generation would be a residual signal

that only depends on the faults to be detected and is simultaneously independent of

the disturbances

Recall the form of the parity space based residual generator, v, € P;:
r(t) = v5 - (Hgods(6) + Hy of s(8))

Thus, a residual decoupled from d(t) is delivered if and only if there exists v, € P, s.1.

ngf,s *+ 0 and vsz’S =0
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Parity space: input decoupling

The previous condition can be equivalently restated as (with A = 0 € R+

U?'[Hf,s Ho,s Hd,s]=[A 0 0]

s+1)Xn
1Xp(s+1) p( ) 1xXmse(s+1)

p(s+1) xme(s+1) p(s+1)xmy(s+1)

So, the residual r(t) is decoupled from d.(t) if and only if  Generally. this condition is fulfilled is
there is a number of output

measurements which is greater than

rank([Hf,S HO,S Hd,s]) > rank([Ho,S Hd,s]) the number of unobserved inputs, i.e.

i.e. the colums of the matrix H; ; are not linear combinations of the columns of the

matriX [HO,S Hd,s]

Hl qu:@-(z
\mtln M /?
[ \(H)f\
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DEGLI STUDI li Ingegneria Gestionale
DI BERGAMO | dellinformazione e della Produzione 70 /102




Parity space: input decoupling

The parity space based residual design algorithm is therefore:

1. Solve, for some s such that the input decoupling condition holds, the problem
ViHrs #0  and  vI[Ho,s Has] =0

2. Construct the residual generator as follows

r(t) = o] - (y5(6) — Hys us(0))

This leads to a residue r(t) = v! - (Holsx(t — )+ Hg.dg(t) + Hf,sfs(t)) = Hf of (1)

Vi

i ,
S é’a
- 5 L)
=i
H 1
il

qu; 5 UNIVERSITA
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Definition of B¢, Ds and B;, D,

Recall our model for a system with additive faults and disturbances

(x(t+1) = A-x(t) + B -u(t) + By - d(t) + B, - f(t)

< nx1 nxn nxm, my X1 nxmy; mgx1l nxms mpx1

\ y() =C-x(t)+D-u(t) + Dy -d(t) + D - f(t)
p X1 pXn p Xmy D Xmy p X ms

In order to define By, D4, Bf,Dy, it is useful (but not mandatory) to start from the
transfer functions G,;(z) and G,((z), that describe the effect of disturbances and
faults on output signals, respectively. Then a state space realization can be performed

toget By, Dy, By, Dy

/lq \ ‘UNWERSITA nartiment _
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Definition of B¢, Ds and B;, D,

We can express the relations of all the external inputs to the output signals as

y(t) — Gyu(Z) ) u(t) + Gyd(Z) ) d(t) + Gyf ) f(t)

p X1 p Xmy P Xmgy p X mg

l Realization

(x(t+1) = A-x(t) + B -u(t) + By - d(t) + B, - f(t)

< nxl1 nxn nxm, m, X1 nxmy mgx1l nxms mpx1

\ y(@) =C-x(t)+D-u(t) + Dy -d(t) + D - f(t)
p X1 pXn p Xmy p Xmygy p X mg

The transfer function G,,; is defined by the physics of the problem

|\ UNWERSITI& ipartimento

EGLI STUDI | dilngegneria Gestionale
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Definition of B¢, Ds and B;, D,

The transfer function G, ((z) is implicitly defined by how we choose to model the fault

Actuator faults f,

Modelling can be done by replacing u(t) by a u(t) + Safa

>

perturbed input u(t) + S, f,(t), with S, € R™w*"f

a fault distribution matrix

Gyu (2)

y(t)

>

[u1(t)] [u1(t) 1 0] fa; ()

U (t) Uy (t) O 1 faZ(t) Gyf(Z) — Gyu(Z)Sa
} !
u(t) Sa fa(t)

/o | UNIVERSITA | Dipartimento
§ \t | DEGLISTUDI | diingegneria Gestionale
; DI BERGAMO lell'Informazione e della Produzione

Y(z) = Gyu(Z)U(Z) + Gyu(Z)Sa - Fy(2)

Example /
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Definition of B¢, Ds and B;, D,

