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Case Study — a satellite communication system
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Case Study — a satellite communication system

Transmitter 1 Receiver 1

Antenna

A

Transmitter 2 Receiver 2

‘ Battery 1 Transmitter 1 Receiver 1
Sb" . .
& Battery 2 Transmitter 2 Receiver 2

Communication channels can be considered as

subsystems which may contain several components Failure Rates 105 h-t
(antennas, batteries, transmitters, receivers) el e | @05 [
=> reliability block diagram point of view (for radars)




Case Study — a satellite communication system

Sat orbits the Earth for 300 laps, each orbital lap contains four phases
Subsystems used in each phase are represented by the reliability block diagrams

Y T I rry

Failure Rates 10> h1

Repair Rates 0.025 h't
(for radars)

Phase D1=D3=2h,
duration D2=1h, D4=7h




Objective of the study

.....................................................................

Loss of communication between the
ground stations and the satellite Sat

Failure condition (FC):
® X,

E GS1 ‘ SatRelayl i

s’ x ’ Assess the reliability of this
G52 ‘ Sotblay2 | phased-mission system for
’ a 3600 hours mission

Activities

1. Model the system

2. Perform calculations on reliability indicators of the models thanks to calculation
engines



Case study: a satellite communication system
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1. Modeling of components
a. Non repairable unit
b. Repairable unit
2. Modeling of reliability block diagrams
a. Satellite reliability block diagram
b. Ground station reliability block diagram
Modeling of common cause failures
Modeling and assessment of static satellite communication system (demo)
5. Modeling and assessment of dynamic satellite communication system (demo)
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AltaRica 3.0

Behaviors +  Structures = Models

GTS + S2ML AltaRica 3.0

-- {s,tate::WORKING

GTS: Guarded Transition Systems Stffp” S - >
Generalization of states/transitions v start.””
formalisms such as (multiphase) Markov ( state==OFF } failure
chains and stochastic Petri nets N v, faiIurééHDemand
p ¥
repair state==FAILED

/

S2ML: System Structure Modeling Language
Set of structuring mechanisms stemmed
from object-oriented and prototype-
oriented programming




Modeling and assessment tools

Ce e

AltaRica 3.0

vvvvv cts

| Eile | Edit Project Tool Window Help
lgB 0xB
& x

4 [ Venne

NetworkSystem.alt
NetworkSystem.gts

AltaRica Wizard
Guarded Transition Systems o
\ 4 \ 4 p \ 4 ‘ \ 4
Fault Tree Sequence Stochastic Stepwise
compiler generator* | simulator | simulator
........... | e ST
XFTA ]
* Coming soon https://www.openaltarica.fr/docs-downloads/ s L
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Case study: a satelllte commumcatlon system
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1. Modeling of components
a. Non repairable unit
b. Repairable unit
2. Modeling of reliability block diagrams
a. Satellite reliability block diagram
b. Ground station reliability block diagram
Modeling of common cause failures
Modeling and assessment of static satellite communication system (demo)
5. Modeling and assessment of dynamic satellite communication system (demo)
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Battery

Modeling of components

Exercise 1.a: A non repairable unit

* Represent in AltaRica 3.0 a component which can fail in
operation with a failure rate pLambda and cannot be
repaired.

Transmitter

Receiver

[WORKING

evFailure

[ FAILED




. . p
Modeling of components: é/)‘

a non repairable unit

Battery
1
2 /* Basic classes for non repairable and repairakble components #*/ Transmitter
3
4 class NonRepairableComponent
S Boolean wveEWorking (init = true): Receiver
[ EveNL eviallure ldelay — exponential (plambdal) ) -
T parameter Real pLambda = 1.0e-5;
8
g transition
10 evFailure: wsWorking -> wvsWorking := false;
11 end
12
e State variables are used to model the state of the systems. [ WORKING
* Variables can take their values into predefined domains (Boolean, .
) : . evFailure
Integer, Real, Symbol) or used defined domain (sets of symbolic
constants)
[ FAILED

