1/34

U(t) >@ > Process )::>{ Sensors }—>Y(t)

>{ Fault Detection ‘<

U

Fault Diagnosis

U

Fault Management

> y(t)

—> B ;f:(t)T|—@> C — > YM




y(t) = Cx(t) > y)

Hg < J

H T,

> Bg ‘S(t) ) \—>6 Cg ><%_ >
]
Ag <
Fig. 1.3
B(s)
u ® > A[S) <

Parameter
Estimation

Fig. 1.4




Parameter
Estimation

Fig.1.5

Filter 1

input
amplifier

Yn
- Yr,
Filter 2 I
— O

- Yfs
» Filter 3

Detector

output
amplifier

RMS
——

Ysi



Ail?i

4/34

Ail’?;

Fig. 2.1

Fig. 2.2



5/34
AI A

0.1 | | T T
0.08
0.06 [
0.04 -
0.02 1

Signal value
o

-0.02

-0.04 1
-0.06 || Original signal

Quantized signal
Qluantizalltion error

-0.08

-0.1 | ‘ : | |
0 1 2 3 4 5 6 7 8 9 10

Time [s]

Fig. 2.4



Aw;

6/34

AI;

Fig. 2.5

Fig. 2.6



7134

0l 0
141 141
] ]
1 «
141 141
] ]
0 O
141 141
T T

Fig. 2.7




8/34

e)

Fig. 2.8 a-e

l i x i Jex |ox
— UF —
x T & Jex |ex &
D b)
=% |==
~& |k |o% JISEE S [TSF S 2
c) d)
I ‘ \
x|z
(=7 SN2 S [25F



9/34

g
\

TJ

=N
2 [

HARMONIC

BLDC DRIVE

Fig. 3.1

> Controller > Physical model

f) Text

Sensors

Fig. 3.2



s=0 s=1 s =72
& L
A A
L O
U= ' § o
9 —0
A A
L L
Fig. 3.3
| BLDC mechanical i
——> [nverter > > ——
model model




Normalized Amplitude [V]

1.5

0.5 f;

-0.5

-1.5

‘_ /\ab

—
T,

n-““'.. e ACEI‘

\ A fe
%,
’ e
d 5 e
, g
=, "' & \‘\
%, ] rd ",
# &~
< e
’, ’/ |
*, o ey
" ', rd o
5 & M,
Ly o
A - \‘
7 -, = ",
I "'u.," r‘f \\
e a \ *
", = -

aet?” b, e e

100

200

300 400 500
EMF-Length [Data Points]

Fig. 3.5

Fig. 3.6

600

700

800



12/34

0 0.5 1 1.5 2 2.5



']

Velocity [°s~

Torque [Nm]

-0.2

-0.3

-0.4

-0.1

20

15

10

-10

-15

-20

13/34

/

/

0.5

1 1.5

Simulation Time [s]

Fig. 3.9

25 3

0.4

0.3

0.2

A

Flia

0.1

"

/

A

S

R

0.5

1 1.5

Simulation Time [s]

Fig. 3.10

2.5




Current [A]

U

14/34

"

'150 0.5 1.5 2 2.5 3
Simulation Time [s]
Fig. 3.11
U — Sensor > Fault block —_ Y
Fig. 3.12
‘ Offset ‘ ‘ Noise ‘
Amp ‘@ ~  Hold »  Shutdown

Fig. 3.13




Position [°]

Position [°]

15/34

—dq

™ - q*
\ (i

-.‘.:;:;..\‘
*%\"3:,-.
\\ e . ) /
\\
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

Simulation Time [s]

Fig. 3.14

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

Simulation Time [s]

Fig. 3.15

1.8




Position [°]

Position [°]

16/34

_—4q
-—— q*
/ —— qld
/, /
0.2 04 0.6 0.8 1 1.2 1.4 1.6 1.8
Simulation Time [s]
Fig. 3.16
)
P e o
,;::' \\ q
ol ..., \ ......... Gid
g
.
'\".,0\
: ':::’:"Nw llllllllllllllll
\“-“.- ‘/
0.2 04 0.6 0.8 1 1.2 1.4 1.6 1.8

Simulation Time [s]

Fig. 3.17




Position [°]

Encoder

17/34

. A -
B Positi q
Fault-block oSt 1Qn —
. calculation
VA

—dq

—-———— q*
G

- .,
- ~,
e ey
g T "~
o ", .,
T LN N
- E ~,

e .,

_/- N
‘\
_\ .