The transfer function G, ((z) is implicitly defined by how we choose to model the fault

Sensor faults f,

Modelling can be done by replacing y(t) by a perturbed
output y(t) + S.f.(t), with S, € RP*™/ a fault

distribution matrix

Example
[yl(t)] [yl(t) 1 o fo, ()
Y2 (t) Y2 (t) O 1 fe, (t)
}
y(t) Se fo(®

/o | UNIVERSITA | Dipartimento
§ \t | DEGLISTUDI | diingegneria Gestionale
; DI BERGAMO lell'Informazione e della Produzione

u(t)

> Gyu(Z)

Sefe(t)
+
+ l y(t)

Y(z) = Gyu(Z)U(Z) + S, - Fe(2)

/

Gyf(Z) — Se
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Definition of B¢, Ds and B;, D,

The transfer function G, ((z) is implicitly defined by how we choose to model the fault

Actuator faults f, + Sensor faults f, Sefe(t)
_|_
The modeling is the union of the previous cases u(t) + Safa y() + X ¥(t)
> Gyu(Z) IO '
Y(2) = Gyu(Z)U(Z) + GyySq - Fo(2)
EF,(2)

V(2) =Y(2) +ScFe(z) ™ V(z)=Y(2)+ScF(2) =6 (2)U(2) + [Gyu(2)S, E,(2)

//

Gyr(2) = [Gu(DSa Sel f(6) = ;Zgg vector

76 /102
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Parity space: DC motor example input decoupling

We want to build a parity vector decoupled from the load disturbance 7;(t). In order to
be able to do this, we suppose that a 2" measurement output is available, e.g. we

measure the motor speed w(t) with another sensor (with different gain)

Furthermore, suppose that we have a sensor fault, s.t. Y(z) = G,,,(2)U(2) + S, - F.(z), with
Se = Gyr(z) = [(1)] Ji.e. the fault acts only on the 1° output (1° speed sensor)

pxmf
2X1
1.184 z + 1.184 ) . - —123.6z + 0.003637
G (2) = z2 —0.9852 z + 2.943 - 105 Goi(2) = z2 —0.9852 z+ 2.943 - 105
yu 1.184 z + 1.184 099 yd —123.6z + 0.003637 099
Xmu . . xXm ° .
gx 1 |72 — 0.9852 7z 4+ 2.943 - 105 | ’;x 1 172 — 0.9852 z 4+ 2.943 - 105 1

57 ’.“1.: i a"’a, UNIVERSITA Dipartimento
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Parity space: DC motor example input decoupling

A state space realization of G, (z) leads to

— 0
4 — [0-9851 0.0021 B=| 0.3087 C =[-7.7413 18.95] D=
nxn 10.0019 0 nxm, t—0.1275 pxn pxm, L0
2X?2 2xX1 1x2 2xX1
15. 0 _ 10 !
B, = [15:9988 B = | Dy = [ b =
nde 0.0315 nme O pde pme
2%X1 2%X1 2x1 2%1
—7.7413 18.9468" 0 0 0 1 0 0] 8 8 8'
—7.6639 9.3634 0 0 0 0 0 0
, _|-76079 —o00156| . _[11842 0 0| y [0 1 Of p (71235527 0 0
os = |-75319 —0.0154| "ws=|11723 o o| ¥ [0 0 O > |—122.3172 0 0
s+ ) xn|—7.4950 —0.0156 2.3508 1.1842 0 0 0 1 —121.7180 —123.5527 0
22+1x21-7.4200 —0.0154. 23273 1.1723 o0l 0 0 0 —120.5008 —122.3172 0
p(s + 1) X my(s + 1) p(s + 1) xmy(s +1) p(s +1) X my(s + 1)
22+ 1) x1(2+1) 22+ D x12+1) 20+ )X 12+ 1)
e UNIVERSITA | Dipartimento
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Parity space: DC motor example input decoupling

We want to solve for v, the following problem:

viHr s # 0 and vI[Hys Has] =0

We can recast it in the standard form for solving linear systems: [H,s Has]'v, =0

This system is homogeneous admits always the particular solution v = 0. If the
condition rank([Hrs Hos Hgs]) >rank([Hos Has]) holds, one way to obtain a nicer

solution is to add a solution from the nullspace of [H,s Hgs]"

e a€elR
vglec = ‘Ug + null([Ho,s Hd,g]T) ‘ [C(l anS]T °* Ng: dimension
of null space

Check a-posteriori if viHy s # 0

S Ne | UNIVERSITA | Dipartimento
il bR=n1l |3 | DEGLI STUDI | dilngegneria Gestionale,
J/\ﬂ q/\ DI BERGAMO | dellInformazione e della Produzione 79 /102




Parity space: DC motor example input decoupling

Always check the solution!