11



Modeling of components:
a non repairable unit

S

Battery

1
2 /* Basic classes for non repairable and repairakble components #*/ Transmitter
3
4 | glas=s HNonBEepairableComponent
o Boolean wsWorking (init = true); Receiver
L event evFailure (delay = exponential (pLambxda)) ;
T parameter Real pLambda = 1.0e-5;
8
g transition
10 evFailure: wsWorking -> wvsWorking := false;
11 end
12
 Events are associated with delays [ WORKING
 Atransition is a triple <e, G, P>, where e is an event, G is a evFailure
guard (a Boolean expression), P is an action (an instruction
which modifies the value of state variables) [
FAILED

12



Stochastic and determinist events

* Events are associated with determinist or stochastic
delays and/or probabilities (weights).

Stop .................................................... WORKING
.................. )
' start .
OFF s failure
failureOnDemand
_ |
Event Rate | Probability repair FAILED
failure A
repair I
start 1_Y
failureOnDemand Y%
stop 1

Jx)
P(X <1}

x)

P(X<x)

X

Probability
distribution

Dirac(T)

Exponential (A)

Weibull

UniformDeviate( y, v)

Empirical distribution

13




Modeling of components (
A

Exercise 1.b: A repairable unit Antenna

* Modify the previous model to represent a repairable unit
with a repair rate pMu. Transmitter
Receiver

WORKING

evRepair evFailure

FAILED




Modeling of components

A

Exercise 1.b: A repairable unit

Antenna
* Modify the previous model to represent a repairable unit
with a repair rate pMu. Transmitter
Receiver
12
13 c¢class RepairableComponent
14 extend=s NonRepairableComponent:
15 parameter Real pMu = 1.0e-2; WORKING
16 event evRepair (delay = exponential (pMu)):
17
18 transition evRepair evFailure
15 evRepair: not wvsWorking -> wsWorking := true;
20
21 end FAILED
v

15



Case study: a satellite communication system
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1. Modeling of components
a. Non repairable unit
b. Repairable unit
2. Modeling of reliability block diagrams
a. Satellite reliability block diagram
b. Ground station reliability block diagram
Modeling of common cause failures
Modeling and assessment of static satellite communication system (demo)
5. Modeling and assessment of dynamic satellite communication system (demo)
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Modeling of reliability block diagrams

Exercise 2:
* Represent the following Reliability Block Diagrams in AltaRica 3.0

Transmitter 1 Receiver 1

Antenna

‘ Transmitter 2 Receiver 2

Battery 2 Transmitter 2 Receiver 2

‘ Battery 1 Transmitter 1 Receiver 1
@‘\




Guarded Transition Systems: composition

* The model for the system is obtained by composing smaller
models of subsystems and components

* This means that the model is an implicit representation of
the state space

Transmitter 1 Receiver 1

Antenna

Transmitter 2 Receiver 2

* Composition of two (or more) Guarded Transition Systems is
also a Guarded Transition System



Guarded Transition Systems: flow propagation

e After each transition firing, a mechanism propagates the
change of state through the network of components

_O

o1

A | }
C D

ol /O
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Modeling of Reliability Block Diagrams

Exercise 2.a: Satellite Reliability Block Diagram

‘ Battery 1 Transmitter 1 Receiver 1

&
Battery 2 |(\ Trans/mitter%,/ Receiver 2
/

N —

22

23 class NonBepairableInCutComponent

24 extends NonEepairableComponent;

25 Boolean wiInput, wviCutput (reset = false)
26 assertion

27 wviCutput = wvaWorking and viInput:

