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$ Lecture Main Topics

= General introduction
» State-of-the-art review
» Fault diagnosis nomenclature
= Main methods for fault diagnosis
= Parameter estimation methods
= Observer and filter approaches
= Parity relations
= Neural networks and fuzzy systems

= Application examples
= Concluding remarks
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m Simulated case studies

Application Examples

m Identification/FDI applications

m Real processes

m Research works

» Undergraduate theses topics
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Simulated Application Examples

Simulated Gas Turbine
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Figure 5.2: Block diagram of the single shaft gas turbine.
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Simulated Application Examples (Cont'd)

Simulated Gas Turbine

My Fuel mass flow rate
LHV  Lower Heating Value
IGV < M, LHV PID Nise Isentropic compressor efﬁciepcy
l o Fm,. Compressor mass flow function
n. | | FN., Compressor rotational speed function
F = CM i ! ™ 3, Compressor pressure ratio
I, FN.| B ! | FN_, B Nise [sentropic expansion efliciency
gt inise v FN,  Turbine rotational speed function
Ta pOI ¢ Turbine pressure ratio
EW: D c |Be | cc Mf' T ED > T; z:fth section (module) tempera.tu.re (i=1,---.5)
- p T > i i—th section (module) pressure (i =1,--- . 5)
ic o¢ To s 5-th module mass flow rate
T;, PI TZ’ p2 TS’ p3 T4’ ]34 TS’ ms T. Ambient temperature
Pa Ambient pressure
F. Compressor power
EG P, Turbine power
k., C k. C, [ Compressor torque
¢ P "t Turbine torque
¢ P. Electrical power

Figure 5.2: Block diagram of the single shaft gas turbine.
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Simulated Application Examples (Cont'd)

Simulated Gas Turbine

uy(t), Inlet Guide Vane (IGV) angular position (a);

u=M
%= D + ua(t), fuel mass flow rate (My).

Y= Toc
IGV

;n(ﬂ, pressure at the compressor inlet (pa;c):

y2(t), pressure at the compressor outlet (poc);

)
t), pressure at the turbine outlet (p,;);
)

(
Y3 (
(

MANVAMAVAAY

y4(t), temperature at the compressor outlet (7T,.);

ys(t), temperature at the turbine outlet (T,,);

yg(t), electrical power at the generator terminal (F,).
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Simulated Application Examples (Cont'd)

Simulated Gas Turbine (SIMULINK®)

Inputs Outputs
Compressor Combustor Turbine
Controller

Gas turbine main evele parameters (IS0 design conditions).

Alr mass How rafe [ka/s] 24,4
Cryele pressure ratio (1. /1) 9.1
Figure 5.7: SIMULINK block diagram of the process. Electrical power (1) [KW] F220
Exhan perature (T, )]IK] TG
Fuel mass How rate (M) [ke/s] | 0.258
IGV angle range (An) [deg] 17
25/09/2018
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Simulated Application Examples (Cont'd)

Simulated Power Plant: Pont sur Sambre

T.by 0y
e 1]
Trs "]
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Ry
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1. super heater (radiation);
2. super heater (convection);
3. super heater:

4. reheater:

o

. dampers;

6. condenser;

-1

. drum;

8. water pump;

9. burner.
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Simulated Application Examples (Cont'd)

Simulated Power Plant: Pont sur Sambre

Jori TR o

3 k2 g uy(t) Cy gas flow
! I l us(t) O, turbine valves opening
MJ@ LM@ © Ty ’T{? MP. BP.E ug(t) Qg super heater spray flow

. . e o o uy(t) R, gas dampers
- i T Y
RY © ug(t) Qn air flow
gy @
y1(t) P, steam pressure
- y2(t) Ts  main steam temperature
yi(t) T,s reheat steam temperature

3
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Simulated Application Examples (Cont'd)

Simulated Gas Turbine
y(t)

] Actuators (1)
T " £V
- j e System
Ambient tﬂ_’ 4|—> ]
air P ™ () 4 utt fy
I - ‘ -
L] L1 Valveangle Turbine Input sensors t y(t)
Compressor Combustor y(t)| Qutput sensors
b

£
@= N,

Figure 5.46: Turbine closed—loop scheme.

Controller

Figure 5.44: The monitored system.
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Simulated Application Examples (Cont'd)

Small Aircraft Model

Table 1: Nomenelature

Vv True Air Speed (TAS) H altitude

a angle of attack e elevator deflection angle

& angle of sideslip by aileron deflection angle

P roll rate 5. rudder deflection angle
pitch rate den throttle aperture percentage
yaw rate w flight path angle
bank angle g acceleration of gravity
elevation angle m airplane mass
heading angle I, 1y, L principal-axis inertia moments
engine shaft angular rate d; distance of c.g. from the Thrust line

Piper Malibu
25/09/2018
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Simulated Application Examples (Cont'd)

M,
Small Aircraft Model

Table 1: Nomenclature
\% True Air Speed (TAS) H altitude
o angle of attack de elevator deflection angle
a angle of sideslip Oy aileron deflection angle
P Toll rate Oy rudder deflection angle
Q pitch rate Do throttle aperture percentage
R yaw rate v flight path angle
@ bank angle g acceleration of gravity
[ elevation angle m airplane mass
W heading angle 1., I, I, principal-axis inertia moments
n engine shaft angular rate d; distance of c¢.g. from the Thrust line
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Simulated Application Examples (Cont'd)

6.4 SOLAR ARRAYS DYNAMICS

6.1 SATELLITE OVERVIEW A GLOBALSTAR solar atray has been selected. Its dimensions are recalled on the Figure 6-2.
4917m ([SAT-08) —
Yoke |
Z e " 0.8m Cdl’l
l:l [ l 1.778m

« 1476m ([SAT8])
-----

P L N— ! Figure 6-2: M.ARS-EXPRESS solar array

Simple SA model
1190

= 1210
— - Y.
B

1380

. Aerospace Satellite

i
| 1726
' i
: '
Y, v
--------- ! |is40 1778
i
i

Figure 6-1: Satellite dimensions
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Simulated Application Examples (Cont'd)

Aerospace Satellite

Figure 6-3 : Thrusters implementation

=
i
Fig. 1: Mars Express spacecraft (MEX) (Www.esa.int)
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"

Fault Diagnosis
Application Studies
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$ Gas Turbine FDI (1)

= MIMO SIMULINK model of a real single-shaft industrial gas turbine
with variable Inlet Guided Vane (IGV) angle working in parallel with

electrical mains

IGV = T M— PIhD
niscjci E ™
Block diagram m[?\l L3 In [FN@
of the gas L b i v
turbine model %" 5= € P CC B T o
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SIMULINK Model Validation

57.5
T
56.5f

Tot 561

55:5

55k

545" o o

% 1000 2000 3000 4000 5000

Data samples

Fig. 5.3. Turbine outlet temperature T5; in the case of load reduction performed
reducing the fuel low rate My and closing the IGV angle a.
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SIMULINK Model Validation (Cont'd)

1 3 T T T

12.5¢

10.57

1% 1000 2000 3000 4000 5000

Data samples

Fig. 5.4. Fuel flow rate My in the case of load reduction performed reducing the
fuel flow rate My and closing the TGV angle a.
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SIMULINK Model Validation (Cont'd)

9

8.5§

8_

0 1000 2000 3000 4000 5000

Data samples

Fig. 5.5. Electrical power I’ in the case of load reduction performed reducing the
fuel flow rate M; and closing the IGV angle a.
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SIMULINK Model Identification

= Inputs

u1(t), Inlet Guide Vane (IGV) angular position («a);
u»(t), fuel mass flow rate (My).