—7.7413 18.9468 0
—7.6639 9.3634 0

—7.6079 —0.0156—123.5527
—7.5319 —-0.0154-122.3172
—7.4950 —0.0156—121.7180 —123.5527 O
1—7.4200 -0.0154-120.5008 —122.3172 O

=[-0.9900 1 -19800 2 -—2.9700 3]-

o O OO
o O OO

=[0 0 0 0 0 0] CORRECT!®

(vdec) Hy = [-099 1 -198 2 -2.97 3] —[-099 —198 —297]#0 OK!®

S = O OO0

cCoococoR
coo R oo

S0 aNa | UNIVERSITA | Dipartimento
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Evaluated residual

Evaluated residual

Parity space: DC motor example input decoupling
We can now compare the results of the decoupled parity vector v4¢¢, with respect to

the not decoupled parity vector v,

Residual with d(t) = WN(0,1%) Residual with d(t) = WN(0,1%)

Residualwithd(t) = f(t) =0

2 _ _ 2 — —
A2s.ttSNR=1,f(t) =0 As.t.SNR =1, f(t) = 1 - step(t)
-13 4
2 X10 T T T —_— 6000 1 T _ 4 —><1O T T 1
g ’ Not decoupled residual ‘ g ’ Not decoupled residual ‘
1.5} Not decoupled residual 4 B T4l
| | @ 4000 3 3
1F .y B '8 2
(U -
0.5+ 1 5 2000 (_g |
@ @©
> >
0 w 0 L w 0
0 5 10 15 20 0 5 10 15 20 7o 5 10 15 20
x107"3
2 - ' __ 6000 T 6
’ Decoupled reS|duaI‘ g Decoupled residual ©
1.5 S % Decoupled residual
8 4000 Bl
1 - -
3 3
05 { $ 2000 T ol
T =)
0 O T
0 ° 10 1 20 % 5 10 15 20 "o '
Time [s] . 0 5 10 15 20
Time [s] Time [s]
R0 UNIVERSITA | Dipartimento
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Outline

1. Schematic of the approach
2. Dynamical systems

3. Parity space approach

4. Diagnostic observer

5. Application to EMA fault detection
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Diagnostic observer
A disadvantage of the parity approach method is that it requires to store a sample of
past inputs and outputs attime t -1, ...,t — s, in order to compute the residual signal at

the current time t. The implementation is non-recursive

It is possible to employ a different residual generator scheme, known as diagnostic

observer, by using the designed parity vector v,

This allows to employ a recursive implementation, s.t. r(t) is computed from r(t — 1)

A common strategy based on «parity space design, observer-based implementation»

Is vastly used
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Diagnostic observer

A diagnostic observer can be formulated as the following dynamical system

(mt+1) =G -m(t) + H-u(t) + L-y(t)

y sXx1 SXs sx1 sXm, m, X1 sXp pXx1
r(t) =—-—w-m(t) —q-u(t) +v-yt)

\ 1x1 1Xxs sx1 1xm, myx1 1Xp px1

We can interpret the quantity —w - m(¢t) — q - u(t) as an estimate for vy(t). In this way, the
residual signal reads as r(t) = y(t) — vy(t). Notice how y(t) depends on m(t), which in

turn depends on y(t — 1).