‘w%.___/

0.2

0.4

0.6

0.8 1 1.2

Simulation Time [s]

Fig. 3.18

1.4 1.6 1.8 2



Position [°]

Motor Torque [Nm]

B
L7

’
\ ‘\ Ry
"y e
' &
P
# &
o T
., P -
| o
a, - e
s, ~, b, 'a' o
4 o, R B e

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

Simulation Time [s]

Fig. 3.20

0.6

05—

—Tm

— Timid

0.4 -

03

0.2

0.1

-0.1

-0.2

-0.3

Simulation Time [s]

Fig. 3.21

1.5




19/34

1.5

S 8 3
e e T
P
1
1
2
5]
E
T
= N
Y
=
E o™
= .
(@)
" LL
o
(e}

15

[v]uauny

o
a7
s
e
#
¢
I
i
* Sk
o S
4,
H .
[ S,
| 1]
L] ~
.
-,
~.
~4
.~
<,
~u
™~
.,
N
.,
|
s,
,
LY
1
1
]
7
Pa
P
.
o
-
i
-
o
-
-
g
e
=
Lo
)
e
»
b
o
¢
#
I
]
LY
N,
LS
L
.
~L
~
-
"~
~al
b,
~-
s
~
~,
u,
.
~,
N
S
S
L)
1
1
#
0
-
s
o
"
"
-
e
-
e
pe
e
o
P
-1
-
=
-
Lo
]
#
£
i
1
3
\,
,
.
~,
~,
~,
~
e
O <+ (o = (o]

[.] uomisoq

4

4.5

35

2.5
Simulation Time [s]

1.5

0.5

Fig. 3.23



Motor Torque [Nm]

Motor Torque [Nm]

20/34

0.6
0.5 —

04

—Tm

—-—— Tm,id

0.3
0.2

0.1

0.1

0.2

0.3

0.4

0.2 0.4

0.6

0.8 1 1.2

Simulation Time [s]

Fig. 3.24

14

1.6 1.8

0.6

0.5 —
0.4

Tm

——— Tm,]d

0.3
0.2

0.1

-0.1

-0.2

-0.3

-0.4

0.2

0.4

0.6

0.8 1 1.2

Simulation Time [s]

Fig. 3.25

1.4

1.6 1.8




21/34

et
oy AR

0.02

0.015 /"\

001 \ Avl'l\
- N [V
0.005
£ /\/' \ V| W
Z 0
VAR Nal
-0.005 A

YA /AR
001 W/ \,/Lv/
0.015
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Simulation Time [s]
Fig. 3.26
20 ‘
= ab
15 - Tpe
P\ ica
10
.An HEN
i

-

=
=

0.15 0.2 0.25 0.3

Simulation Time [s]

Fig. 3.27

0.35

0.4

0.45 0.5



22/34

0.45

L
=
LAt L Y
U Y
| i 1
: "
2
1
@
)
)
sﬁ
\
_.7V
[
Ay
P ol
.\A
)
1
\\
-
%\.‘
Nl’l’
Illl'
——
ll.'lll"-
<+ v o N N = N O N
S N s 9 s oS < <
o o o o o

[wN] onbiog, Surdno)

0.1 0.15 0.2 0.25 03 0.35 0.4 0.45 0.5

0.05

Simulation Time [s]

Fig. 3.28

= Q [~ -
S$.&.E \ 3
H nx51|
|1 ]
] I I R R 5
1 i ’
waraliniieins
et 4
D LS
I
T
i
R
sttt awl
—_— it
B 7 -
B | s S o ont g
i
————
A —
P
I, i
IA\V
|
I
i
g (a=)] v o v o v o Ual o g
(] (@] — — 1 — — ol (]
1 1 1 1
[V] wain)

0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

0.05

Simulation Time [s]

Fig. 3.29



Motor Torque [Nm]

Position [°]

1.5

o
n

-0.5

-1.5

23/34

a1 L

0.05 0.1 0.15 0.2 0.25 0.3 0.35 04 0.45 0.5
Simulation Time [s]
Fig. 3.30
— q*
=== id
---(‘—: —————
d“"“/"-
"',4"/
0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

Simulation Time [s]

Fig. 3.31



Position [°]

Coupling Torque [Nm]

0.5
0.4
0.3
0.2

0.1

-0.1
-0.2
-0.3

04

24/34

— q*
—T
= Gid
0.5 1 1.5 2 2.5
Simulation Time [s]
*
*
y === T7id
] P
- 1 e -
‘\‘l :P’ “h‘l'-., pl"' l-".
b . ad \
‘f—l ,".*' ““I
W P kY
. - AN
a by
\ o W
By ¥
Yo, _n‘a'
1 “l
" ¢
W g
[ *
3, -
0.5 1 1.5 2 2.5

Simulation Time [s]

Fig. 3.33




Position [°]

Coupling Torque [Nm]

25/34

— q*
—
‘."‘ --------- qid
'r"l_,?\\ —-'
’li_.-"' ‘\‘ . \"*"g,% _______________ -
lf i
0 0.5 1 1.5 2.5
Simulation Time [s]
Fig. 3.34
350
—_
300 /‘\ ~ T
250 / \
o //\\ /N
150 / \ / \ /
100 / \ \/
50 J
0
-50
0 0.5 1 1.5 25