= Outputs

y1(t), pressure at the compressor inlet (p;.);

y2(t), pressure at the compressor outlet (po.);

y3(t), pressure at the turbine outlet (pot);

y4(t), temperature at the compressor outlet (7,.)
ys5(t), temperature at the turbine outlet (T,;)

ye(t), electrical power at the generator terminal (P.)

25/09/2018
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SIMULINK Model Signals

Table 5.1. Gas turbine main cycle parameters (ISO design conditions).

Air mass How rate [kg/s]

Cycle pressure ratio (Poe/Pic)

Electrical power () [kW]

u=M
%= Re
Y= T CcC
24.4
9.1
5220
796

Exhaust temperature (T, )[K]

Fuel mass flow rate (M) [kg/s] | 0.388

IGV angle range (Acq) [deg]

17
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Fig. 5.6. Layout of the single-shaft industrial gas turbine with the monitored
sensors highlighted.
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Gas Turbine Simulator

Inputs Outputs
D > by
» O » O
Compressor Combustor Turbine

0

Fig. 5.7. SIMULINK block diagram of the process.

’4

Controller
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Gas Turbine Inputs (with noise)

13.5)
a(t)
13
125
12}
1.5
l I0 10I00 2000 30.00 4000 5000 90 1000 2000 3000 4000 SDGO
Data Samples Data Samples
(a) First input, a(t) (b) Second input, M;(t)
25/09/2018
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Gas Turbine Outputs (with noise, Cont'd)

20.5
1176F1
i I' .20
Pic 1175 | Poc
" 19.5
174 |
| 19}
173} |
|
172f | | 18.5
unf | 1 18
170f | 1751
1169 174 N T \aniiui s
0 1000 2000 3000 4000 500 0 1000 2000 3000 4000 5000
Data Samples Data Samples
(a) First output, pic (b) Second output, poe
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Gas Turbine Outputs (with noise, Cont'd)

701} | {1, 101
Pot |
700f | 100.5
69| | 100
, 99.5
698';
. 99
697} |
| 98.5
| ;
63671 98
|
695¢ 97.5
694 97 : ?
0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000
Data Samples Data Samples
(a) Third output, p, (b) Fourth output, T,
25/09/2018
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Gas Turbine Outputs (with noise, Cont'd)

Tu t

50.5 0
50
49.5

49

48.5

3000 4000

2000
Data Samples

0 1000

(a) Fifth output, T,

5000

2000 3000 4000 5000

Data Samples

"0 1000

(b) Sixth output, P.
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Parameter Variations

= Table 5.2 shows the parameter variations of the input-
output model relative to the p,, measurement versus the

measurement noise

Table 5.2. Parameter variation of the p;. ARX model versus measurement noise.
INose | 0% | 2% | 10% | 20% |
a2 —-0.9963 | —0.9941 | —0.9513 | —0.9325
a 1.9963 1.9949 1.9712 1.9486
P11 0.9205 0.9368 0.9680 0.9458
B12 —0.9176 | —0.9455 | —0.9682 | —0.9864
B21 0.0044 0.0178 0.0176 0.0220
B2 —0.0044 | —0.0092 | —0.0108 | —0.0197
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» L=place (A", C", [:5

» eig (A-L=*C)
ans = 0.7000 0.5000

MATLAB

w A =[1.8087 =0.8187; 1 Q)3
we "B = [0 55 0]

» C =[0.1810 -0.1810];

» D = 0;

25/09/2018

OO Design Example

State-space model in discrete—tinme

A= [1.8?97 —0.{8}187]  B= [005]
C=1[01810-01810], D=0

R esulting orserver aain

1= [—82.6341 :I

—86.0031

Dougle-check oOeserver poles: answer is Ok !
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UIO Design Example

A = [0.9944 -0.1203 -0.4302; H = E*pinv (C*E);
0.0017 0.9902 -0.0747;
0.8187 01; T = eye(size(H*C)) - H*C;
B = [0.4252 -0.0082 0.1813]"'; K1 = place( (A-H*C*A)' , C', v )';
E=[1 0; F = A-H*C*A - K1*C;
01; K2 = F*H;

C = eye(3); K = K1 + K2;

D = zeros(3,3);
zt+1)=Fz(t)+ T Bu(t)+ K y(¢

v = [0.75 0.80 0.85]; ( ) () () y()
x(t)=z(t)+ H y(1)

25/09/2018
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Gas Turbine FDI

= Fault detection thresholds
= Fault-free residuals £ 10% margins

Table 5.3. Fault detectability thresholds.
| Measurement || Positive threshold | Negative threshold |
Toe +0.85 -0.85
Tot +0.20 -0.22
Dot 10.022 0.024
Poc +0.55 -0.65
Dic 10.022 20.0225
/7 +2.0 -2.2
M; 1.1 I |
o +0.27 -0.41

25/09/2018
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Fault-free residual 0.

generated by the UIO
driven by the signal of
M; input sensor and

that it is insensitive to

Residual

the signal of the IGV e
input sensor -0.
The eigenvalues of 0.
the state distribution -0.

matrix of the UIO are -0.

placed near to 0.2

25/09/2018

Gas Turbine FDI (UIO)

1000 2000 3000 4000 5000

Data Samples

32 Sistemi di Supervisione Adattativi. Silvio Simani

Gas Turbine FDI (UIO, Cont'd)

1 "
Residual

B B S e e S S N S R S

of an additive positive fault signal.

1000 2000
Data Samples

Fig. 5.13. Residual function of the UIO driven by the M/ signal in the presence

3000 4000 5000
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Gas Turbine FDI (UIO, Cont'd)

4+ + + + + + + F+ + + + o+ o+ 4+ o+ o+ 4

0.2
Residual

2000 3000 4000 5000

Data Samples

1000

Fig. 5.14. Residual function of the UIO driven by the My signal in the presence
of an added negative fault signal.
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Pot residual 0

-0.01f

-0.02

-0.03"

-0.04
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Gas Turbine FDI (OO, Cont'd)

0.15-

‘ Pot residual

++++++++++++++++++++

} 0.1

25/09/2018

2000 3000 4000

Data Samples

1000

2000 3000 5000

Data Samples

Fig. 5.16. Residual function of output observer driven by p,: signal with an added
positive fault signal.
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Gas Turbine FDI (OO, Cont'd)

0.05;

Por residual @

Minimal
detectable
step faults

1000 2000 3000 4000 5000

Data Samples

Fig. 5.17. Residual function of output observer driven by p.: signal with negative

failure.
Table 5.4. Minimal detectable step faults.
|a|j“f{f|pic|poclpotlToc\Tot | Py I
(2% | 1% | 5% | 7% | 5% | 5% | 2.5% | 1.7% |
25/09/2018
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Gas Turbine FDI (Ramp Faults)

0.6 ] IS
04 Ty residual 1
0.5
Residual
o
0.5 ‘
-1 S T SR
09 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000
Data Samples Data Samples

Fig. 5.18. Residual function of the UIO driven by the « signal in the presence of Fig. 5.19. Output observer residual signal T, corresponding to a drift in the T,
a drift in the o measurement. measurement.