28 end

25

* Flow variables are used to model flows circulating through the model

* They are updated by means of the assertion after each transition firing



Modeling of Reliability Block Diagrams

Exercise 2.a: Satellite Reliability Block Diagram

R A R ey
- = R TS R Wy St

Battery 1 Transmitter 1 Receiver 1
Battery 2 Transmitter 2 Receiver 2
1 22
o 23 class HonBepairablelnCutComponent
2 * Latellite subsystem ; .
. coresented by a block disgram modeling oabtern with nom 24 extends NonBepairableComponent:
FEpressnies DY 2 DIOCH Slagram modellng pstisrn Witi nonjs gg Boolean viInput, vIilutput(reset = false):
*
< ! 26 assertion
2 27 vECutput = wsWorking and viInput:
6 class SatelliteSubSystem 78 end
T HonBepairableInCutComponent Batteryl, Batteryd; 29
g HonBepairableInCutComponent Transmitterl, Transmitterd;
£

HonBepairableInCutComponent Receiwverl, EReceiwverZ:;
Boolean viCutput( reset = false )

assertion
Batteryl.vIiInput := true;
BatteryZ.viInput = true;
Transmitterl.vIiInput := Battervyl.viICutput or BatteryZ.viCutput;
Transmitter?Z.vIiInput = Batteryl.viICutput or BatteryZ.viCutput:
Eeceiverl.vIInput := Transmitterl.viCutput or Transmitter?.wviCutput;
Beceiwver?Z . vIInput = Transmitterl.viCutput or Transmitter?.wviCutput;
vIiCutput = Receiwverl.viCutput or Receiver?Z.viCutput; 21

end




Modeling of Reliability Block Diagrams

Exercise 2.b: Radar Reliability Block Diagram

Transmitter

1

Antenna

nsmitter

Receiver 1

2

Receivé( 2
| NI

O =] v N b L RS

[Te}

10
11
12
13
14
15
1a
17
1a
148
20

=\

29
/* Radar subsystem 30 class RepairableInCutComponent
* represented by & block disgram modeling pattern with repailixn 31 extends RepairakbleComponent:
* 32 Boolean vIiInput, vICutput (reset = false):;
*i 2E assertion
clas=z BadarSubSystem 34 wviCutput = wsWorking and viInput:
parameter Beal mu = 0.025; 352 end
EepairableInCutComponent Antenna (pMu = mua) ;
EepairableInCutComponent Transmitterl, Transmitter? (pMu = mu) ;
EepairableInCutComponent Receiverl, EReceiwverZ (pMu = mm);
Boolean viCutput ([ reset = false ):;
as=sertion
fntenna.viInput = true;
Transmitterl.viInput := Antenna.vilutput;
Transmitter?.viInput := Antenna.vilutput;
Eeceiverl.vIiInput := Transmitterl.viCutput or Transmitter?.viCutput;
Eeceiver?.vIiInput := Transmitterl.viCutput or Transmitter?.viOutput:;
viICutput = Receiverl.viCutput or Receiver?Z.viOutput; 22
end




Case study: a satelllte commumcatlon system
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1. Modeling of components
a. Non repairable unit
b. Repairable unit
2. Modeling of reliability block diagrams
a. Satellite reliability block diagram
b. Ground station reliability block diagram
Modeling of common cause failures
Modeling and assessment of static satellite communication system (demo)
5. Modeling and assessment of dynamic satellite communication system (demo)
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Modeling of common cause failures

Exercise 3:
In the satellite subsystem given below batteries are subjected to a
common cause failure with a failure rate ccfLambda = 1.0e-6

* Modify the previous model of the satellite subsystem to integrate
the common cause failure of batteries

