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• Basic principles 
• OBD - EVAP and misfire 
• What next — prognostics and a 

heavy-duty truck use-case

What is diagnosis?
Automatically, preferably under 
normal operation,  
• Detect faults 
• Isolate faults 
• Sometimes: change control to 

adapt to new fault situation
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Guide workshop technician  
• Information about which fault 
• Search strategies to quickly 

determine fault location(s)

Why diagnosis in vehicles?
• Legislation imposes tougher and tougher requirements. Originally from 

California OBD/OBD-II, but now also in the rest of USA/Europe/World 
• Also for trucks (2005 basic Euro 4, 2006 Euro 4, 2008 Euro 5, …) 
• Availability, repairability, mechanic support 
• Large part of emissions come from a small set of vehicles with fault emission 

systems 
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What is required? 
• All components that can affect emissions must be supervised 
• For example, a hole with diameter 0.5 mm in the fuel evaporative system 

must be detected

Why diagnosis in vehicles?
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Development and Control of After-sales Information

UpTime for Solving the Information Problem
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Why diagnosis in other applications?
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A difficult problem
• A substantial part of the ECU code in cars is directly related to diagnosis 

and supervision (often more than 50%) 
• Something that is often done late in the development process; much to 

gain if supervision was developed in parallell with other designs 
• Sensor placement and selection 

• Methodology needed, just for other functions in control systems
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What is diagnosis more formally?

Diagnosis 
Given observations, a diagnosis is a statement of component state that is consistent with observations
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Diagnosis
System

Plant

control inputs

disturbances

faults

observations

diagnosis
statement

Diagnosis system 
Given observations, find all diagnoses

all diagnoses = f(observations)
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Traditional and model based diagnosis
• Hardware redundancy 
• Thresholding of measurements (limit-checking) 
• Change rate limitations of physical properties 
• Often different limits in different parts of the operating range 
Traditional diagnosis is model based, only with very simple models 

With more advanced models; there is a possibility to increase diagnosis 
performance, more exact fault isolation, fewer false-alarms. Comes at the price 
of developing better models. 

Also a possibility to reduce the number of sensors needed.
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2	sensors:	stack	voltage	and	temperature	
7	considered	system	faults	(5	BOP,	2	stack)	

2	sensor	faults	
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9	fault	variables	
108	algebraic	equaHons	
11	differenHal	constrains	
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Isolability	Analysis	
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Isolability matrix for 'PEM Fuel Cell, sensored'

All	the	faults	but	the	two	of	the	stack	can	be	

univocally	isolated	with	Mixed	Causality	
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Redundancy, models, and model based diagnosis
• A requirement for all diagnosis is redundancy which can be given by: 
• Extra hardware, for example extra sensors measuring the same 

quantity 
• Models

17

z

1
y2
y3

x
y r1 = y1 � y2

r2 = y1 � f(y3)

r3 = y2 � f(y3)
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Where is the change in mean?
18

0 50 100 150 200 250 300 350 400 450 500
−4

−2

0

2

4

0 50 100 150 200 250 300 350 400 450 500
0

5

10

15

20

Where is the change in intensity?
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Fault isolation
• Assume , , and  known. Then three 

residuals can be formed as 
y1 y2 u

20

y1 = 2u

y2 = 4u+ 1
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r1 = y1 � 2u, r2 = y2 � 4u� 1, r3 = 2y1 � y2 + 1
<latexit sha1_base64="bKMoDfNuBffnnzrLRjqmoitcnIk="></latexit><latexit sha1_base64="bKMoDfNuBffnnzrLRjqmoitcnIk="></latexit><latexit sha1_base64="bKMoDfNuBffnnzrLRjqmoitcnIk="></latexit><latexit sha1_base64="bKMoDfNuBffnnzrLRjqmoitcnIk="></latexit>

Felisolering

y1 = 2u

y2 = 4u + 1

Antag y1, y2 och u är kända, d̊a kan tre residualer bildas

r1 = y1 � 2u, r2 = y2 � 4u � 1, r3 = 2y1 � y2 + 1

Alla är 0 d̊a ekvationerna är uppfyllda, dvs. processen uppför sig som
förväntat.
De tre residualerna reagerar olika p̊a fel i sensorer och aktuatorer

) Isolationsmöjligheter

f1 f2 fu

r1 X X
r2 X X
r3 X X
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• All is 0 when the equations are satisfied, i.e., the system operates in 
nominal mode 

• The three residuals react differently to faults in sensors and actuators  
⇒ Fault isolation possibilities



Fault isolation in a production engine
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Turbo

Intercooler

manifold leak

boost leak

pb
pm

q

Whfm

n

T

Wcyl
Wth

z

1
y2
y3

x
y

• Same approach applicable as in the 
simple case, only more advanced 
models 

• Dynamic systems 
• Signal processing 
• State-observer techniques

Example on analytical redundancy in the engine model
22

Turbo

Intercooler

manifold leak

boost leak

pb
pm

q

Whfm

n

T

Wcyl
Wth

Wcyl = f1(n, pm)

Wth = f2(↵, pm, pb)
<latexit sha1_base64="Q0JQ54edcW5l2GJnfhn7faeJxyg=">AAACMHicbVDLSgMxFM34rPVVdekmWJQWSpkpgm6EogtdVrAP6JQhk2ba0EwmJBmhDP0kN36KbhQUcetXmGkH0dYDgcM553Jzjy8YVdq2X62l5ZXVtfXcRn5za3tnt7C331JRLDFp4ohFsuMjRRjlpKmpZqQjJEGhz0jbH12lfvueSEUjfqfHgvRCNOA0oBhpI3mFazhF20vwmE3gyQUMPKfEK8ILy66b/3H1MDNrJRcxMURpogKF55fTRN4rFO2qPQVcJE5GiiBDwys8uf0IxyHhGjOkVNexhe4lSGqKGZnk3VgRgfAIDUjXUI5ConrJ9OAJPDZKHwaRNI9rOFV/TyQoVGoc+iYZIj1U814q/ud1Yx2c9xLKRawJx7NFQcygjmDaHuxTSbBmY0MQltT8FeIhkghr03FagjN/8iJp1aqO4benxfplVkcOHIIjUAIOOAN1cAMaoAkweADP4A28W4/Wi/Vhfc6iS1Y2cwD+wPr6BqQVoq8=</latexit><latexit sha1_base64="Q0JQ54edcW5l2GJnfhn7faeJxyg=">AAACMHicbVDLSgMxFM34rPVVdekmWJQWSpkpgm6EogtdVrAP6JQhk2ba0EwmJBmhDP0kN36KbhQUcetXmGkH0dYDgcM553Jzjy8YVdq2X62l5ZXVtfXcRn5za3tnt7C331JRLDFp4ohFsuMjRRjlpKmpZqQjJEGhz0jbH12lfvueSEUjfqfHgvRCNOA0oBhpI3mFazhF20vwmE3gyQUMPKfEK8ILy66b/3H1MDNrJRcxMURpogKF55fTRN4rFO2qPQVcJE5GiiBDwys8uf0IxyHhGjOkVNexhe4lSGqKGZnk3VgRgfAIDUjXUI5ConrJ9OAJPDZKHwaRNI9rOFV/TyQoVGoc+iYZIj1U814q/ud1Yx2c9xLKRawJx7NFQcygjmDaHuxTSbBmY0MQltT8FeIhkghr03FagjN/8iJp1aqO4benxfplVkcOHIIjUAIOOAN1cAMaoAkweADP4A28W4/Wi/Vhfc6iS1Y2cwD+wPr6BqQVoq8=</latexit><latexit sha1_base64="Q0JQ54edcW5l2GJnfhn7faeJxyg=">AAACMHicbVDLSgMxFM34rPVVdekmWJQWSpkpgm6EogtdVrAP6JQhk2ba0EwmJBmhDP0kN36KbhQUcetXmGkH0dYDgcM553Jzjy8YVdq2X62l5ZXVtfXcRn5za3tnt7C331JRLDFp4ohFsuMjRRjlpKmpZqQjJEGhz0jbH12lfvueSEUjfqfHgvRCNOA0oBhpI3mFazhF20vwmE3gyQUMPKfEK8ILy66b/3H1MDNrJRcxMURpogKF55fTRN4rFO2qPQVcJE5GiiBDwys8uf0IxyHhGjOkVNexhe4lSGqKGZnk3VgRgfAIDUjXUI5ConrJ9OAJPDZKHwaRNI9rOFV/TyQoVGoc+iYZIj1U814q/ud1Yx2c9xLKRawJx7NFQcygjmDaHuxTSbBmY0MQltT8FeIhkghr03FagjN/8iJp1aqO4benxfplVkcOHIIjUAIOOAN1cAMaoAkweADP4A28W4/Wi/Vhfc6iS1Y2cwD+wPr6BqQVoq8=</latexit><latexit sha1_base64="Q0JQ54edcW5l2GJnfhn7faeJxyg=">AAACMHicbVDLSgMxFM34rPVVdekmWJQWSpkpgm6EogtdVrAP6JQhk2ba0EwmJBmhDP0kN36KbhQUcetXmGkH0dYDgcM553Jzjy8YVdq2X62l5ZXVtfXcRn5za3tnt7C331JRLDFp4ohFsuMjRRjlpKmpZqQjJEGhz0jbH12lfvueSEUjfqfHgvRCNOA0oBhpI3mFazhF20vwmE3gyQUMPKfEK8ILy66b/3H1MDNrJRcxMURpogKF55fTRN4rFO2qPQVcJE5GiiBDwys8uf0IxyHhGjOkVNexhe4lSGqKGZnk3VgRgfAIDUjXUI5ConrJ9OAJPDZKHwaRNI9rOFV/TyQoVGoc+iYZIj1U814q/ud1Yx2c9xLKRawJx7NFQcygjmDaHuxTSbBmY0MQltT8FeIhkghr03FagjN/8iJp1aqO4benxfplVkcOHIIjUAIOOAN1cAMaoAkweADP4A28W4/Wi/Vhfc6iS1Y2cwD+wPr6BqQVoq8=</latexit>