FDI with UIO and 00: Examples

25/09/2018
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Minimum Detectable Ramp Faults

Table 5.5. Minimal detectable ramp faults.

Measurement || Fault | Detection delay |[s]

Toc 5 % 20
Toi 3 % 100
Dot 55 % 75
Poc 7.5 % 0

DPic § % o0
P 6 % 100
M, 1% 150
o 4% 100

25/09/2018
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FDI with Kalman Filters

= Kalman Filters for residual generation
= Set of measured variables of the system compared with the
corresponding signals estimated by the KFs to generate residual
functions

= The diagnosis can be performed by detecting the changes of
these residuals caused by a fault
= The fault diagnosis of input sensors uses a number of KF equal to
the number of input variables
» Each KF is designed to be insensitive to a different input of the
system

= Output sensor faults are detected by means of a classic KF, driven by
a single output and all the inputs of the system

25/09/2018
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KF Design Example

[1.1269 -0.4940 0.1129
1.0000 0 0
0 1.0000 0];
B = [-0.3832
0.5919
0.51917;
C=1[100];
D = zeros(1,2);
25/09/2018
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o\°
o  o°

o\°
o\©

Plant = ss (A, [B B],C,0,-1, "inputname"', {'u'

[kalmf,L,P] = kalman (Plant,Q,R);

KF Design Example (Cont'd)

'w'}, 'outputname', 'y"');

% Note: set sample time to -1 to mark model
as discrete

=1, R =1;

o\°

%% Assuming that Q = R = 1;

25/09/2018
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KF for FDI

= Because of the linear property of the identified
model and because of the additive effect of the
faults on the system, it may easily be shown
that the effect of the change on the innovation
is also additive

= Any abrupt change in measurements due to a
fault is reflected in a change in the mean value
and in the standard deviation of innovations

25/09/2018
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KF for FDI (Cont'd)

= KF produces zero-mean and independent white
residuals with the system in normal operation

= Testing how much the sequence of innovations
has deviated from the white noise hypothesis

= Tests which performed on the innovations »(?)
are the usual ones for zero-mean and variance,
in the form of cumulative sum algorithms

25/09/2018
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& KF for FDI (Cont’d)

Residual mean value and variance

(1) = Elr(t)] = 7 3 r(i)

it
=1

H-II—L

t
=720

J=1

oy (t) =

25/09/2018
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$ KF for FDI (Cont’d)

Residual whiteness: (2 test

RUr) = 33wl +7),
M _ b = Lir 2
M) = Ri(o)zg(m )

25/09/2018
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FDI with Kalman Filters

= If a system abnormality occurs, the statistics of
r(t) change, so the comparison of »(#) and with
a threshold ¢ fixed under no faults conditions,
becomes the detection rule

= Such a threshold can be settled the aid of ¥ 2

tables that can be computed as a function of
the false-alarms probability B and of the
window size M

25/09/2018
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DI with Kalman Filters (Cont'd)

“<_ Fault detection

’k > thresholds
,

10 1000 2000 3000 4000 5000
Data Samples

Fig. 5.20. Mean value of the residual computed by using KF with unknown input
in a growing window.
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DI with Kalman Filters (Cont'd)

-3 Residual Standard Deviation

x 10
1.2 T
An e Pl ™
A
"‘ 'y
1.19 a
.\A,\
.Ff‘-‘ T
¥
1.18F + + + + + + + +, F + + + + + + + + + + + + +

i A Fault detection

1.17 ,’Iﬂ W\/\JMM thresholds
v

[
[
(22

1_1,,'%

0 1000 2000 3000 4000 5000
Data Samples

Fig. 5.21. Standard deviation of the residual computed by using a KI' with un-
known input in a growing window.
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DI with Kalman Filters (Cont'd)

Residual Uncorrelation

60
50/ o
A 'f\"‘"
i 'w 4 &N
40+ 1““wr,. -;. ot 1
',f ot '\“w"‘i
30¢ Y ]
NJ'

20F+~Y++++W+ T g

.mewww
10
00 1000 2000 3000 4000 5000

Data Samples

Fig. 5.22. Residual uncorrelation computed using a KF with unknown input in a
growing window.
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o O o o o o

.06
.05
.04

.02
.01

.01
.02
.03

Residual Mean Value

DI with Kalman Filters (Cont'd)

.03r ¢

1000

2000

3000

4000

5000

Data Samples

Fig. 5.23. Mean value of the p;. residual computed by using a growing window.
25/09/2018
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DI with Kalman Filters (Cont'd)

Residual Standard Deviation

0.155 A
0.145

0.1357 ¢

1

]

:

]
0125}, ™™ "l

0.12

2000 3000 4000

Data Samples

0 1000 5000

Fig. 5.24. Standard deviation of the p;. residual computed by using a growing
window.
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DI with Kalman Filters (Cont'd)

Residual Uncorrelation

120
100 "4y

80

60

0 1000 2000 30I00 40.00 5000
Data Samples

Fig. 5.25. Uncorrelation of the p;. residual computed by using a growing window.
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inimal Detectable Faults

Table 5.7. Minimum detectable faults by monitoring residual mean value.

| x | A{f ‘ Pic | Poc ‘ Pot | :Ff)r_: ‘ I};t | PP |
[3% [ 3% [ 25% [ 4% [ 1.5% [ 2% [ 2.5% [ 3% |

Table 5.8. Minimum detectable faults by monitoring residual uncorrelation.

I & | J-wa ‘ Pic | Poc | Pot [ :I_‘m_r ‘ Tof. | Pf‘.‘ |
[2% | 2.6% | 0.75% | 1% | 0.75% | 2% | 0.8% | 1.5% |

25/09/2018
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$ FDI with Fuzzy Systems

R;: IF z(t)is A4; THEN y; = fi(z(t)), i

y(t)

25/09/2018
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$ Residuals from Fuzzy Models

process y* (1)
fy(t)
Fuzzy model
wlt) .. ()
- 47t
| = model —»@—» r(t)
»‘. R g}(t)

Fig. 4.8. The residual generation scheme.
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Fuzzy Identification Details

= The GK clustering algorithm was used with
M = 3 clusters (operating conditions) and »
= 2 the number of sample delays of the
inputs and outputs

= After clustering, the system parameters 6.
with i = 1, ..., M for each output, were
estimated using LSM

25/09/2018
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Fuzzy FDI Results

= Mean square estimation errors

Table 5.9. Output estimation errors with and without the multiple-model ap-

proach.
| Output | Dic | Poc | Pot | Toe | Tot | Pe |
Classical observer 13.29 | 7.56 | 15.34 | 20.22 | 21.57 | 19.70
Fuzzy model 2.04 3.22 1.67 2.55 2.58 1.70

= Comparisons (minimal detectable faults)

Table 5.10. Minimal detectable step faults with and without the multiple-model

approach.
Sensor o My Pic Poe
Classical observer 4% 4% 5% ™%
Fuzzy model 1.8% | 2.3% | 0.60% | 0.8%
Sensor Dot Tes T, P.
Classical observer 5% 5% 2.5% | 1.7%
Fuzzy model 0.65% | 1.7% | 0.65% | 1.2%