Battery 1 Transmitter 1 Receiver 1

\

(3 ‘ \l ccf
&(

Battery 2 Transmitter 2 Receiver 2




Modeling of common cause failures

Exercise 3: Common cause failure modeling

1
2 /% Eztellite subsystem
S | * represented by &2 block disgram modeling pattern with non repalrable components
4 =/
5
& class SatelliteSubSystem
T NonRepairableInCutComponent Batteryl, Batteryd: . .
8 NonRepairableInCuntComponent Transmitterl, Transmitterd: SynChr0n|Zat|0n
£ HonRepairableInCutComponent Receiwverl, ReceiverZ:
10 Boolean viCutput(| reset = false ): A_‘=________——————"_—_—_—_————_——_—___—
1T
12 parameter Real pCCFRate = 1.0e-6;
13 event ccfBatteries (delay = exponential (pCCFRate) )
14
15 tran=sition
16 ccfBatterie=s: ? Batteryl.evFailure & ? BatteryZ.evFailure;
17
18 ASSErL10n
15 Batteryl.viInput := true;
20 BatteryZ.vIiInput := true:;
21 Tran=smitterl.vEInput := Batteryl.wvilutput or Battery?d.vilutput:
22 Transmitter?.viInput := Battervl.vilutput or BatteryZd.vilutput:
23 Beceiverl.viInput = Transmitterl.vilutput or Transmitter?.wviCutput:
24 Eeceiver?Z.viInput = Transmitterl.vilutput or Transmitter?.viCutput:
25 viCutput = Receiverl.wvfCutput or Receiver?.vilutput: 75

[
[

end




Case study a satelllte commumcatlon system
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1. Modeling of components
a. Non repairable unit
b. Repairable unit
2. Modeling of reliability block diagrams
a. Satellite reliability block diagram
b. Ground station reliability block diagram
Modeling of common cause failures
Modeling and assessment of static satellite communication system (demo)
5. Modeling and assessment of dynamic satellite communication system (demo)
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Modeling and assessment of static satellite
commumcatlon system

----------------------------------------------------------------------

' " 1 .
Phase 1 Phase 2 i E Phase 3 i Failure Rates 10'5 h'l

i e ‘,5 atrelayt | Repair Rates ~ 0.025 h?!

: \ x i (for radars)

§ 5,3"{ G;{‘ oz Phase D1=D3=2h,

i sat A ; duration D2=1h, D4=7h
Phase 4 @(/3 ‘ :

_______________________________________________

Exercise 4:

1. Model the satellite communication system in each phase
2. Define observers

3. Validate the model by simulation

4

Assess your model by comilation to Fault Trees in each phase



System Structure Modeling Language (S2ML)

S2ML: a structuring paradigm that unifies object and prototype-orientation.

Port

=

2

Variable, event...

Connection

gt

Equation, transition...

Container

1

1

Model, component...

Composition Inheritance Aggregation
3!:5 Hierarchy of nested blocks ‘ vessel | ‘ OverpressureProtectionSystem1 ‘
T : S| ] o $ 0
| pipe | ‘ fenk | | m || pi | | ‘ [ [ ]
[ ? ] [ ? ] ‘ Moteroperatedvalve ‘ ‘sensod ‘ controller‘ valvel ‘
o] (o] G o] [ ]
Is-part-of Is-a Uses
Prototype/Clone Class/Instance
A
[ T \
sensor1 sensor2 reactor ‘sensom reactor
A sensor2

M. Batteux, T. Prosvirnova, A. Rauzy, « From models of structures to structures of models », 4th
IEEE International Symposium on Systems Engineering, Rome, Italy, 2018. Best paper award.
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Exercise 4: Modeling and assessment

An architectural
pattern

Flow propagatio/

Static Phase Controller

2. Phase controller

>/

Aggregation

/3. Phases \
Flow propagation

» Phase 1 Q
-1-1-»
E é é ! Capacities  performance
! ) indicators
! » Phase 2 Q 4. Multiplexer
1T &a s )=
! » Phase N Q
LA---»l
E Q Q Flow propagation
E 1. System breakdown structure and behavior Q

ofe

ofe

ofe




Case study a satelllte commumcatlon system
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1. Modeling of components
a. Non repairable unit
b. Repairable unit
2. Modeling of reliability block diagrams
a. Satellite reliability block diagram
b. Ground station reliability block diagram
Modeling of common cause failures
Modeling and assessment of static satellite communication system (demo)
5. Modeling and assessment of dynamic satellite communication system (demo)
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Modeling and assessment of dynamic satellite
commumcatlon system