• In stationary operation, all flows 
are equal

r1 = Whfm �Wth = Whfm � f2(↵, pm, pb)

r2 = Whfm �Wcyl = Whfm � f1(n, pm)

r3 = Wcyl �Wth = f1(n, pm)� f2(↵, pm, pb)
<latexit sha1_base64="llExh44EaoS38Dm0K1+U76wN/2g="></latexit><latexit sha1_base64="llExh44EaoS38Dm0K1+U76wN/2g="></latexit><latexit sha1_base64="llExh44EaoS38Dm0K1+U76wN/2g="></latexit><latexit sha1_base64="llExh44EaoS38Dm0K1+U76wN/2g="></latexit>

• Sensitive to different faults, i.e., 
possibilities for fault isolation

Modelling
• Same kind of mean value engine models you have already seen in the 

course are useful also for diagnosis.  
• For example, the flow past the throttle is models by the equations

23

Wth =
Kthpboostp

T
 (

pman

pboost
)

<latexit sha1_base64="XA/bGyAXS/V1ITz9bG66DXdxBvw="></latexit><latexit sha1_base64="XA/bGyAXS/V1ITz9bG66DXdxBvw="></latexit><latexit sha1_base64="XA/bGyAXS/V1ITz9bG66DXdxBvw="></latexit><latexit sha1_base64="XA/bGyAXS/V1ITz9bG66DXdxBvw="></latexit>

with

 (
pman

pboost
) =

8
>>>>>>>><

>>>>>>>>:

s
2
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pman

pboost

⌘ 2
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pboost

⌘+1


�

if
⇣

pman

pboost
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⇣
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otherwise
<latexit sha1_base64="P5ltGBt8P/YGCp0ZyJc2MwFzdCw="></latexit><latexit sha1_base64="P5ltGBt8P/YGCp0ZyJc2MwFzdCw="></latexit><latexit sha1_base64="P5ltGBt8P/YGCp0ZyJc2MwFzdCw="></latexit><latexit sha1_base64="P5ltGBt8P/YGCp0ZyJc2MwFzdCw="></latexit>

Modelling faulty behaviour
• Not only the nominal behaviour 

needs models 
• Sometimes, but not always, 

models for faulty components 
are needed

24

WboostLeak = kb
pbp
T
 (

pamb

pb
)

WHFM = Wth +WboostLeak
<latexit sha1_base64="CnDf4fgj98G5tVKsLWZiFZCw3wI="></latexit><latexit sha1_base64="CnDf4fgj98G5tVKsLWZiFZCw3wI="></latexit><latexit sha1_base64="CnDf4fgj98G5tVKsLWZiFZCw3wI="></latexit><latexit sha1_base64="CnDf4fgj98G5tVKsLWZiFZCw3wI="></latexit>

where	kb	represents	efficient	
leakage	area.
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Problem illustration (1/2)

• #res.gen. exponential in 
model redundancy 

• For single fault isolation  
#res�#faults 

• Our engine application:  
208 residuals and 7 
faults 

• 42 residuals used as 
input data here

25

• If model is perfect, all residuals are  
“equally good”

r =

(
0 f = 0

6= 0 f 6= 0
<latexit sha1_base64="/goCCzY3Eno20ARwx9RfEXADvTM=">AAACJnicbZDLSsNAFIYnXmu8VV26GSyKq5KIoJtC0Y3LCvYCTSiTyUk7dDKJMxOhhD6NG1/FjYuKiDsfxWmbhbYeGPj4/3Nm5vxBypnSjvNlrayurW9slrbs7Z3dvf3ywWFLJZmk0KQJT2QnIAo4E9DUTHPopBJIHHBoB8Pbqd9+AqlYIh70KAU/Jn3BIkaJNlKvXJO4hm0vgD4TOTUXqbGNsYPPcFRzPM+wJ+BxLszJ9kCERWuvXHGqzqzwMrgFVFBRjV554oUJzWIQmnKiVNd1Uu3nRGpGOYxtL1OQEjokfegaFCQG5eezNcf41CghjhJpjtB4pv6eyEms1CgOTGdM9EAtelPxP6+b6ejaz5lIMw2Czh+KMo51gqeZ4ZBJoJqPDBAqmfkrpgMiCdUmWduE4C6uvAyti6rrVN37y0r9poijhI7RCTpHLrpCdXSHGqiJKHpGr2iC3q0X6836sD7nrStWMXOE/pT1/QNW2aFz</latexit><latexit sha1_base64="/goCCzY3Eno20ARwx9RfEXADvTM=">AAACJnicbZDLSsNAFIYnXmu8VV26GSyKq5KIoJtC0Y3LCvYCTSiTyUk7dDKJMxOhhD6NG1/FjYuKiDsfxWmbhbYeGPj4/3Nm5vxBypnSjvNlrayurW9slrbs7Z3dvf3ywWFLJZmk0KQJT2QnIAo4E9DUTHPopBJIHHBoB8Pbqd9+AqlYIh70KAU/Jn3BIkaJNlKvXJO4hm0vgD4TOTUXqbGNsYPPcFRzPM+wJ+BxLszJ9kCERWuvXHGqzqzwMrgFVFBRjV554oUJzWIQmnKiVNd1Uu3nRGpGOYxtL1OQEjokfegaFCQG5eezNcf41CghjhJpjtB4pv6eyEms1CgOTGdM9EAtelPxP6+b6ejaz5lIMw2Czh+KMo51gqeZ4ZBJoJqPDBAqmfkrpgMiCdUmWduE4C6uvAyti6rrVN37y0r9poijhI7RCTpHLrpCdXSHGqiJKHpGr2iC3q0X6836sD7nrStWMXOE/pT1/QNW2aFz</latexit><latexit sha1_base64="/goCCzY3Eno20ARwx9RfEXADvTM=">AAACJnicbZDLSsNAFIYnXmu8VV26GSyKq5KIoJtC0Y3LCvYCTSiTyUk7dDKJMxOhhD6NG1/FjYuKiDsfxWmbhbYeGPj4/3Nm5vxBypnSjvNlrayurW9slrbs7Z3dvf3ywWFLJZmk0KQJT2QnIAo4E9DUTHPopBJIHHBoB8Pbqd9+AqlYIh70KAU/Jn3BIkaJNlKvXJO4hm0vgD4TOTUXqbGNsYPPcFRzPM+wJ+BxLszJ9kCERWuvXHGqzqzwMrgFVFBRjV554oUJzWIQmnKiVNd1Uu3nRGpGOYxtL1OQEjokfegaFCQG5eezNcf41CghjhJpjtB4pv6eyEms1CgOTGdM9EAtelPxP6+b6ejaz5lIMw2Czh+KMo51gqeZ4ZBJoJqPDBAqmfkrpgMiCdUmWduE4C6uvAyti6rrVN37y0r9poijhI7RCTpHLrpCdXSHGqiJKHpGr2iC3q0X6836sD7nrStWMXOE/pT1/QNW2aFz</latexit><latexit sha1_base64="/goCCzY3Eno20ARwx9RfEXADvTM=">AAACJnicbZDLSsNAFIYnXmu8VV26GSyKq5KIoJtC0Y3LCvYCTSiTyUk7dDKJMxOhhD6NG1/FjYuKiDsfxWmbhbYeGPj4/3Nm5vxBypnSjvNlrayurW9slrbs7Z3dvf3ywWFLJZmk0KQJT2QnIAo4E9DUTHPopBJIHHBoB8Pbqd9+AqlYIh70KAU/Jn3BIkaJNlKvXJO4hm0vgD4TOTUXqbGNsYPPcFRzPM+wJ+BxLszJ9kCERWuvXHGqzqzwMrgFVFBRjV554oUJzWIQmnKiVNd1Uu3nRGpGOYxtL1OQEjokfegaFCQG5eezNcf41CghjhJpjtB4pv6eyEms1CgOTGdM9EAtelPxP6+b6ejaz5lIMw2Czh+KMo51gqeZ4ZBJoJqPDBAqmfkrpgMiCdUmWduE4C6uvAyti6rrVN37y0r9poijhI7RCTpHLrpCdXSHGqiJKHpGr2iC3q0X6836sD7nrStWMXOE/pT1/QNW2aFz</latexit>