25/09/2018
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Fuzzy FDI Results (Cont'd)

- - - 0.2 - - -

6! Faulty residual | | Faulty residual

4' . + + + + t t $ + $ + $ } + } + + |
L -

2t + 4+ + + + + H + + F+ + o+ + o+ 1 l .

r(t) 0 Fault-—free residual
' -0.1
-2 Fault—free residual
: ' ' -0.2. : : : : '
0 500 1000 1500 2000 250 0 500 1000 1500 2000 2500
Time (s) Time (s)
Observer VS. fuzzy model
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FDI with Neural Networks

= Identification of faults regarding control sensors
of the single shaft industrial gas turbine

= Faults modelled by step functions create
changes in several residuals obtained by using
dynamic observers

= NN is exploited to find the connection from a
particular fault regarding input and output
sensors to a particular residual
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Fault Identification via NN

= Observers generate residuals that do not depend on the
dynamic characteristics of the plant, but only on sensors
faults

= NN classifies static patterns of residuals, which are
uniquely related to particular fault conditions
independently from the plant dynamics

= A number of residuals equal to the number of the
outputs of the process is obtained by the difference
between the estimated measurements computed by
observers and the real measurements

25/09/2018
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Fault Identification via NN onta)

= The identification of output sensor faults is indeed
very easy, since each output measurement is
directly connected to a single residual generator

= This situation does not hold for the inputs, and
the relation between input faults and residuals
should be determined

= The solution to this problem was obtained by
exploiting the learning capabilities of a NN

= Find the relationships that exist between input
sensor faults and residuals
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Fault Identification via NN onta)

= The classification method is typically an off-line
procedure in which the fault mode is first defined
and the data (residuals) are then collected

= The classification of process residuals can be
carried out in accordance with the information
about different faults

= It is known that certain residual patterns
correspond to the normal operation and other
patterns correspond to the faulty operation

25/09/2018
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Fault Identification via NN onta)

= With this kind of data the training of the NN is
performed

= The NN implemented by the Neural Network
Toolbox for MATLAB are Multi-layer Perceptron
and Radial Basis Function NN

= Able to approximate any continuous function with
an arbitrary degree of accuracy, provided with a
sufficient number of neurons

25/09/2018
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Network Training

1007

Training M“ . One
sequence ol rm residual

W‘r_r‘“ for each
80/ Mgmr—-' output (6)

il L = 11 fault
' sizes
simulated
i | ) | = 6 inputs
0 200 400 600 800 1000 for the NN
Data Samples
Fig. 5.27. NN input pattern.
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Network Training (Cont'd)

Training T s One
somence. | | signal
T = 11 fault
* I sizes
4 f = 1 output
0.2} l—— for the
i NN
06 200 400 600 800 1000 (target)

Data Samples

Fig. 5.28. Output pattern of the NN.
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NN Training Results

Table 5.11. Training results concerning the My sensor.

| Input layer | Hidden layer || SSE after 70000 epochs |

m SSE = SUum 15 15 0.27
15 20 0.264
Of Square 20 50 0.127
errors (of
the neu ral Table 5.12. Training results concerning the IGV sensor.
[ Input layer | Hidden layer | SSE after 70000 epochs |
network) 15 15 0.17
15 20 0.24
20 30 0.108
Table 5.13. Minimal detectable step faults.
| Method || M; | IGV |
[ NN) || 3% [ 2.5% |
25/09/2018
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Power Plant FDI (2)

=  MIMO real 120MW power plant of Pont sur Sambre. It is a double-
shaft industrial gas turbine working in parallel with electrical mains

super heater (radiation);
super heater (convection);
super heater;

reheater;

dampers;

condenser;

drum:;

water pump;

burner.

el A o
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N = 2200 samples:

Inputs

T,=10s.

25/09/2018

Outputs
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MIMO Power Plant of Pont sur Sambre

ui(t) Cp gas flow

uz(t) Os turbine valves opening
uz(t) @4 super heater spray flow
us(t) R, gas dampers

us(t) @, air flow

y1(t) P, steam pressure

y2(t) T,  main steam temperature
yi(t) T,s reheat steam temperature

68
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Plant Inputs (u, & u,)

200 B
Cy(t) :'
0f (
200 ;
-400 |
-600 r —
——
-800 |/
1000, 100 200 300
Data Samples
(a) First input, Cp

400

1500
04 (t)
1000

500

-500

-1000

0 100 200 300

Data Samples

(b) Second input, O

400
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Plant Inputs (u; & u,)

1400 1000
Qalt) st/ R, (1) —
1200f | ‘ 500 |
| | |
1000 : 0 P |
| ‘ \ !
800 j -500 _ I
5 | | .
: i -1000 I
o HM‘wf WA L .“I‘ \ /J\/\M"vu_-v--\r'ﬁ\/f\\/‘ : | i i
I Jv*—i—l |
400 -1500 SR L
2000 ldO 200 300 400 _20000 160 200 300 400
Data Samples Data Samples
(a) Third input, Qg4 (b) Fourth input, R,
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400 1000
v
Qa(t) 200 I P,(t) 500 A\
‘ 1 M [
| \ " /) [
0 | ‘ \r"\.\_h\‘ / \ J‘ \'. f
: | o N [ \ ad
| Y ‘ V\‘\ !f
200 i ! | | \/
T s00f | | ’
-400 A W | A
: M\m/ ‘ {\I ‘\.‘J/\\/"’V}
-600 | | o ﬁ.;’W“"‘"V‘ .‘ -1000 | |/
YA !
"‘Ju’u‘-«b'v'\b"‘v' .JLJJ ll“’i“‘ M
: : e -1500 ' :
00, 100 200 300 400 0 100 200 300 400
Data Samples Data Samples
(a) Fifth input, Q. (b) First output, P
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Plant Outputs (y, & y;)

800 600 T
T, (1) ’f.\ T, (1) \
\ 400 |
! \q 200 Moo \ {
400 | A / | | ‘
. v e |
M AVACE \‘I ; 0 ’\fu«,wf ‘/ .
2000, Ul ‘. i ' |
T \f\l Jl \I / “\J'\\ -200 ) \I ‘I /
| “ / | N || \
0 Lu‘l \W j/\’“ v \~ i W I\ /
W |
200, 100 200 300 400 gL 100 200 300 400
Data Samples Data Samples
(a) Second output, T (b) Third output, Tps
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| |
| |
Model Matrices: 4 & B
(00 <219 E=1 00 =335 E<140 0 —1.8 E-1
[—1.7DE-1 143 E-1 - 10 202E—-100 475E—100 346£—1
—1.97 E-=1 1.62 E—1 01 945E=100 =130 E=100 —1.27 E—1
271 E—1 9.64 E-3 60 631E~=200 B30E-200 —141E-1
—82E-2 T30E-2 A=l 00 194E-110-726E-100 287E—1
B=| —1.66 E—1 5.68 E—2 00 —3.14E—101 163E 000 —1.16 E—1
S E—-1 —ld&E=] 00 =278 E=208 =3 E=10 0 LIEE-1
—385E-2 -9.60 E-3 00 418E—100 606E—110 —9.03E—1
—208 E-1 244 E-1 00 —441 E—100 —2.13E—101 1.68E 0|
2 E=1 =197 E-] ~
—432E-3 266 E-3  332E-3]
=5 E-F =1558-0 1.99 E—1
L E=3 BITEST ~1I0E-1
930 E—2 =134E-2 -2ME-2
_420E-2 —-802E—-6 6.50E—2
1L.78 E-2 378 E~3 —433E-2
497 E=2 =1318-2 —1.86E=3
S5 B3 -l Eg —105E-)
168 E—2 419E-2 832E-2 |
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& Model Matrices: C & D