For this reason, observer approaches are known as closed-loop approaches. This give

them more robustness with respect to modeling errors

Tt
(i

£aage

UNIVERSITA partiment
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Diagnostic observer

vI;]. be a parity vector, vy € RPS*DX1 5 € B Then, we have:

1Xxp
0 0 - 0] -
/51
1 0 0 0 s
G=1Gy, g] Gy,=]|: - R g=1:
sxs—1 1
0 0 | Is |
L0 0 1
sxp(s+1)
Vs0 T 91Vss Vs1 Vs, Vss—1 VUsgs| C%
(% + (% (% (%
. xI_{nu - S,2 '92 S,S 5,2 5,S 0 CAB
Voo + g3V % 0 E
1 quu S,S 93 S,S S,S 0 0 0 CAS—ZB
s+1xm, Uss 0 0 0 _CAS—lB_
Ixp(s+1) p(s+ 1) X my
AR, | e

H
Sk

ol |x
a1a1a " | prBercaMO
.r\(ﬁ)f\

vs,O

— 9 Vs
sX1 1Xp
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Diagnostic observer

(mt+1) =6 -m@) +H-u®) +L-y(t)

< sx1 sXs sx1 sXmy, my, X1 sXp pXx1
r(t)=—w-m(t) —q-u(t) +v-y(t)

\ 1x1 1Xxs sx1 1xm, myx1 1Xp pXx1

The vector g in the matrix G is an additional degree of freedom given by the observer

formulation. It can be used to assign a desired dynamic to the observer
When g = 0, then the DO formulation is analogous to the parity space design

The obtained residual generator is a dynamical system (a filter), that takes as input the

system inputs u(t) and outputs y(t), and get as output the residual signal r(t)

Tt
(i

£aage
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Diagnostic observer: DC motor

We now apply the DO scheme using the decoupled parity vector v2¢¢ previously found.

Denote with Q(z) the transfer function of the residual generator,andletg =0

—8.882.10"16 T * This filter has 3 inputs and 1 output

z? « 1°input: u(t) - 2" input: y,(t) - 39 input: y,(t),
0(2) = 2.97z% —1.98z — 0.99

z? ()
Pl 2 _ where y(t =[y1

3z zz +1 y(t) v, (£)
Z
« QOutput: residual signal r(t)
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Evaluated residual Evaluated residual

Diagnostic observer: DC motor

Compare the results with the parity base approach

Residual withd(t) = f(¢) =0 Residualwithd(t > 10) = WN(0,4%) Residual with d(t > 10) = WN(0,4%)
A2s.tSNR=1,f(t)=0 A1°s.t. SNR=1,f(t >10) = 1 - step(t)

4
5000 . ; . . x10

Not decoupled residual

Not decoupled residual

T T T
Decoupled residual

Decoupled residual

Decoupled residual

0 L L L ! 1 1 Il 1
0 2 4 6 8 10 12 14 16 18 20

0 2 4 6 8 10 12 14 16 18 20
Time [s]

0 2 4 6 8 10 12 14 16 18 20
Time [s]

Evaluated residual
Evaluated residual Evaluated residual Evaluated residual

Evaluated residual Evaluated residual Evaluated residual

Time [s]
T T T T 5000 T T T T T T T T T T T T T
: 5+ i
DO Decoupled residual ‘ DO Decoupled residual ‘
’ DO Decoupled residual
0 . . . . . . . j j 0 . . . . . | | |
o 2 4 6 &8 10 12 14 16 18 20 o 2 4 6 8 10 12 14 16 18 20 o 2 4 6 8 10 12 14 16 18 20
Time [s] Time [s] Time [s]
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Outline

5. Application to EMA fault detection

/Hf\/_iﬂgl\ UNIVERSITA
b B

”f’ ipartimento
H o = DEGLI STUDI li Ingegneria Gestionale,
?—Iﬁﬁ@—@{“ DIBERGAMO | dellinformazione e della Produzione 89 /102



The REPRISE projec
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AEROSPACE Precision in the Extreme o

The Reliable Electromechanical actuator for PRImary Surfack with health monitoring is a

H2020 project which aims to design new EMA for flight actuation systems with HM

capabilities

m European | "
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This project has received funding from the
the Clean Sky 2 Joint Undertaking under
the European Union's Horizon 2020
research and innovation programme under
grant agreement No 717112 (project
acronym: REPRISE).
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The REPRISE project

The following activities were carried out to develop a model-based fault diagnosis

method:

1. Experimental data acquisition (with endurance and degradation of ballscrew

component)

X(z) ° x(t): position reference

2. Estimation of the EMA closed-loop transfer function G,,,(z) = %(z) * X(t): measured position

3. Linear residual generator design based on parity space and diagnostic observer
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Nut

Test bench layout

Measurements:

1. EMA Phase currents

Electro Mechanical
actuator

Control panel

2. EMA LVDT position

LVDT
sensor

3. Linear motor position

4. EMA Reference position

Optical

5. Load cell encoder &\\
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Test bench layout

Measurements:

1.