observation y(t)
<latexit sha1_base64="2f5Qs/zG+PFZ6mqFaa+aOElfgzk=">AAACAXicbVDLSgNBEJyNrxhfq14EL4NBiJewK4Ieg148RjAPSEKYnXSSIbMPZnqDyxIv/ooXD4p49S+8+TdONjloYkFDUdVNd5cXSaHRcb6t3Mrq2vpGfrOwtb2zu2fvH9R1GCsONR7KUDU9pkGKAGooUEIzUsB8T0LDG91M/cYYlBZhcI9JBB2fDQLRF5yhkbr2URvhAdPQ06DGmUYnNCnhWdcuOmUnA10m7pwUyRzVrv3V7oU89iFALpnWLdeJsJMyhYJLmBTasYaI8REbQMvQgPmgO2n2wYSeGqVH+6EyFSDN1N8TKfO1TnzPdPoMh3rRm4r/ea0Y+1edVARRjBDw2aJ+LCmGdBoH7QkFHGViCONKmFspHzLFOJrQCiYEd/HlZVI/L7tO2b27KFau53HkyTE5ISXikktSIbekSmqEk0fyTF7Jm/VkvVjv1sesNWfNZw7JH1ifP3kult4=</latexit><latexit sha1_base64="2f5Qs/zG+PFZ6mqFaa+aOElfgzk=">AAACAXicbVDLSgNBEJyNrxhfq14EL4NBiJewK4Ieg148RjAPSEKYnXSSIbMPZnqDyxIv/ooXD4p49S+8+TdONjloYkFDUdVNd5cXSaHRcb6t3Mrq2vpGfrOwtb2zu2fvH9R1GCsONR7KUDU9pkGKAGooUEIzUsB8T0LDG91M/cYYlBZhcI9JBB2fDQLRF5yhkbr2URvhAdPQ06DGmUYnNCnhWdcuOmUnA10m7pwUyRzVrv3V7oU89iFALpnWLdeJsJMyhYJLmBTasYaI8REbQMvQgPmgO2n2wYSeGqVH+6EyFSDN1N8TKfO1TnzPdPoMh3rRm4r/ea0Y+1edVARRjBDw2aJ+LCmGdBoH7QkFHGViCONKmFspHzLFOJrQCiYEd/HlZVI/L7tO2b27KFau53HkyTE5ISXikktSIbekSmqEk0fyTF7Jm/VkvVjv1sesNWfNZw7JH1ifP3kult4=</latexit><latexit sha1_base64="2f5Qs/zG+PFZ6mqFaa+aOElfgzk=">AAACAXicbVDLSgNBEJyNrxhfq14EL4NBiJewK4Ieg148RjAPSEKYnXSSIbMPZnqDyxIv/ooXD4p49S+8+TdONjloYkFDUdVNd5cXSaHRcb6t3Mrq2vpGfrOwtb2zu2fvH9R1GCsONR7KUDU9pkGKAGooUEIzUsB8T0LDG91M/cYYlBZhcI9JBB2fDQLRF5yhkbr2URvhAdPQ06DGmUYnNCnhWdcuOmUnA10m7pwUyRzVrv3V7oU89iFALpnWLdeJsJMyhYJLmBTasYaI8REbQMvQgPmgO2n2wYSeGqVH+6EyFSDN1N8TKfO1TnzPdPoMh3rRm4r/ea0Y+1edVARRjBDw2aJ+LCmGdBoH7QkFHGViCONKmFspHzLFOJrQCiYEd/HlZVI/L7tO2b27KFau53HkyTE5ISXikktSIbekSmqEk0fyTF7Jm/VkvVjv1sesNWfNZw7JH1ifP3kult4=</latexit><latexit sha1_base64="2f5Qs/zG+PFZ6mqFaa+aOElfgzk=">AAACAXicbVDLSgNBEJyNrxhfq14EL4NBiJewK4Ieg148RjAPSEKYnXSSIbMPZnqDyxIv/ooXD4p49S+8+TdONjloYkFDUdVNd5cXSaHRcb6t3Mrq2vpGfrOwtb2zu2fvH9R1GCsONR7KUDU9pkGKAGooUEIzUsB8T0LDG91M/cYYlBZhcI9JBB2fDQLRF5yhkbr2URvhAdPQ06DGmUYnNCnhWdcuOmUnA10m7pwUyRzVrv3V7oU89iFALpnWLdeJsJMyhYJLmBTasYaI8REbQMvQgPmgO2n2wYSeGqVH+6EyFSDN1N8TKfO1TnzPdPoMh3rRm4r/ea0Y+1edVARRjBDw2aJ+LCmGdBoH7QkFHGViCONKmFspHzLFOJrQCiYEd/HlZVI/L7tO2b27KFau53HkyTE5ISXikktSIbekSmqEk0fyTF7Jm/VkvVjv1sesNWfNZw7JH1ifP3kult4=</latexit>

residual r(t)
<latexit sha1_base64="+X8EsxJ8KT2+XLu7yiy9ZdLnDKk=">AAAB/nicbVDLSgNBEJyNrxhfUfHkZTAI8RJ2RdBj0IvHCOYByRJmZ3uTIbMPZnrFsAT8FS8eFPHqd3jzb5wke9DEgoaiqpvuLi+RQqNtf1uFldW19Y3iZmlre2d3r7x/0NJxqjg0eSxj1fGYBikiaKJACZ1EAQs9CW1vdDP12w+gtIijexwn4IZsEIlAcIZG6pePegiPmCnQwk+ZpBOqqnjWL1fsmj0DXSZOTiokR6Nf/ur5MU9DiJBLpnXXsRN0M6ZQcAmTUi/VkDA+YgPoGhqxELSbzc6f0FOj+DSIlakI6Uz9PZGxUOtx6JnOkOFQL3pT8T+vm2Jw5WYiSlKEiM8XBamkGNNpFtQXCjjKsSGMK2FupXzIFONoEiuZEJzFl5dJ67zm2DXn7qJSv87jKJJjckKqxCGXpE5uSYM0CScZeSav5M16sl6sd+tj3lqw8plD8gfW5w/gfJVm</latexit><latexit sha1_base64="+X8EsxJ8KT2+XLu7yiy9ZdLnDKk=">AAAB/nicbVDLSgNBEJyNrxhfUfHkZTAI8RJ2RdBj0IvHCOYByRJmZ3uTIbMPZnrFsAT8FS8eFPHqd3jzb5wke9DEgoaiqpvuLi+RQqNtf1uFldW19Y3iZmlre2d3r7x/0NJxqjg0eSxj1fGYBikiaKJACZ1EAQs9CW1vdDP12w+gtIijexwn4IZsEIlAcIZG6pePegiPmCnQwk+ZpBOqqnjWL1fsmj0DXSZOTiokR6Nf/ur5MU9DiJBLpnXXsRN0M6ZQcAmTUi/VkDA+YgPoGhqxELSbzc6f0FOj+DSIlakI6Uz9PZGxUOtx6JnOkOFQL3pT8T+vm2Jw5WYiSlKEiM8XBamkGNNpFtQXCjjKsSGMK2FupXzIFONoEiuZEJzFl5dJ67zm2DXn7qJSv87jKJJjckKqxCGXpE5uSYM0CScZeSav5M16sl6sd+tj3lqw8plD8gfW5w/gfJVm</latexit><latexit sha1_base64="+X8EsxJ8KT2+XLu7yiy9ZdLnDKk=">AAAB/nicbVDLSgNBEJyNrxhfUfHkZTAI8RJ2RdBj0IvHCOYByRJmZ3uTIbMPZnrFsAT8FS8eFPHqd3jzb5wke9DEgoaiqpvuLi+RQqNtf1uFldW19Y3iZmlre2d3r7x/0NJxqjg0eSxj1fGYBikiaKJACZ1EAQs9CW1vdDP12w+gtIijexwn4IZsEIlAcIZG6pePegiPmCnQwk+ZpBOqqnjWL1fsmj0DXSZOTiokR6Nf/ur5MU9DiJBLpnXXsRN0M6ZQcAmTUi/VkDA+YgPoGhqxELSbzc6f0FOj+DSIlakI6Uz9PZGxUOtx6JnOkOFQL3pT8T+vm2Jw5WYiSlKEiM8XBamkGNNpFtQXCjjKsSGMK2FupXzIFONoEiuZEJzFl5dJ67zm2DXn7qJSv87jKJJjckKqxCGXpE5uSYM0CScZeSav5M16sl6sd+tj3lqw8plD8gfW5w/gfJVm</latexit><latexit sha1_base64="+X8EsxJ8KT2+XLu7yiy9ZdLnDKk=">AAAB/nicbVDLSgNBEJyNrxhfUfHkZTAI8RJ2RdBj0IvHCOYByRJmZ3uTIbMPZnrFsAT8FS8eFPHqd3jzb5wke9DEgoaiqpvuLi+RQqNtf1uFldW19Y3iZmlre2d3r7x/0NJxqjg0eSxj1fGYBikiaKJACZ1EAQs9CW1vdDP12w+gtIijexwn4IZsEIlAcIZG6pePegiPmCnQwk+ZpBOqqnjWL1fsmj0DXSZOTiokR6Nf/ur5MU9DiJBLpnXXsRN0M6ZQcAmTUi/VkDA+YgPoGhqxELSbzc6f0FOj+DSIlakI6Uz9PZGxUOtx6JnOkOFQL3pT8T+vm2Jw5WYiSlKEiM8XBamkGNNpFtQXCjjKsSGMK2FupXzIFONoEiuZEJzFl5dJ67zm2DXn7qJSv87jKJJjckKqxCGXpE5uSYM0CScZeSav5M16sl6sd+tj3lqw8plD8gfW5w/gfJVm</latexit>