0 01 00 0 O 0 O
C= 0 00 01 0O O}
0 0000 06 01

o O

[2.10 E—=1 -—-4.05E-1
D=| 290 E-2 -7.26 E—
| 680 E—3 —-945E-2
339 E-2 -389E-3 —l.44E—I}

—593E-2 —-116E-3 —453E-2
1.77T £E~3 1.49 E—2 4.69 E-2
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& UIO Design (Example)

0.1}

C)

T‘[(f)

\ A ' detection
M ||' \
L }\ V | 'l margin

ek e e AT B B e e e B, e S B -
l thresholds
||1" Iuw w‘ m \ '.“ ul,fl“ﬂll ﬂl ,LV Ihm"H ”“!J
=011 w l u' |
02y } | uIO
eigenvalues

| Fault
| with 10%
________________________________ near to 0.2

03 . - - - - - .
0 50 100 150 200 250 300 350

Data Samples

Fig. 5.36. The fault-free residual function ry(¢) of the UIO driven by the O, signal
with minimum positive (‘+’) and negative (*-') thresholds.
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& UIO Design (Example, Cont'd)

0.5r
Input
ri(t) 0 sensor
— fault at
t=150 s.
0.5+
-1F

0 50 100 150 200 250 300 350
Data Samples

Fig. 5.37. Residual function 71 (¢) of the UIO driven by the O signal in the presence
of a fault.
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& OO Design (Example)

Fault detection

0.15-’“’;'““”'””"':"""'r”'“'”L'A/thl‘eSh0|dS
0.1} ﬂ %I /) ’ with 10%
0.05-N| M | m JL | " | ] margin.
3 Mt
o] 1/ oo
0.15| .. eigenvalues
-0.2 o e between 0 and
0 50 100 150 200 250 300 350  ().2

Data Samples

Fig. 5.38. The fault free residual function r3(t) of output observer driven by T..
signal with minimum positive (‘+’) and negative (*-”) thresholds.
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OO Design (Example, Cont'd)

osf 1 Output sensor
0.6 fault commencing
0.4f [,”“W\Wmmwww&ﬁw Iy 7 at +=150s.
02f,,,.., | N

ra(t) 0 NW“W“‘”\/\W’WMW{ Fault size 10% of
LR s e e oo e the mean value
0.4 | of the
06 corresponding
08L —————J output

0 50 100 150 200 250 300 350

Data Samples

Fig. 5.39. The residual function r3(t) of output observer driven by T, signal with
a fault.
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Minimal Detectable Faults

= OO0 and UIO

= Minimal fault sizes determined by trial and error
procedure (simulations)

Table 5.14. Minimal detectable step and ramp faults with classical observers and
UIO0.

| Sensor || Cpo | Os | Qa | Ry | Qa | Po | Ts | Trs |

Step 30% | 256% | 20% | 40% | 45% | 15% | 5% | 10%
Ramp |[ 40% | 30% | 35% | 5% | 50% | 40% | 20% | 30%
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Kalman Filter FDI

= Kalman filter noise terms

Table 5.15. The three output estimation errors with equation error models.

| Output I P ] T | T |
| Equation error || 0.0146 | 0.0273 | 0.0051 |

= Minimal detectable faults

Table 5.16. Minimal detectable step and ramp faults with classical KF and UIKF.

| Sensor H Chp | Os | er’ | R, l C\? a | P, | T [ T'rs |
Step 20% | 16% | 12% | 35% | 35% | 10% | 3% | 5%
Ramp || 35% | 20% | 20% | 45% | 40% | 30% | 5% | 8%

25/09/2018
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Gas Turbine FDI (3)

= MIMO SIMULINK prototype of a real single-shaft industrial gas
turbine y(t)

u® JJ ] @ E— —:>C

Ambient t,— ¢ ! >
air pa—- J==
| I —
L1 Valveangle Turbine
Compressor Combustor
f
f
| N,
Controller
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Turbine Control Inputs

65 0.25
I fLr
60/ LS
55 0.15f || |
ﬂly(t) ,I I:I lI
50¢ fr@) O} |
B
45/ 0.05/
|
40— ol
0 20 40 60 80 0 20 40 60 80

Time (s) Time (s)

(a) u1(t) = au(t) (b) ua(t) = f7(t)

Gas turbine input signals: (a) valve angle and (b) fuel flow
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Turbine Block Diagram

Actuators £(6)
£(t) ’
T luE(n) y*(t)
%) System T >
——)/*
u(t) v u(t ()
e n
Input sensors y(®)
y(t)| Output sensors
I Controller |
It

Fig. 5.46. Turbine closed loop scheme.
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Turbine Signal Details

= Turbine input accuracy

Table 5.24. Dynamic model identification: turbine inputs.

| Variable | Name | Accuracy |
ta amb. air temp. | +0.4°C
Pa amb. air press. +1%
fr fuel flow +5%
. - . ay valve angle +2%
= Model identification "
Table 5.25. Turbine output signals and MISO ARX model characteristics.
| Variable label | Variable name | I\-Iogi%:-l'qrder | SSE | Accuracy |
m; mass flow _-' . £ 10 +5%
Ph pressure = 25 <107* +1%
q torque = 2. <107 +5%
tr temperature :_ 2 .: < l(l_f +1.5°C
wy speed .2 <107 +1%
v’.'#
25/09/2018
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Model Validation

Table 5.26. Dynamic ARX model validation.

| Variable I Model order

SSE identif. | SSE 1°* valid.

SSE 2" valid. |

m; 2 <1077 <107 < 0.01
Ph 2 < 10~ g™ < 0.01
a 2 <107? <107 <0.1
tr 2 <1071 <107 <0.1
wy 2 < 10> < 107" < 0.1

= Estimation errors (loss function)

| Variable || Name | Model order | J(6) | Accuracy |
Phx Pressure 2 0.0054 + 1%
or Mass flow 2 0.0049 + 5%
q1+ Torque 2 0.0042 )
(7 Temperature 2 0.0031 1.5
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Model Parameters

Identified parameters, and input-output variance values

Variable Model parameters 6

Pho [—0.0295, 1.0054, 0.1369, —0.1328, 0.0402, —0.0232]
mj. [0.6655, 0.2885, —0.0579, 0.0651, 0.2408, —0.2065]
[
[

Qi+ —0.9920, 1.9904, —0.0179, 0.0181, 0.0111, —0.0100]
trv —1.1760, 2.1882, 0.0283, —0.0311, —0.3202, 0.3133]
Variable Input noises 7, Output noise 7,
Dhs [0.0004, 0.0023] 0.0026
M 0.0004, 0.0023 0.0026
qr = 0.0004, 0.0023 0.0015
Ly [{}.(}(}(]4, 0.'[}{]'23] 0.0024
25/09/2018
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Fault Cases (Fault Case 1)

= Fault case 1 represents fouling of the surfaces of
the compressor blades, this reduces air flow,
changes the blade aerodynamics and consequently
changes the surface roughness