EMA Phase currents

EMA LVDT position

Linear motor position

EMA Reference position

Load cell

UNIVERSITA
DEGLI STUDI fi Ingeg
DI BERGAMO fell'Inforr

Phase

Renishaw Optical measure LVDT measure == == .Position reference
= 5 — =, L,
g 777 RN 7N
g ¢/ /7 \
=0 4 ’/ \
g ‘/ \
ﬁ /0"
n S
Q? -5 Zs ! ! o ! |
12 12.5 13 13.5 14 14.5 15 15.5 16 16.5 17
—~ 10 Phase A Phase B Phase C| ...
=
24 |
g O N
%)
~
—
=
o _10 | 1 1 | 1 1 | 1 1 |
12 12.5 13 13.5 14 14.5 3 '
500 [ 104
z =
2 £fo
o Load cell measure| A, é) :
— = = :Load reference =
0 : ©-10:
12 13 14 15 16 17 — 15.5
— 2 8 30 ¢
i Linear motor drive current o EMA cabin temperature
- 520 ¢
= +
& z 10 |
5 2
o qg) 0 , , , , ,
= 12 13 14 15 16 17
Time (s)
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Ballscrew degradation

“Hammered” balls, “indented” recirculation circuits in ballscrew,“scratched” nut thread
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EMA closed-loop model

|dentification method: *BLAFRF
oL BLA Parametric FRF ||
1. Multisine excitation |
210} e,
2. Nonparametric estimate of the Best 5 ..':""-.:-,.
e i u:.-_;‘.,’: i
Linear Approximation (BLA) ? g
251 4
. . cry - _3?0'1 | - ‘1c‘)° | - I1o1
3. Parametric estimate fitting FRF data frequency [Hz]
Y _ — _ -1 -2
X(2) 1—-1.624z7" + 0.6467z » x(t):position measure LVDT



Fault behaviour

When the degradation took over, the EMA undergone small-jams during the operation

The output position signal, as measured by the LVDT sensor, shows constant value. We
modeled the fault as an actuator fault.

Multisine position reference Output position (LVDT)
T — T T T —_—
—inpu —output LVDT
15 - 15 - fault I
10 -
5
£ 3
S = of
5-
10 -
-15" | 1 1 | 1 -15 1 | | 1 |
260 270 280 290 300 310 260 270 280 290 300 310
t[s] t[s]
] W Bl el T RIGEE DI BERGAMO dell'lnformazione e della Produzione
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Residual generator
u(t)

ﬁ

Residual
generator

Q(2)

r(t)

—p
y(t)

10 . —
—residual
~fault
8- _
6 L
— 4 B ]
2 _

260 270 280 290 300 310
t[s]
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Residual generator

Residual
evaluation

10 a— - - R

—absolute residual
fault
8
6
- 4
2

260 270 280 290 300 310
t[s]
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Residual generator

0(t)

10 I T — .
—residual evaluation

fault

2 i
o w N
2 i
| | | | | |
260 270 280 290 300 310
t[s]
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Residual generator

0(t)

1.5 :
—decision vector
fault
1 - — - — _|
= 0.5
0—— L
-0.5 l \ | |
260 270 280 290 300 310
t[s]
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Residual generator
u(t)
ﬁ
evaluation
0.1139
H(z) = T = 1.55

Q(2) #(t) = |r(o)| ~ z—0.8861

Residual
generator

' Q(2)

y(t)

Lowpass
filter

w; = 9.38rad/s

The cut frequency of the filter and the length of the parity vector were optimized by

minimizing a cost function, over a certain time, of the type:

J(w¢, s) = false_alarms(wy, s) - @ + missed_alarms(wy, s) - B
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