faults f(t)
<latexit sha1_base64="Q/frYto26Jsse6m9jFX/VWMmmVA=">AAAB/HicbVDLSgNBEJyNrxhfqzl6GQxCvIRdEfQY9OIxgnlAsoTZSW8yZPbBTK8YlvgrXjwo4tUP8ebfOEn2oIkFDUVVN91dfiKFRsf5tgpr6xubW8Xt0s7u3v6BfXjU0nGqODR5LGPV8ZkGKSJookAJnUQBC30JbX98M/PbD6C0iKN7nCTghWwYiUBwhkbq2+UewiNmAUslajqlQRXP+nbFqTlz0FXi5qRCcjT69ldvEPM0hAi5ZFp3XSdBL2MKBZcwLfVSDQnjYzaErqERC0F72fz4KT01yoAGsTIVIZ2rvycyFmo9CX3TGTIc6WVvJv7ndVMMrrxMREmKEPHFoiCVFGM6S4IOhAKOcmII40qYWykfMcU4mrxKJgR3+eVV0jqvuU7Nvbuo1K/zOIrkmJyQKnHJJamTW9IgTcLJhDyTV/JmPVkv1rv1sWgtWPlMmfyB9fkDQTqUfA==</latexit><latexit sha1_base64="Q/frYto26Jsse6m9jFX/VWMmmVA=">AAAB/HicbVDLSgNBEJyNrxhfqzl6GQxCvIRdEfQY9OIxgnlAsoTZSW8yZPbBTK8YlvgrXjwo4tUP8ebfOEn2oIkFDUVVN91dfiKFRsf5tgpr6xubW8Xt0s7u3v6BfXjU0nGqODR5LGPV8ZkGKSJookAJnUQBC30JbX98M/PbD6C0iKN7nCTghWwYiUBwhkbq2+UewiNmAUslajqlQRXP+nbFqTlz0FXi5qRCcjT69ldvEPM0hAi5ZFp3XSdBL2MKBZcwLfVSDQnjYzaErqERC0F72fz4KT01yoAGsTIVIZ2rvycyFmo9CX3TGTIc6WVvJv7ndVMMrrxMREmKEPHFoiCVFGM6S4IOhAKOcmII40qYWykfMcU4mrxKJgR3+eVV0jqvuU7Nvbuo1K/zOIrkmJyQKnHJJamTW9IgTcLJhDyTV/JmPVkv1rv1sWgtWPlMmfyB9fkDQTqUfA==</latexit><latexit sha1_base64="Q/frYto26Jsse6m9jFX/VWMmmVA=">AAAB/HicbVDLSgNBEJyNrxhfqzl6GQxCvIRdEfQY9OIxgnlAsoTZSW8yZPbBTK8YlvgrXjwo4tUP8ebfOEn2oIkFDUVVN91dfiKFRsf5tgpr6xubW8Xt0s7u3v6BfXjU0nGqODR5LGPV8ZkGKSJookAJnUQBC30JbX98M/PbD6C0iKN7nCTghWwYiUBwhkbq2+UewiNmAUslajqlQRXP+nbFqTlz0FXi5qRCcjT69ldvEPM0hAi5ZFp3XSdBL2MKBZcwLfVSDQnjYzaErqERC0F72fz4KT01yoAGsTIVIZ2rvycyFmo9CX3TGTIc6WVvJv7ndVMMrrxMREmKEPHFoiCVFGM6S4IOhAKOcmII40qYWykfMcU4mrxKJgR3+eVV0jqvuU7Nvbuo1K/zOIrkmJyQKnHJJamTW9IgTcLJhDyTV/JmPVkv1rv1sWgtWPlMmfyB9fkDQTqUfA==</latexit><latexit sha1_base64="Q/frYto26Jsse6m9jFX/VWMmmVA=">AAAB/HicbVDLSgNBEJyNrxhfqzl6GQxCvIRdEfQY9OIxgnlAsoTZSW8yZPbBTK8YlvgrXjwo4tUP8ebfOEn2oIkFDUVVN91dfiKFRsf5tgpr6xubW8Xt0s7u3v6BfXjU0nGqODR5LGPV8ZkGKSJookAJnUQBC30JbX98M/PbD6C0iKN7nCTghWwYiUBwhkbq2+UewiNmAUslajqlQRXP+nbFqTlz0FXi5qRCcjT69ldvEPM0hAi5ZFp3XSdBL2MKBZcwLfVSDQnjYzaErqERC0F72fz4KT01yoAGsTIVIZ2rvycyFmo9CX3TGTIc6WVvJv7ndVMMrrxMREmKEPHFoiCVFGM6S4IOhAKOcmII40qYWykfMcU4mrxKJgR3+eVV0jqvuU7Nvbuo1K/zOIrkmJyQKnHJJamTW9IgTcLJhDyTV/JmPVkv1rv1sWgtWPlMmfyB9fkDQTqUfA==</latexit>