= The failure is modelled as a gradual decrease in
mass flow rate for a given pressure ratio

= The maximum decrease in mass flow rate is set
nominally at 5%

= Fault development rate is set to (5% decrease of
normal flow rate)/hour.
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FDI Scheme (Fault Case 1)

S 71 ()
ay(t)
u m | > :
Submode o __’_| Compressor > Z)—> r(t)
y(t) L G (t) = 1:i(t)
\‘\\ \\\\ » Observer
(>

= Output observer for
fault detection

Compressor ~ Combustor  Turbine

f N

<
<

t

Controller
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Fault Case 1 Signals

x10°
4000
3
3000f S
25
20001 | | Al
w® | | 7.0
1000} ) -’ 1 15
0 1
05
-1000 S
0—1
Ll 20 40 60 80 100 0 20 40 60 80
Time (s) Time (s)
(a) q-(t) output
(b) The simulated fault fq(t)
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Fault Case 1 Detection

x 10™
9.5
9 - Observer
= eigenvalues
o t x
" near to 0.3
7.5
T }-
o —F Ramp fault case
6
. 2 = * 2 Fault starts at
Time (8)
t=15s.
(b) Fault-free (solid line) and faulty (dashed
line) residual r(t)
Fig. 5.51. Results from the residual generation.
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Fault Cases (Fault Case 2)

= The case 2 fault represents the malfunctioning
of a thermocouple in the turbine gas

= It leads to a slowly increasing or decreasing
reading over time

= There is no limit placed on the error magnitude

= The fault development rate is set to (5% error
in measuring actual temperature)/hour
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& Fault Case 2 Detection

" | yi(t) = tra = Qutput observer
Ayt
£(0) |; Turbine ‘——:@ (1) structure and
1 diagnostic signal
Gi(t) = fr (t)
L o //"'
— Observer I /
mu\/’f’ ‘*
73 [
= Observer eigenvalues .
chosen near to 0.3 .
25/09/2018 Time (s)
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& Fault Case 2 Signals

06F I I ‘ ' ‘ ' ' ‘ /
0.5 /,, 23 1t _
fy (t) oa /,// 0.8 / 1
fy(t)
0.3 /// 1 ¥ .
Pl
0.2
///
01 /
0 l o
; ; ‘ ) i L
0 10 20 30 40 50 60 70 80 90 20
Time (s) Time (s)
(a) Measured fault function (b) Estimated fault signal

Real and estimated fault signals
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Fault Case 2 Results

x10”

0 20 40 60 80
Time (s)

(b)

Fig. 5.54. Residual function in different operating points.
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Fault Cases (Fault Case 3)

= Fault case 3 represents the fault f,(z) of the
turbine

= This results in a reduction in turbine efficiency

= The fault is modelled as a gradual reduction in
turbine efficiency over time

= The maximum decrease in turbine efficiency is
set nominally at 5%

= Fault development rate is set to (5% reduction
of normal efficiency)/hour
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95

Fault Case 3 Signals

3

x 10" _ | — et /
. a 10 e
b g
° e | e
f5(#) / fo(t) ©
2 ra ;
4 |
0 < -
0 20 40 60 80 0 20 40 60 80
Time (s) Time (s)
(a) Actual (b) Estimated
Real and estimated fault signals
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Phx(f) 3 5
a,(t) r(t) x 10
() | . Turbine _T_ >)— L.5f
ﬁh* (f) 1
L 0.5|
Observer
r(t) 0 eyt
(a) pp«(t) residual generation |
scheme -0.57
Residual generation strategy =~ © 20 40 60 80
Time (s)

and diagnostic signal
(b) pr«(t) observer residual
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§ Fault Cases (Fault Case 4)

= Fault case 4 /(1) affects the actuator of the turbine
controller
= Under the assumption that there are no actuator dynamics

in the current turbine model, the fault £,(z) of the actuator
causes a slower response to demanded flow rates

= Its effect is modelled as a simple first order lag on the
resulting fuel flow

= The actuator response time constant increases linearly
with the time in order to represent a progressive damage
to the actuator

25/09/2018
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Fault Case 4 Detection

alt)  M(t)

Turbine —'@

= FDI subsystem w
u(t) fe(®) y(t)

f\,.rf

Y

- omyu(t) = yi(t) .
: " Ne X
Compressor ——*CZ)—» r(t) Controller ){_j
e M (t)

() = §i(t)

(a) The diagnosis subsystem

Observer

="

= Diagnosis observer
(eigenvalues near 0.4)

(b) The observer scheme
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Fault Case 4 Signal Details

5 -5
21 R 1?‘ 10°
10 P
. fr 0 /J\‘ —~
8r }J
mj* (t) 7 f’ _1 F
6 (t Je(t)
51 N/ 2
4 ;/ =
37/ -3’
of
e ] 4 ' 1 ‘ -
0 20 40 60 80 0 20 40 60 80
Time (s) Time (s)
(a) The mj.(t) turbine mass flow signal. (b) The fault f.(t) concerning m;. (t)
Monitored output signal and fault mode
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x 10 x 10”
3 5 1
2l | ;
L T
") 0 .=""M"— 3
R A l
-2 ' :
r :
3 1 E
4 0 N e
- S| o
0 20 40 60 30 0 20 40 60 80

Time (s) Time (s)

(a) Fault-free residual (b) Residual in the presence of f.(t) fault

s Fault commences at {=15s.
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Fault Isolation

= Each fault affects a different output (FMEA...)
» Failure Mode and Effect Analysis

» Engineering procedure

» Fault effects on each output: sensitivity analysis

= One observer for each output

Fault /r(t) Qi | the | Dhe | Mys
i Case 1 1 0 0 0
= Fault sighature | cac 2 0] 1] 0 0
Case 3 0 0 1 0
Case 4 0 0 0 1
25/09/2018
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Kalman Filter Design

Identified parameters, and input-output variance values

Variable || o el parameters

Dhx [—0.0295, 1.0054, 0.1369, —0.1328, 0.0402, —0.0232]
M j+ [0.6655, 0.2885, —0.0579, 0.0651, 0.2408, —0.2065]
Qi+ [—0.9920, 1.9904, —0.0179, 0.0181, 0.0111, —0.0100]
i [—-1.1760, 2.1882, 0.0283, —0.0311, —0.3202, 0.3133]
Variable Input noises 7, Output noise 7,

Dhs [0.0004, 0.0023] 0.0026

M j 0.0004, 0.0023 0.0026

i~ 0.0004, 0.0023 0.0015

b [0.0004, 0.0023] 0.0024
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FDI with KF:
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Fault Case 1

X107 x 10 .
3t h‘lﬂt 14/ o~
IH?“ ‘_-\'
2.5 U
¢ 10!
fst) 2
! -“‘_,r
1.5 r(t) 6 o
1 | r . \wq.“.'d ]
0.8 . o oAb
O o™
-0.5 -2—
0 20 40 60 80 0 20 40 60 80
Time (s) Time (s)
(a) System fault f,(t) (b) Kalman filter residuals in fault-free
(black line) and faulty (gray line) cases.
= Fault @ 7=15s.
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FDI with KF:

x 10°

!
0.51 WWW
o™
Time (5)