----------------------------------------------------------------------

(GSI ii ‘ i
"‘ x " G; é’bﬂ—_x: Phase D1=D3=2h,

:: Sat G2 duration D2=1h, D4=7h
fi’ff‘if __________________ i P "_"ff_z ___________________ i Phase3
i . "5 atRelay1 i Dirac{D1) Dirac{D2)} Dirac{D3}
Y A( |
Axxn OO
| Sat :
Ph"‘ ___________ N

Dirac{D4)

Exercise 5:

1. Modify the previous model of the satellite communication system to
represent the behavior of the phase controller

2. Validate your model by simulation

3. Assess the reliability by stochastic simulation



Exercise 5: Modeling and assessment

An architectural
pattern

Flow propagation

2. Phase controller

/3.Phases \
Flow propagation

» Phase 1 Q
-1-1-»
E é é 1! Capacities  performance
! m | indicators
! »| Ph ’) . Multiplexer
HA™ S O E e |
E » Phase N Q
L{---»

Q Q Flow propagation

\_

/

Aggregation

1. System breakdown structure and behavior

DEMO

_  ©

ofe

oYelikeTe 3




\’

kk‘

Sat

Exercise 5: Stochastic simulation

i i
! GSl !
) )
’ ’ ( : Ny (
) )
- ] 1
S6 AR LS NGl AR
@ Gs1 : sat posat
SatRelayl SatRelavZ Phase 1 i Phase 2 | Phase 3
GSl "Same/ayl
% G;|_|: ajlayz
A A X
GS1 GS2
Mean Down Time (hours) Reliability
1
30 0,99
70 0,98
60 0,97
50 0,96
a0 0,95
30 0,94
20 0,93
0,92
10 g
g - . - i - . -— _mam  mem 0(‘;‘;
N3 > o > & Y o > ©888888888888883838883888888888888888883
Qo AL < & A AL N A AN N TN ON OO ANDNTDOR BN A AN GTDORDBDOHOO AN M DD
2 2 A L A QA
& & & ol ><3’(\ ol °
X X < 9 B > e
o & e & 2 o) b4
¥ ¥ & & & o aQ°
< <Y <> <Y & B &
e & &
& &
r_,’b 57’b

M. Batteux, T. Prosvirnova, A. Rauzy, and L. Yang. Reliability assessment of phased-mission systems with AltaRica 3.0.
International Conference on System Reliability and Safety, Barcelona, Spain, November, 2018.
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Links between System Architectures and Safety Analyses

An architectural
pattern 2. Phase controller

Flow propagation

/3. Phases \
Flow propagation

» Phase 1 Q
-»

é é v Capacities  performance

_ indicators

» Phase 2 Q 4. Multiplexer
N ajla ] E>
» Phase N Q
-

Q Q Flow propagation

AN Y

1. System breakdown structure and behavior

]
| Aggregation
]
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From System Architectures to Safety Analyses

The architecture pattern of the phased-mission system
as an implementation of the CESAMES method for systems architecting

A\

Operational 2. Phase controller
Flow propagation

LU N

F 4

/3. Phases / \
Flow propagation
— Phase 1 Q
11>
E é é v acities Performance
: i / . indicators
Functional : Phase 2 Q 4. Multiplexer
Phase N Q
é é Flow propagation

1. System breakdown structure and behavior

Physj€al E Aggregation I;I

(Allocation) | | |

oYe] leTelReTe




summary

* AltaRica 3.0 = GTS + S2ML

* GTS: Guarded Transition Systems . .
Generalization of states/transitions formalisms such as (multiphase)
Markov chains and stochastic Petri nets

e S2ML: System Structure Modeling Language
Set of structuring mechanisms stemmed from object-oriented and
prototype-oriented programming

e AltaRica 3.0 tools
* AltaRica Wizard
* Fault Tree compiler
* Stochastic simulator
e Stepwise simulator
* Download at https://www.openaltarica.fr/docs-downloads/

* Presented models and this presentation are available at
http://www.altarica-association.org/contents/imbsa2019.html
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