actuators u(t)
<latexit sha1_base64="6E8GJ4oDDYfm1lQoBSPzUJh9LCY=">AAAB/3icbVA9SwNBEN3zM8avU8HGZjEIsQl3ImgZtLGMYD4gOcLeZi9Zsrd77M6J4UzhX7GxUMTWv2Hnv3GTXKGJDwYe780wMy9MBDfged/O0vLK6tp6YaO4ubW9s+vu7TeMSjVldaqE0q2QGCa4ZHXgIFgr0YzEoWDNcHg98Zv3TBuu5B2MEhbEpC95xCkBK3Xdww6wB8gIhZSA0gaPcVqG065b8ireFHiR+DkpoRy1rvvV6SmaxkwCFcSYtu8lEGREA6eCjYud1LCE0CHps7alksTMBNn0/jE+sUoPR0rbkoCn6u+JjMTGjOLQdsYEBmbem4j/ee0Uossg4zJJgUk6WxSlAoPCkzBwj2tGQYwsIVRzeyumA6JtGjayog3Bn395kTTOKr5X8W/PS9WrPI4COkLHqIx8dIGq6AbVUB1R9Iie0St6c56cF+fd+Zi1Ljn5zAH6A+fzB9DelfA=</latexit><latexit sha1_base64="6E8GJ4oDDYfm1lQoBSPzUJh9LCY=">AAAB/3icbVA9SwNBEN3zM8avU8HGZjEIsQl3ImgZtLGMYD4gOcLeZi9Zsrd77M6J4UzhX7GxUMTWv2Hnv3GTXKGJDwYe780wMy9MBDfged/O0vLK6tp6YaO4ubW9s+vu7TeMSjVldaqE0q2QGCa4ZHXgIFgr0YzEoWDNcHg98Zv3TBuu5B2MEhbEpC95xCkBK3Xdww6wB8gIhZSA0gaPcVqG065b8ireFHiR+DkpoRy1rvvV6SmaxkwCFcSYtu8lEGREA6eCjYud1LCE0CHps7alksTMBNn0/jE+sUoPR0rbkoCn6u+JjMTGjOLQdsYEBmbem4j/ee0Uossg4zJJgUk6WxSlAoPCkzBwj2tGQYwsIVRzeyumA6JtGjayog3Bn395kTTOKr5X8W/PS9WrPI4COkLHqIx8dIGq6AbVUB1R9Iie0St6c56cF+fd+Zi1Ljn5zAH6A+fzB9DelfA=</latexit><latexit sha1_base64="6E8GJ4oDDYfm1lQoBSPzUJh9LCY=">AAAB/3icbVA9SwNBEN3zM8avU8HGZjEIsQl3ImgZtLGMYD4gOcLeZi9Zsrd77M6J4UzhX7GxUMTWv2Hnv3GTXKGJDwYe780wMy9MBDfged/O0vLK6tp6YaO4ubW9s+vu7TeMSjVldaqE0q2QGCa4ZHXgIFgr0YzEoWDNcHg98Zv3TBuu5B2MEhbEpC95xCkBK3Xdww6wB8gIhZSA0gaPcVqG065b8ireFHiR+DkpoRy1rvvV6SmaxkwCFcSYtu8lEGREA6eCjYud1LCE0CHps7alksTMBNn0/jE+sUoPR0rbkoCn6u+JjMTGjOLQdsYEBmbem4j/ee0Uossg4zJJgUk6WxSlAoPCkzBwj2tGQYwsIVRzeyumA6JtGjayog3Bn395kTTOKr5X8W/PS9WrPI4COkLHqIx8dIGq6AbVUB1R9Iie0St6c56cF+fd+Zi1Ljn5zAH6A+fzB9DelfA=</latexit><latexit sha1_base64="6E8GJ4oDDYfm1lQoBSPzUJh9LCY=">AAAB/3icbVA9SwNBEN3zM8avU8HGZjEIsQl3ImgZtLGMYD4gOcLeZi9Zsrd77M6J4UzhX7GxUMTWv2Hnv3GTXKGJDwYe780wMy9MBDfged/O0vLK6tp6YaO4ubW9s+vu7TeMSjVldaqE0q2QGCa4ZHXgIFgr0YzEoWDNcHg98Zv3TBuu5B2MEhbEpC95xCkBK3Xdww6wB8gIhZSA0gaPcVqG065b8ireFHiR+DkpoRy1rvvV6SmaxkwCFcSYtu8lEGREA6eCjYud1LCE0CHps7alksTMBNn0/jE+sUoPR0rbkoCn6u+JjMTGjOLQdsYEBmbem4j/ee0Uossg4zJJgUk6WxSlAoPCkzBwj2tGQYwsIVRzeyumA6JtGjayog3Bn395kTTOKr5X8W/PS9WrPI4COkLHqIx8dIGq6AbVUB1R9Iie0St6c56cF+fd+Zi1Ljn5zAH6A+fzB9DelfA=</latexit>

System
<latexit sha1_base64="gUmQkD6tPB8Q+QyjayPPjLc6K4w=">AAAB9HicbVBNS8NAEN34WetX1aOXxSJ4KokIeix68VjRfkAbymY7aZduNnF3Uiyhv8OLB0W8+mO8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg4bJk41hzqPZaxbATMghYI6CpTQSjSwKJDQDIY3U785Am1ErB5wnIAfsb4SoeAMreR3EJ4wux8bhGjSLZXdijsDXSZeTsokR61b+ur0Yp5GoJBLZkzbcxP0M6ZRcAmTYic1kDA+ZH1oW6pYBMbPZkdP6KlVejSMtS2FdKb+nshYZMw4CmxnxHBgFr2p+J/XTjG88jOhkhRB8fmiMJUUYzpNgPaEBo5ybAnjWthbKR8wzTjanIo2BG/x5WXSOK94bsW7uyhXr/M4CuSYnJAz4pFLUiW3pEbqhJNH8kxeyZszcl6cd+dj3rri5DNH5A+czx+QvJKa</latexit><latexit sha1_base64="gUmQkD6tPB8Q+QyjayPPjLc6K4w=">AAAB9HicbVBNS8NAEN34WetX1aOXxSJ4KokIeix68VjRfkAbymY7aZduNnF3Uiyhv8OLB0W8+mO8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg4bJk41hzqPZaxbATMghYI6CpTQSjSwKJDQDIY3U785Am1ErB5wnIAfsb4SoeAMreR3EJ4wux8bhGjSLZXdijsDXSZeTsokR61b+ur0Yp5GoJBLZkzbcxP0M6ZRcAmTYic1kDA+ZH1oW6pYBMbPZkdP6KlVejSMtS2FdKb+nshYZMw4CmxnxHBgFr2p+J/XTjG88jOhkhRB8fmiMJUUYzpNgPaEBo5ybAnjWthbKR8wzTjanIo2BG/x5WXSOK94bsW7uyhXr/M4CuSYnJAz4pFLUiW3pEbqhJNH8kxeyZszcl6cd+dj3rri5DNH5A+czx+QvJKa</latexit><latexit sha1_base64="gUmQkD6tPB8Q+QyjayPPjLc6K4w=">AAAB9HicbVBNS8NAEN34WetX1aOXxSJ4KokIeix68VjRfkAbymY7aZduNnF3Uiyhv8OLB0W8+mO8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg4bJk41hzqPZaxbATMghYI6CpTQSjSwKJDQDIY3U785Am1ErB5wnIAfsb4SoeAMreR3EJ4wux8bhGjSLZXdijsDXSZeTsokR61b+ur0Yp5GoJBLZkzbcxP0M6ZRcAmTYic1kDA+ZH1oW6pYBMbPZkdP6KlVejSMtS2FdKb+nshYZMw4CmxnxHBgFr2p+J/XTjG88jOhkhRB8fmiMJUUYzpNgPaEBo5ybAnjWthbKR8wzTjanIo2BG/x5WXSOK94bsW7uyhXr/M4CuSYnJAz4pFLUiW3pEbqhJNH8kxeyZszcl6cd+dj3rri5DNH5A+czx+QvJKa</latexit><latexit sha1_base64="gUmQkD6tPB8Q+QyjayPPjLc6K4w=">AAAB9HicbVBNS8NAEN34WetX1aOXxSJ4KokIeix68VjRfkAbymY7aZduNnF3Uiyhv8OLB0W8+mO8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg4bJk41hzqPZaxbATMghYI6CpTQSjSwKJDQDIY3U785Am1ErB5wnIAfsb4SoeAMreR3EJ4wux8bhGjSLZXdijsDXSZeTsokR61b+ur0Yp5GoJBLZkzbcxP0M6ZRcAmTYic1kDA+ZH1oW6pYBMbPZkdP6KlVejSMtS2FdKb+nshYZMw4CmxnxHBgFr2p+J/XTjG88jOhkhRB8fmiMJUUYzpNgPaEBo5ybAnjWthbKR8wzTjanIo2BG/x5WXSOK94bsW7uyhXr/M4CuSYnJAz4pFLUiW3pEbqhJNH8kxeyZszcl6cd+dj3rri5DNH5A+czx+QvJKa</latexit>