(a) Output sensor fault f,(t)

a Fault @ 7=15s.
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Fault Case 2
x.]o_‘
16
| .
& 2
4 ¥ ,..‘.,,.a_
oo |
0
0 20 40 ) 80
Time (s)

(b) Kalman filter residuals in fault-free
(black line) and faulty (gray line) cases.
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FDI with KF: Fault Case 3

X 104| . 85 .1.0-4"
it |
5 NM o
Iy 6 s
4
o Sl
3 Mﬁkﬁ ' {9}#
fs(t) m r(t) 4 L
2 M &M ) "'.\.'I'-‘pr'#\ '
2 , Illllln._}):,\'.‘-'."
! M “ L AR A A
oA ,
0 20 40 60 80 0 20 40 60 80
Time (s) Time (s)
System fault f. (¢ (b) Kalman filter residuals in fault-free
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1 | |
FDI with KF: Fault Case 4
X 10»-5 . x10°
2.5/ 1 1 3t
[ I 1
1.5 I
L | 1t
A
0.5 | 'l"(f) (O o . 'anqu %‘A‘.‘L«.“‘M " T
fe(t)  OMfiN ',w,wmwmmwmmmmm Al i
-0.5] ', - I
|i }.:
st | | 3
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Time (s) Time (s)

(a) Actuator fault f.(¢) (b) Kalman filter residual

= Fault @ r=15s. but different dynamics
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Minimal Detectable Faults

. X 1074 o
m Ramp ' pi;*}"'%?'m
1 [ .- »‘..rL%""?’ﬁr
functions 5 Lt
: A
= A detection "

i Wt ]
del?y S r® 3 A Positive threshold
defined i LA -

= Positive and e ; _
negative i T
thresholds Y
0 20 40 60 80
Time (s)
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Minimal Detectable Faults (contd)

P o 1\{10nit0red Noise Noisy Detection
signal free case delay
Case 1 (Compressor fault) Qi+ (t) 0.5% 1% 30s
Case 2 (Thermocouple sensor fault) trs(t) 10% 12% 30s
Case 3 (Turbine failure) Pre(t) 5% ™% 60s
Case 4 (Actuator fault) mj«(t) 1% 3% 10s

Minimum detectable faults by monitoring residual
and innovation values
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Small Aircraft FDI (4)

m Aircraft
axes and
angles

v .
3 X-AXIS
BODY
Z-AXIS xaxis (STABILITY)
(WIND)
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Aircraft Nonlinear Model

. Cpo + Cpat + Cpa.a?) . . . .
= _{Cn+Cp Daa) 12 + g (sina cosfl cos ¢ — cos asinb)
m

‘ N 08« iy, : .

L I rc ra ft Bt T’ (to +t1n.) 8 + wy sina
m 4

_ (C.r_u =+ (11,11(\)

nO n | i nea r = TP' + {i (cos v cos B cos & + sinasin ) + g,

sina t, . COS (v
= —"—(f1]+f|ﬂf)()“,+ v Wy

- [ - V2
SI m pI Ifled : ((,”'nu + Cpact + Cpa,a®)sin 3 + Cy zBcos 3, cos @ sin o

A= V+ g -
m V
. cosasinfd 1, R 1
I I lo e + posina — r,cosa — B (to + tine) 8, + FH'[
. Dy = ((”JJ; (’"p*')i"g Uy ; L) Gl + (]s V24,
n 4 I n puts a nd ; (Coo + Cria® + Crng Qo) 0 . (L—1L) Gy 0.
G = T Ve + 7 PoTuw + I—‘L 0,
] ] y

10 outputs 8 i

o _ (CanB+Curta) o Ue=1)

1 ¢ L I.
n 3 d IStu rba nce & = po + (g 50 ¢ + 7, cos ¢) tan &
0= ( COS O — Ty sing

Sig n a | S J (qusind + r, cos ¢)

cos

(‘n. 2 e
G + —=V26,
Potlo + -

5 : t -
fe = tan} + ”—f (fo + tine) o
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$ Navigation and Guidance System

Wind
. . - . Shear ust
()ymm 5 (}ﬂl:im 3 ()wmm 3 (>mmm

d W
rajectory . o
ata-Base l l l
Navigation |Ret o L Aircraft
n el. Dﬂl‘al]l&l.&l'i g L
d & > Guidance # Control . atid

Win ind
Dri

Selector

™ Actuators
X, V.H X.Y.H V.a,B,P.OR,¢.0.n
X V.H
Sensors
and

Navigation Filters

Overall architecture of the NGC system
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$ Linear Identified Model

@(t) = Ax(t)+ Be(t) + Ed(t)

= State-space model, with:

o(t) = [ AV(D) Dalt) AGE) Apa(t) Ag(t) Aru()
Ap(t) AO(t) Av(t) AH(t) An(t) ]
[ AG(t) AS(t) AS(1) Adu(t) "

| wu(t) wu(t) we(t) ]qj

c(t)
d(t)
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Input Signals and Noise

= Input sensor errors parameters

Input sensor Bias White Noise Std
Elevator deflection angle 0.0052 rad 0.0053 rad
Aileron deflection angle  0.0052 rad 0.0053 rad
Rudder deflection angle  0.0052 rad 0.0053 rad

Throttle aperture 1% 1%

= Wind gust parameters

Correlation time Wind covariance
Tu = 2.3265 E[w?] = 0.7 (m/s)?
T=" (1488 E[w?] = 0.7 (m/s)?
Tw = 0.943s E[w2] = 0.7 (m/s)?

25/09/2018
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Identification/Validation Data

- (0 m., .'IE(]{]U m.]I I I [If‘n{}(l!] m.r_ 2000 n':.)
2000 -® — .
/ 13l path \
1500 / \
| |
Y axis (m.)
1000 F L 2™ path 4" path |
JJ.
500+ \\ [ 1
rd
\ 3 path /
0 * — -
(Om. ,0m.) (6000 m, , 0 m.)
-1000 0 1000 2000 3000 4000 5000 6000 7000
X axis (m.)

Figure 6.7: Aircraft complete trajectory example.
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> Model order n=10-11

State-Space Matrices

> Aircraft model matrix 4

0
0

A 0.0010

0
()
()
0]
0

25/09/2018

0.0453
0.0054
0.0229

0.185G

1.4808 0.9399
12.1598 7.9809

9.8025 0 2.4626
0.0012 0 0.0007
0.0036 0

0

19.95842 0
0.0048 0

0 0.9688
48.4491 0
(0.0001 1]
0 0.0450
(0 0.0024
] 0.0181
] ).2484
0 0

0
0

0

0

0.0014

12.3526
0.1412
6.3604
0 2.9001
0.0501 0
0.0036 0

0
0.0062
0.0249
0
0
0.0767
3.6226

—0.4618

1.0000
0
0

0
0.0005
0.0006
0.2477
0
0.9971
0.5711
0.6996
0.0707
0.9714
0

0.2460 0 0.0004

0.0472 0 0
0.1418 0 0
0.0499 0 0
1.2544 () 0
0.1805 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0.4532 |
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State-Space Matrices (Cont'd)

Aircraft model matrices B and E

0 0.0009
03067 0
~40.6088 0
0 0
0 0
B 0 0.0027
0 ~5.6695
0 0.1215
0 0
0 0
L0 0

25/09/2018

—0.0136
0
0
(0
0
0.0427
1.0452
—2.4324
0
0
0

1.7473
—0.0026
—0.2459

0

0
0.0002

0

(0

0

0

706.4263 |

]