Simulation Time [s]

Fig. 3.35




Position [°]

Coupling Torque [Nm]

0.6

0.5

0.4

0.3

0.2

0.1

26/34

_—q
—*

0.05

0.1

0.15 0.2 0.25 0.3

Simulation Time [s]

Fig. 3.36

0.35

04

0.45

0.5

_T_]
*

T Trid

—

<l

0.05

0.1

0.15

0.2 0.25 0.3

Simulation Time [s]

Fig. 3.37

0.35

0.4

0.45

0.5



Friction Torque [Nm]

Position [°]

0.04

0.03

0.02

0.01

-0.01

-0.02

-0.03

-0.04

27134

— q*
== (id
// T | ——
~\\~‘\~ —-__-__--_—_‘———-
0.2 0.4 0.6 0.8 1 1.4 1.6 1.8
Simulation Time [s]
Fig. 3.38

i

TN—

0.5

1 1.5

Simulation Time [s]

Fig. 3.39

2.5




Estimated Value

Current [A]

12

10

28/34

80 ! |
i — it i+ 13 |
60 1 11 S T ]
3 - Threshold }
40 -~ H-H |
20 - - -HiH
0 e e e e e 1 T i n%lrl-
20 - - H
-40 -
-60 A AT LI
-80 |
0.5 1 1.5 2 2.5 3
Simulation Time [s]
Fig. 4.1
x 1017
—K
PR | P | a1 il 1 L 1
|
0 0.5 1 1.5 2 2.5 3

Simulation Time [s]

Fig. 4.2



Estimated Value

29/34

Simulation Time [s]

Fig. 4.4

3

20 x 10 _
18 N

16

14

12

10

8

6

4

2

0

-2

0 0.5 1 1.5 2 2.5 3
Simulation Time [s]
Fig. 4.3
Residual
....................... Threshold
I |
i L
I '
|

0 0.5 1 1.5 2.5




30/34

Simulation Time [s]

Fig. 4.6

5
A Residual
e Threshold
3
2 1 |
1 | T
R |
1 '” !
2 [
3
4
-5
0 0.5 1.5 2.5
Simulation Time [s]
Fig. 4.5
x 108
3 .
Residual
2.5
2
1.5
1
0.5
0 L. ol “.: II | A
-0.5
0 0.5 1.5 2.5 3




Angle [rad]

1
©

31/34

POSITION POSITION
SENSOR SENSOR

! |

T t t

BLDC HD WITH TORQUE
SENSOR

77

Fig. 5.1

LOAD

—_
w

)
)
)

a_|

A [\ [\ /

o

,

N
/
N

./ . J

N/ LN/ NS N[

\J \/ \J \/

(
(
(
(

1
—
. 1

56 58 60 62 64 66 68 70 72

sensor readings

control
actuators

3

Hardware Controller FDI

Figure 5.3: Diagram of the connection of the FDI to the
test structure

Fig. 5.3

74



Torque [Nm]

32/34

0.15

01 4 IResidual |

005 L= Thresrllold

(A

0 i
0.05 ikt — —— ———

-0.1 1

-0.15

_0'282 84 86 88 90

Time [s]

Fig. 5.4

92

94

96

~

™D
() R — Threshold

P —

() A Adia e — AR A — A — A — A~ A

-
7

Torque [Nm]

|t
.
|

—
|
=

88 90 92 94 96

Simulation Time [s]

Fig. 5.5a

98

100

102

104

15 ’?ezt

e Threshold

—
<
I

88 90 92 94 96 98

Simulation Time [s]

Fig. 5.5b

100

104

98



L=, & o
R h —= h © Lh —

Angular Position [rad]

1
]
n

33/34

— q—4q

wmmmnnns Threshold

oo
oo

90 92

94 96 98 100

Simulation Time [s]

Fig. 5.5¢

102

104

0.15

0.1

‘Residual |

0.05

Threshold

-0.05

<

-0.1
-0.15

-0.2

88

0.15

90

92

94 96 98 100

Time [s]

Fig. 5.6a

102

104

0.05 [

‘Residual |

Threshold —

>
~

-0.1

0
-0.05 *”mqi ———————

ffwf

/J\

| %
€

-0.15

-0.2

0.25
0.3

-0.3588

90 92

94 96 98 100

Time [s]

Fig. 5.6b

102

'Residual 1

0 v Threshold

-1

-2

3

4

-5

-6

-1

88

90

92

94

96 98 100

Time [s]

Fig. 5.6¢C

102

104

104



34/34

101
\

103

102
IR

/ 104

\ 105

Fig. 6.1

201
\J

203

202
N\

/ 204

Fig. 6.2