prediction ŷ(t)
<latexit sha1_base64="1zbN+w4M5XG1SuXNE99wVQQuFp0=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBHqpiQi6LLoxmUF+4AmlMlk0g6dPJi5EUPoyo2/4saFIm79Bnf+jZM2C209MHA45x7u3OMlgiuwrG9jaXlldW29slHd3Nre2TX39jsqTiVlbRqLWPY8opjgEWsDB8F6iWQk9ATreuPrwu/eM6l4HN1BljA3JMOIB5wS0NLAPHKAPUCuMz6nhYQn2BkRyLNJHU4HZs1qWFPgRWKXpIZKtAbml+PHNA1ZBFQQpfq2lYCbEwmcCjapOqliCaFjMmR9TSMSMuXm0zMm+EQrPg5iqV8EeKr+TuQkVCoLPT0ZEhipea8Q//P6KQSXbs6jJAUW0dmiIBUYYlx0gn0uGQWRaUKo5PqvmI6IJBR0c1Vdgj1/8iLpnDVsq2HfnteaV2UdFXSIjlEd2egCNdENaqE2ougRPaNX9GY8GS/Gu/ExG10yyswB+gPj8weP05km</latexit><latexit sha1_base64="1zbN+w4M5XG1SuXNE99wVQQuFp0=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBHqpiQi6LLoxmUF+4AmlMlk0g6dPJi5EUPoyo2/4saFIm79Bnf+jZM2C209MHA45x7u3OMlgiuwrG9jaXlldW29slHd3Nre2TX39jsqTiVlbRqLWPY8opjgEWsDB8F6iWQk9ATreuPrwu/eM6l4HN1BljA3JMOIB5wS0NLAPHKAPUCuMz6nhYQn2BkRyLNJHU4HZs1qWFPgRWKXpIZKtAbml+PHNA1ZBFQQpfq2lYCbEwmcCjapOqliCaFjMmR9TSMSMuXm0zMm+EQrPg5iqV8EeKr+TuQkVCoLPT0ZEhipea8Q//P6KQSXbs6jJAUW0dmiIBUYYlx0gn0uGQWRaUKo5PqvmI6IJBR0c1Vdgj1/8iLpnDVsq2HfnteaV2UdFXSIjlEd2egCNdENaqE2ougRPaNX9GY8GS/Gu/ExG10yyswB+gPj8weP05km</latexit><latexit sha1_base64="1zbN+w4M5XG1SuXNE99wVQQuFp0=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBHqpiQi6LLoxmUF+4AmlMlk0g6dPJi5EUPoyo2/4saFIm79Bnf+jZM2C209MHA45x7u3OMlgiuwrG9jaXlldW29slHd3Nre2TX39jsqTiVlbRqLWPY8opjgEWsDB8F6iWQk9ATreuPrwu/eM6l4HN1BljA3JMOIB5wS0NLAPHKAPUCuMz6nhYQn2BkRyLNJHU4HZs1qWFPgRWKXpIZKtAbml+PHNA1ZBFQQpfq2lYCbEwmcCjapOqliCaFjMmR9TSMSMuXm0zMm+EQrPg5iqV8EeKr+TuQkVCoLPT0ZEhipea8Q//P6KQSXbs6jJAUW0dmiIBUYYlx0gn0uGQWRaUKo5PqvmI6IJBR0c1Vdgj1/8iLpnDVsq2HfnteaV2UdFXSIjlEd2egCNdENaqE2ougRPaNX9GY8GS/Gu/ExG10yyswB+gPj8weP05km</latexit><latexit sha1_base64="1zbN+w4M5XG1SuXNE99wVQQuFp0=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBHqpiQi6LLoxmUF+4AmlMlk0g6dPJi5EUPoyo2/4saFIm79Bnf+jZM2C209MHA45x7u3OMlgiuwrG9jaXlldW29slHd3Nre2TX39jsqTiVlbRqLWPY8opjgEWsDB8F6iWQk9ATreuPrwu/eM6l4HN1BljA3JMOIB5wS0NLAPHKAPUCuMz6nhYQn2BkRyLNJHU4HZs1qWFPgRWKXpIZKtAbml+PHNA1ZBFQQpfq2lYCbEwmcCjapOqliCaFjMmR9TSMSMuXm0zMm+EQrPg5iqV8EeKr+TuQkVCoLPT0ZEhipea8Q//P6KQSXbs6jJAUW0dmiIBUYYlx0gn0uGQWRaUKo5PqvmI6IJBR0c1Vdgj1/8iLpnDVsq2HfnteaV2UdFXSIjlEd2egCNdENaqE2ougRPaNX9GY8GS/Gu/ExG10yyswB+gPj8weP05km</latexit>

Model
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ẋ = f(x, u)

y = h(x, u)
<latexit sha1_base64="gTSEoWuC2vsdKm9G0gkUUk83dBo=">AAACCXicbVDLSsNAFJ34rPEVdelmsCgtSElE0I1QdOOygn1AE8pkOmmHTh7MQxpCt278FTcuFHHrH7jzb5y0WWjrgYFzz7l3Zu7xE0aFtO1vY2l5ZXVtvbRhbm5t7+xae/stESuOSRPHLOYdHwnCaESakkpGOgknKPQZafujm9xvPxAuaBzdyzQhXogGEQ0oRlJLPQu6/Vhm4wk8uYJBZXyqqq5rpnk11BVU1Z5Vtmv2FHCROAUpgwKNnvWlr8QqJJHEDAnRdexEehnikmJGJqarBEkQHqEB6WoaoZAIL5tuMoHHWunDIOb6RBJO1d8TGQqFSENfd4ZIDsW8l4v/eV0lg0svo1GiJInw7KFAMShjmMcC+5QTLFmqCcKc6r9CPEQcYanDM3UIzvzKi6R1VnPsmnN3Xq5fF3GUwCE4AhXggAtQB7egAZoAg0fwDF7Bm/FkvBjvxsesdckoZg7AHxifP+uml0E=</latexit><latexit sha1_base64="gTSEoWuC2vsdKm9G0gkUUk83dBo=">AAACCXicbVDLSsNAFJ34rPEVdelmsCgtSElE0I1QdOOygn1AE8pkOmmHTh7MQxpCt278FTcuFHHrH7jzb5y0WWjrgYFzz7l3Zu7xE0aFtO1vY2l5ZXVtvbRhbm5t7+xae/stESuOSRPHLOYdHwnCaESakkpGOgknKPQZafujm9xvPxAuaBzdyzQhXogGEQ0oRlJLPQu6/Vhm4wk8uYJBZXyqqq5rpnk11BVU1Z5Vtmv2FHCROAUpgwKNnvWlr8QqJJHEDAnRdexEehnikmJGJqarBEkQHqEB6WoaoZAIL5tuMoHHWunDIOb6RBJO1d8TGQqFSENfd4ZIDsW8l4v/eV0lg0svo1GiJInw7KFAMShjmMcC+5QTLFmqCcKc6r9CPEQcYanDM3UIzvzKi6R1VnPsmnN3Xq5fF3GUwCE4AhXggAtQB7egAZoAg0fwDF7Bm/FkvBjvxsesdckoZg7AHxifP+uml0E=</latexit><latexit sha1_base64="gTSEoWuC2vsdKm9G0gkUUk83dBo=">AAACCXicbVDLSsNAFJ34rPEVdelmsCgtSElE0I1QdOOygn1AE8pkOmmHTh7MQxpCt278FTcuFHHrH7jzb5y0WWjrgYFzz7l3Zu7xE0aFtO1vY2l5ZXVtvbRhbm5t7+xae/stESuOSRPHLOYdHwnCaESakkpGOgknKPQZafujm9xvPxAuaBzdyzQhXogGEQ0oRlJLPQu6/Vhm4wk8uYJBZXyqqq5rpnk11BVU1Z5Vtmv2FHCROAUpgwKNnvWlr8QqJJHEDAnRdexEehnikmJGJqarBEkQHqEB6WoaoZAIL5tuMoHHWunDIOb6RBJO1d8TGQqFSENfd4ZIDsW8l4v/eV0lg0svo1GiJInw7KFAMShjmMcC+5QTLFmqCcKc6r9CPEQcYanDM3UIzvzKi6R1VnPsmnN3Xq5fF3GUwCE4AhXggAtQB7egAZoAg0fwDF7Bm/FkvBjvxsesdckoZg7AHxifP+uml0E=</latexit><latexit sha1_base64="gTSEoWuC2vsdKm9G0gkUUk83dBo=">AAACCXicbVDLSsNAFJ34rPEVdelmsCgtSElE0I1QdOOygn1AE8pkOmmHTh7MQxpCt278FTcuFHHrH7jzb5y0WWjrgYFzz7l3Zu7xE0aFtO1vY2l5ZXVtvbRhbm5t7+xae/stESuOSRPHLOYdHwnCaESakkpGOgknKPQZafujm9xvPxAuaBzdyzQhXogGEQ0oRlJLPQu6/Vhm4wk8uYJBZXyqqq5rpnk11BVU1Z5Vtmv2FHCROAUpgwKNnvWlr8QqJJHEDAnRdexEehnikmJGJqarBEkQHqEB6WoaoZAIL5tuMoHHWunDIOb6RBJO1d8TGQqFSENfd4ZIDsW8l4v/eV0lg0svo1GiJInw7KFAMShjmMcC+5QTLFmqCcKc6r9CPEQcYanDM3UIzvzKi6R1VnPsmnN3Xq5fF3GUwCE4AhXggAtQB7egAZoAg0fwDF7Bm/FkvBjvxsesdckoZg7AHxifP+uml0E=</latexit>

+

Problem illustration (2/2)
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31 residuals

• Set of residuals sensitive to fault 
• Clearly all are not equally good 
• Select for detection, easy 
• Fault-to-noise ratio 