—0.0662
—(0).0662
(.2006
0
0.0727
—0.0010
—0.0005
0.0004
0
0
0

0.0496 0.1031
0.0487 (0.1031
—0.1460 —0.64206
0 0
—0.2470 —0.9663
—0.0028 —0.0001
—0.1272  —0.0035
0.0580  —0.0005

0 0
0 0
0 0
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yinimal Detectable Faults (UIO)

= UIO: 4 residual generators (one for each
input signal) de-coupled from 1 input sensor

(fault)

o Sensor ¢;(t) : Var. Fault Size ‘Delay -
. Elevator deflection angle © 4§, 9 T 18s
. Aileron deflection angle : O 3° 6s
. Rudder deflection angle « 4, 4° 8s
+ Throttle aperture % ' Oth 2% 15 s '

25/09/2018
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Detectable Faults (UIO, Cont'd)

Bank residuals
for the 1st
control input
fault isolation
Optimised
eigenvalues
Thresholds
fixed as fault-
free residual
mean *
4*standard
deviation
values

25/09/2018
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inimal Detectable Faults (O0)

s 00: 9 MISO residual generators (one for each

output)

Sensor y;(t) | Var. Fault Size Delay
True Air Speed | V 8 m/s 9s
Pitch Rate G 3°/s 22 s
Elevation Angle | ¢ 59 10 s
Altitude H 8 m 12 s
Roll Rate Do 2°/s 24 s
Yaw Rate P 3°/s 29 s
Bank Angle ) 5° 58
Heading Angle () 6° 20 s
Engine Speed Ne 20 rpm 25 s
25/09/2018
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inimal Detectable Faults (OO Cont’d)

= Bank residuals for
the 9th output
sensor fault isolation

= Optimised
eigenvalues

= Thresholds fixed as
fault-free residual
mean £ 9*standard
deviation values

25/09/2018

True Air Speed Sensor Residuals Pitch Rate Sensor Residuals I:l vation Angle Sensor Resid
®
.........................................
//
o
e [ e
W W ™ ¥ [ i E]
es (sec Samples (sec.)
nsor Residuals Yaw Rate Sensor Residuals

CI I -
Samples (sec.)

or Residuals Engine Angular Rate Sensor Residuals
o3 .

emasEsRL AR




121 Sistemi di Supervisione Adattativi. Silvio Simani

Kalman Filter for FDI

s KF residuals VS. OO0 residuals

100 100
Time (s.) Time (s.)

= Smaller minimal detectable faults
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Satellite FDI (5)

1190
1380

-_ >
1680 Yoke 4.917m ( [SAT-08])

14817~
v |y — 1778m
Ll e £1778

-1.476m ([SAT-08])—

=i

Fig. 1. The MEX structure.
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123 = . IMP1 (Inertial
Satellite :
[ 3 ackage)
1|~ Thurster-1 ______packap
! P Sy Xm
Structure | Acceleromster-1 —]
: Zm
* SYSTEM —_— =
= Redundant wez
configuration of Lol ™
4 thrust [es] fas]i v
FUSLers B -
= 2 IMUs (Inertial
Measurement
) - Commanded - IMP outputs
H torques - Estimated attitude
| Satel I Ite - Generated quaternion
. disturbing torques - Reference attitude
dyn a I I l IC I I lOd el - Estimated thurster quaternion
pulses
- Currents X )
Diagnosis
Fig. 2. MEX IMU and thruster configurations.
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Satellite Control SYSteI N
AV measurement
GROUND COMMANDED AV
MEBM ENDING CRITERIA
IMP AV measured with l
poer accelerometers :ORCE
FORCE Foree amplitude ratio MAIN
~O | RATIO ENGINE
- COMMAND
Estimated Thrusters AV measured with 5
Pulses thrusters pulses counting Ts;nigcs;rg{n? ——
: o . AND
C torques B (ODULATION Thrusters
on-time
; IMP
ATTITUDE GUIDANCE “';(‘)‘ég‘;‘ E(
’ ESTIMATION
Estimated thrusters pulses
il ATTITUDE ATTITUDE
—_— | -
ESTIMATION EORIROL
Open-loop
compensation torque
Fig. 4. The attitude and orbit control system.
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$ Identification Procedure

= Satellite state-space Xei1 = AXy + Buy + Le,
mOdeI 5’1{ - Ci{k + €k
. . ek:yk_.]}k
= Identified from simulated
data y
= M estimation sequences min 7 = min (i)
(i=1,..., M) ABC,LJ ABCL;J

s Estimation of the

| . 1 N . .
matrices (4, B, C, L) | j® :ﬁZe,f(A,B,C,L, {u,ﬁ’),ylﬁ’)})
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« Residual Generator Design

-R UIO de-coupled
from the i-th input
(i=1,...,4)

Ziy1 = Fry1z + Ty Bug + Ky 1Yy,

X1 = Zir1 + Hieo 1Yk
Vierr = (X

Ye
n +1
observer
, > f’i for the
Up healthy
case
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u [Nm]

Robust FDI
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v [radisec]
I .
e

FDI

Results

= Residual
signals

= Fault detection
(from observer -

n=0)

= Fault isolation
from UIO; with
smaller residual

r, (i=1,...,4)

25/09/2018

Weighted averaging function [rad/sec]

I I—b System
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of Augmented Grouping
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disturbance disturbance [
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o1 »| Observer-0 TP
and u! s
(] Fault
fault _ »i 49 P Observer-i —p| Isolation |
de- lin Disturbance torque u' ° & Logic
€-coupiing caused by misalignment @ Fault
for @ Information
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FDI |
Distribution . .
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Comparison of symptoms for fault isolation (S2)

Detection time td Isolation time ti time [sec]

x 103

of | 1
1 —— Observer-0

8 I ‘ —— Observer-1 i
f Observer-2

7F ‘ —— Observer-3 | A
1 Fault - QObserver-4

6 ; isolation :
H window
1

5} ! 1
{

4t z
i

sl .

1L i

/700 705 710 715 720
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FDI Results (Cont'd)

Fault rfa rmf Ftd» T'ti Tind> Tmi (S)
Case 1 0.002 0.003 0.997 27
Case 2 0.001 0.001 0.999 18
Case 3 0.002 0.003 0.997 25
Case 4 0.003 0008Q026¢ 0 o L0998 35
PN r'y ‘v‘ .L’
Performance index : Current FDI : .** Proposed FDI“"
o Method ¢ method .
v > '-_ NOTE:
T ® 0.001 2 0.001 g
Ted S 0999 fe 0999 1 o0.11rad =6°
I e NA e 0.999 ]
g e 0001 e 0001 1 1.08rad = 61°
Detection time with max de-pointing err@ 1.08 A d 0.10 X
b i 1 :
Isolation time with max de-pointing errgr N/A o, 011 :'
e(s) ° %, &
PY PY °* 4 ¢
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Conclusion — Lecture 4
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v" Model-Based FDI
v" Analytical Redundancy
v State-Space Models

v Residual Generation
v" Unknown Input Observers UIO
v" Dynamic Observers / Kalman Filters
v" Neural Networks and Fuzzy Systems

v Residual Evaluation/Change Detection

v Application examples