• Select a set to achieve isolability 
performance, not as easy  

• Complexity issue: 
number of sets to choose from

2no residuals
<latexit sha1_base64="i+BEOwf5b1hzknAYc+QBX3onYDw=">AAACAHicbVA9SwNBEN2LXzF+RS0sbBaDYBXugqBl0MYygvmAJIa9zSRZsrd37M6J4bjGv2JjoYitP8POf+MmuUITHww83pthZp4fSWHQdb+d3Mrq2vpGfrOwtb2zu1fcP2iYMNYc6jyUoW75zIAUCuooUEIr0sACX0LTH19P/eYDaCNCdYeTCLoBGyoxEJyhlXrFo8p90kF4xESFVIMR/ZhJk6a9YsktuzPQZeJlpEQy1HrFr04/5HEACrlkxrQ9N8JuwjQKLiEtdGIDEeNjNoS2pYoFYLrJ7IGUnlqlTwehtqWQztTfEwkLjJkEvu0MGI7MojcV//PaMQ4uu4lQUYyg+HzRIJYUQzpNg/aFBo5yYgnjWthbKR8xzTjazAo2BG/x5WXSqJQ9t+zdnpeqV1kceXJMTsgZ8cgFqZIbUiN1wklKnskreXOenBfn3fmYt+acbOaQ/IHz+QN/5Zb7</latexit><latexit sha1_base64="i+BEOwf5b1hzknAYc+QBX3onYDw=">AAACAHicbVA9SwNBEN2LXzF+RS0sbBaDYBXugqBl0MYygvmAJIa9zSRZsrd37M6J4bjGv2JjoYitP8POf+MmuUITHww83pthZp4fSWHQdb+d3Mrq2vpGfrOwtb2zu1fcP2iYMNYc6jyUoW75zIAUCuooUEIr0sACX0LTH19P/eYDaCNCdYeTCLoBGyoxEJyhlXrFo8p90kF4xESFVIMR/ZhJk6a9YsktuzPQZeJlpEQy1HrFr04/5HEACrlkxrQ9N8JuwjQKLiEtdGIDEeNjNoS2pYoFYLrJ7IGUnlqlTwehtqWQztTfEwkLjJkEvu0MGI7MojcV//PaMQ4uu4lQUYyg+HzRIJYUQzpNg/aFBo5yYgnjWthbKR8xzTjazAo2BG/x5WXSqJQ9t+zdnpeqV1kceXJMTsgZ8cgFqZIbUiN1wklKnskreXOenBfn3fmYt+acbOaQ/IHz+QN/5Zb7</latexit><latexit sha1_base64="i+BEOwf5b1hzknAYc+QBX3onYDw=">AAACAHicbVA9SwNBEN2LXzF+RS0sbBaDYBXugqBl0MYygvmAJIa9zSRZsrd37M6J4bjGv2JjoYitP8POf+MmuUITHww83pthZp4fSWHQdb+d3Mrq2vpGfrOwtb2zu1fcP2iYMNYc6jyUoW75zIAUCuooUEIr0sACX0LTH19P/eYDaCNCdYeTCLoBGyoxEJyhlXrFo8p90kF4xESFVIMR/ZhJk6a9YsktuzPQZeJlpEQy1HrFr04/5HEACrlkxrQ9N8JuwjQKLiEtdGIDEeNjNoS2pYoFYLrJ7IGUnlqlTwehtqWQztTfEwkLjJkEvu0MGI7MojcV//PaMQ4uu4lQUYyg+HzRIJYUQzpNg/aFBo5yYgnjWthbKR8xzTjazAo2BG/x5WXSqJQ9t+zdnpeqV1kceXJMTsgZ8cgFqZIbUiN1wklKnskreXOenBfn3fmYt+acbOaQ/IHz+QN/5Zb7</latexit><latexit sha1_base64="i+BEOwf5b1hzknAYc+QBX3onYDw=">AAACAHicbVA9SwNBEN2LXzF+RS0sbBaDYBXugqBl0MYygvmAJIa9zSRZsrd37M6J4bjGv2JjoYitP8POf+MmuUITHww83pthZp4fSWHQdb+d3Mrq2vpGfrOwtb2zu1fcP2iYMNYc6jyUoW75zIAUCuooUEIr0sACX0LTH19P/eYDaCNCdYeTCLoBGyoxEJyhlXrFo8p90kF4xESFVIMR/ZhJk6a9YsktuzPQZeJlpEQy1HrFr04/5HEACrlkxrQ9N8JuwjQKLiEtdGIDEeNjNoS2pYoFYLrJ7IGUnlqlTwehtqWQztTfEwkLjJkEvu0MGI7MojcV//PaMQ4uu4lQUYyg+HzRIJYUQzpNg/aFBo5yYgnjWthbKR8xzTjazAo2BG/x5WXSqJQ9t+zdnpeqV1kceXJMTsgZ8cgFqZIbUiN1wklKnskreXOenBfn3fmYt+acbOaQ/IHz+QN/5Zb7</latexit>

Residual data from our engine test-cell
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Residuals response

• Code for residuals generated using  
Fault Diagnosis Toolbox 
https://faultdiagnosistoolbox.github.io 

• Transient operation of engine 
• Normal driving 

• 7 different fault modes 
• 42 residuals designed 
• Each residual generator ≈ 10 states 
• complex, good to reduce number of 

residual generatorsFault	free	data

Leakage	after	air-filter

EVAP diagnosis and misfire detection



Evaporative systems monitoring
The OBDII system shall detect an evaporative system 
malfunction when the complete evaporative contains a 
leak or leaks that cumulatively are greater than or 
equal to a leak caused by a 0.040" diameter orifice 
    - California Air Resource Board,  
      OBDII regulations, section 1968.2, Title 13.  
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Engine

Pressure trace for tank with no leakage 
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Diagnosis Valve

Purge Valve

Pressure trace for tank with 1  mm leakage 
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Misfire
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Misfire: No combustion in cylinders has to be detected, otherwise 
•  Increased emissions, uneven torque, catalyst damage (fast) 

✓

1.8834 1.8836 1.8838 1.884 1.8842 1.8844 1.8846 1.8848 1.885 1.8852 1.8854

x 10
5

2560

2580

2600

2620

2640

2660

2680

∆
t



(Severe) Effects of misfire
33

Misfire
34

Create alarm signal, for each cylinder, that with high probability detects 
misfire but do not raise false alarms
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Easy	operation	point:	
• In	the	middle	of	the	operating	range	
• Medium	load

Difficult	operation	point:	
• Cold	start,	slow	combustion	
• Low	load,	uneven	torque

Other applications and future directions



Supervision of industrial gas turbine from Siemens
37

Supervision of industrial gas turbine from Siemens
38

• Model	in	Modelica	
• Consists	of	approximately	1,000	
equations	

• Supervise	efficiency	in	compressors,	
turbines,	sensors,	…

Supervision of industrial gas turbine from Siemens
39
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What’s next…
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Prognostics

Maintenance philosophies
42

Reactive/corrective

Fix it when it breaks

Preventive/scheduled

Maintain it at regular 
intervals so it do not break

Predictive/ 
Condition-based maintenance

Predict when it breaks and 
maintain it accordingly

Preventive vs condition-based maintenance
In preventive maintenance the 
maintenance interval is 
important. 
• Selecting maintenance intervals  

is a compromise between  
• achieving low failure 

probability 
• utilize component life    

• If usage and degradation rate is 
different, an individualised 
condition-based maintenance is 
beneficial.

43

Use-case: Lead-acid battery prognostics in 
heavy vehicles



Lead-acid starter batteries
• Batteries cause Vehicle Off Road 
• Wear/aging of battery highly 

dependent on  
– usage profile 
– individual variances 
– surrounding components 
– vehicle configuration 
– …

45

Battery prognostics
• Two main principles: 
• Physical modeling of aging 

and wear 
• Analyze, large amounts of, 

data 
• Batteries are difficult to model 
• Here, a data-driven approach is 

explored

46

Fleet data
• Scania records data from all 

vehicles; remote diagnostics 
• Transmits data either by mobile-

link or when in a Scania 
workshop 

• Coarse data 
• “static”, no time-series 
• selected variables 

• Multi/no purpose data
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Our test-case - Scania fleet data
• Here; �50,000 vehicles in 5 European  

markets (Sweden, Germany, Belgium,  
Netherlands, and France) 

• �120,000 readouts 
• In each data readout; 417 variables used 

• Configuration variables 
• Histograms of temp., load., speed, … 

• No variable directly related to battery health 
• No current measurement 
• Voltage only measured before ignition 
• No battery relaxation compensation
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Time and mileage distributions
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Performance of time/mileage maintenance policies
• Maintenance policies based on 

time or mileage 
• Not much better than random 

guesses 
• Large potential for condition 

based maintenance 
• Indicates strong influence 

from usage
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Direct statistical analysis on data
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R(t) = P(T ≥ t)



All vehicles are not equal
• Number of truck configurations very large 
• The usage profiles of two vehicles typically differ significantly 
• Haulage missions on freeways 
• Distribution vehicles in cities 
• Battery usage; for example heat during nights when sleeping in the 

cabin 
• Do configuration and usage pattern matter?
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Vehicle usage and configuration matters
54

Do battery size correlate with good or bad battery life-time?
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Vehicle usage and configuration matters
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Do battery mount position correlate with good or bad battery life-time?
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Vehicle usage and configuration matters
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Do kitchen equipment correlate with good or bad battery life-time?
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Vehicle usage and configuration matters
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Low battery voltages when it is cold outside, important?
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Conclusions so far …
• Component lifetime varies significantly within the fleet 
• Usage patters matter 
• Very difficult to understand exactly how to weigh different risk factors 
• Temperature 
• Speed 
• Load 
• … 

• We would like some automated procedure that figure this out for us! 
Machine learning models is one way to do this.
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Basic procedure to building predictive models
59

Fleet data
50,000 vehicles
417 variables

Data imputation
(missing data)

Random Survival 
Forest or 

Recurrent Neural 
Network

"

R"(t)
ℬ(t; t0, ")

20 vehicles of same age and mileage
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When to schedule next maintenance?
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Significant difference in 
low temperature statistics

Imputation of missing data
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vehiclesFig. 6: Illustration of missing data among multiple data readouts.
For every vehicle, x axis, there is a set of variables that form
a readout, y axis. White color shows that a value of a variable
is missing for a given vehicle in all available readouts. If a
variable is available in all readouts then color is green. Yellow
and two shades of orange show that values of variable are
present in some readouts and missing in others which can be
observed in the magnified part of the image.

it gives a good motivation why these method are attractive.
The advantages of using the random forest framework for
imputation are: 1) it handles heterogeneous missing data, i.e.
both numerical and categorical variables, 2) it performs well
in the case of a multidimensional feature space with complex
interactions between variables and 3) it scales to big data
problems. It is also reported that a MissForest which is random
forest-based technique outperforms in several cases methods
such as k-nearest neighbors [20] and multivariate imputation
using chained equation [21].

Three imputation techniques are compared in this paper,
namely, mean imputation, unsupervised on-the-fly-imputation
(OTFI) and a modification of missforest imputation. The
two last techniques are described in [19] and can be found
in random survival forest package [22] which is also used
to implement RSF models. Mean imputation is based on
average values among non-missing records for a particular
variable. Unsupervised on-the-fly-imputation is an iterative
procedure which treats data imputation as a multivariate
regression problem. Data is imputed simultaneously while
growing forest which is done using a multivariate unsupervised
splitting rule, meaning that outcome variables for every split
are randomly sampled for that node. MissForest technique and
its modifications consider missing data problem as a prediction
problem. Here, random forest models are grown by regressing
every variable against all other variables successively and
predicting missing data for the current target variable using
random forest model. Number of iterations for missForest and
OTFI are 5 and the value of a parameter ↵ in misssForest
algorithm is ↵ = 0.05.

B. Performance evaluation of different imputation techniques

on RSF and MLP models

In this subsection comparison of three imputation strategies
on two models, RSF and Multilayer perceptron (MLP) with

Fig. 7: ROC curves for different imputation strategies for
MLP and RSF models. Only one (last) data readouts is
used per vehicle. Black dashed line corresponds to random
guess performance. EMLP stands for an ensemble multilayer
perceptron model, RSF for random survival forest model.

TABLE I: Area under the curve values for ROC curves in
Fig. 7.

Imputation approach RSF MLP
Mean imputation 0.681 0.772
OTFI imputation 0.715 0.764
MissForest imputation 0.700 0.761

description of the methods in [23] and [24], is given for
the case of one data readout per vehicle. Here, MLP model
is an ensemble multilayer perceptron network with a linear
degradation assumption for a reliability function of failed
batteries which is described in [24]. This MLP architecture
was one of the best in terms of performance compared to the
models which are considered in [24].

Comparison of different imputation methods is performed
by looking at ROC curves and AUC values for the respective
ROC curves which are computed according to the procedure
described in Section IV. ROC curves for MLP and RSF models
are shown in Fig. 7 and their corresponding AUC values in
Table I. First, notice that performance of the MLP model is
better than the RSF model for all imputation strategies. Notice
also that mean imputation strategy gives the best performance
for the MLP model and unsupervised on the fly imputation
is the best for teh RSF model. A conclusion from the results
is that there is no big difference in using mean imputation
or advanced strategies if we consider the results for the MLP
and RSF models. This result coincides with the one in [19]
where application of the advanced methods did give a small
performance increase for the case of non-random missing data
with medium and high correlation between features. Taking
into account that advanced approaches for imputation take
significant amount of time and computational resources, mean
imputation will be used.

Recurrent Neural Network models
• Multiple readouts per vehicle 

gives sequence of data instead of 
static 

• Sparse and irregular readouts 
• A recurrent neural network is 

designed 
• Neural networks is sensitive to 

imbalanced data — special 
measures included 

• Outperforms RSF models
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Fig. 12: Demonstration of the approach to balance failed and
censored batteries with a help of ensemble of LSTM networks.
The ensemble consists of 5 LSTM networks with architectures
which are described in Fig. 10. Every network has its own
training dataset which is constructed by taking examples with
the failed batteries and one group with the censored batteries
which are partitioned into 5 groups randomly. Predictions from
LSTM networks are averaged to receive the estimation of the
lifetime function.

possible to detach vehicle operation characteristics from time
and mileage even more by considering the network architecture
as in Fig. 13. Here, input vector yi for jth vehicle is as

yi = (sj , hji) (18)

and a vector ti =
⇣
�t

j

last,i,�m
j

last,i

⌘
contains time and mileage

difference. First, vehicle operational data is processed by
LSTM layers finding dependencies between variables and
then representation of the dependencies hi is concatenated
with the vector ti and propagated to the last dense layer, see
Fig. 13. Influence of the procedure described above is studied
in Section IX.

IX. ANALYSIS OF MODELS PERFORMANCE

This section presents the performance results of RSF- and
LSTM-based models as well as the baselines Cox regression
and an ensemble multilayer perceptron model with 5 networks
which uses only last data readout for a vehicle, as in [24].

A. Performance of RSF-based models

Results for Cox regression, RSF forest for only one data
readout and four RSF models with augmented feature space
which are presented in Section VII are collected in Table II
that shows AUC values of ROC curves that are computed
for lifetime histograms of censored and failed batteries. The
Cox regression model is estimated using Python package for

LSTM

Time
Distributed

LSTM LSTM

LSTM LSTM LSTM

concat 1 concat 2 concat 3

y3y1 y2

h3h1 h2 t3t1 t2

R

Input shape: 
(?, ?, 485) 

Sigmoid layer
Output shape: 
(?, ?, 32) 

Hidden layer
size: 64

LSTM
output shape: 
(?, ?, 64) 

Shape after
augmentation: 
(?, ?, 66) 

R R

Fig. 13: Architecture of a network where �t
j

last,i and �m
j

last,i
are considered as one vector and denoted as t1, t2, and t3 are
fed into the network after the recurrent layers.

survival analysis lifelines, [30]. All random survival forest
models are estimated using R package [22] and trained with
number of trees ntree = 2000, average number of unique
samples in the terminal node nodesize = 200, candidates
variables selected for split mtry =

p
p, and split rule logrank

as hyper parameters.
It can be seen from Table II that all RSF models are doing

significantly better than Cox regression model, in particular the
RSF model with only last data readout is about 14% better than
a Cox regression model. Comparing RSF models that have an
augmented feature space with RSF model that have only one
last readout, leads us to a conclusion that additional information
that comes from feature augmentation does not improve the
performance of the model. In the case of RSF models with
derivatives and differences in time and mileage which are
computed with respect to the last readout, the performance of
the models is similar to the one with only one data readout
with AUC values 0.69 and 0.675 respectively. The performance
of the models becomes even worse in the case of derivatives
and differences in time and mileage, which are computed
between neighboring readouts, with AUC values 0.663 and
0.63 respectively. At this point one can think that having extra
readouts does not lead to improvement of the models. However,
as it is shown below for the case of LSTM networks, a reason
of lacking performance improvement can be irregular, non-
equidistant vehicle operational data.

B. Performance of LSTM-based models

AUC values for LSTM networks are presented in Table III.
Here, models are grouped by type of input data, i.e., raw or
preprocessed, and by type of the target functions, i.e. lifetime
or reliability function. Every model in the table represent one
of the possible approaches mentioned in Section VIII and can
address, for example, an approach to form a batch, an approach

Best performing model
• Ensemble of 5 LSTM 

networks 
• ~ 800,000 trainable 

parameters 
• Trained using standard 

stochastic gradient descent 
with mini-batches 

• ~ 100 epochs 
• Trained in about 2 hours on a 

computational resource at 
the department (nothing 
really special)
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TSFS06 - Diagnosis and supervision
If this sounds interesting and you would like to know more 
TSFS06, Diagnosis and supervision is a unique course in Sweden, no other 
university gives such an in-depth course focused on diagnosis 
• 6hp. Starts in March 
• Theoretic and method oriented (although many examples will come from 

automotive applications) 
• Cross disciplinary. Leverages on knowledge from many areas: automatic 

control, signal processing, statistics and probability, logic, artificial 
intelligence 

• Course within a research intensive area, content close to research frontiers 
• Possibilities for master thesis work (exjobb)
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