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Chapter 1: Introductioand Background

1.1Thesis Overview

Increasing reliance on electric power systems has recently become popular in overall
aircraft designThe increasingused of electric power systerm aircraft desigrhad
increased théevel of Safetycriticality in an aircraft electric power systerdnlike
traditionalhydraulic systemghe electric power systemisore flexible in design and
weighs less thus reducing fuetonsumptionMore subsystems nowlyeon electric
power, demanding we guarantee the safety of every aircraft athitee same time
trying to design a system that is much more compléns thesisinvestigats how
reliability analysis can be applied tbhe automaically generateccandidate system
topologies for theMore-Electric Aircraft (MEA) electric power systemTopologies

are linkal to control synthesis techniques that automatically construct controllers to
actuate contactors in order to provide power to buses and Itassdesign a
controller to actuate contactors in order to provider power to the buses andTibads.
goal of this thesisis to selecta reliable numberof electric componentand the
connectivity betweenelectric power componentthat will produce a consistent
reliability level. Reliability is the abity of a system or a produtd operate under
calculatedoperatng conditions for a designed life cycle [18).the next section, we

describeMEA and how they diffefrom the traditioml aircraft.

1.2 More-Electric Aircraft (MEA)

The MEA replaces traditional hydraa and pneumatic systemsith electrically

poweredcomponents [3, 18 The electrical systems offer more design flexibility than



the hydraulic and pneumatic system. dast of controlling the system with
hydraulic, pneumatic and mechanical systertiege MEA is controlled by higkspeed
electric motors [3]When the plane is lighter, it requires ldsgl to maintain the
operation. This also meaitscan fly faster and be more fuel efficient (because less
thrust is required to balance this smaller drag from less weight) C12tent MEA
modelsinclude the F35 Fighter, Airbus A380, and Boeing 787 [37].

The concept of the electric aircrafaisibeen around since the 19400sibetto the
lack of electric power capabilitiest did not becomepopular until recently J0].
Figure 1 compares the electric generatand distribubn on a traditional aircraft
with a MEA (Boeing 787).As it can be seen from Figure the traditional airplane
has only one generator on each of the two main engines and one generator on the
auxiliary power unit [5]. Boeing 787 has two geators on each engine and two

generators on the auxiliary power unit.

TRADITIONAL 787

External Powar

BE Bay 2x 115Vac, 90 KVA

B o Fomard BBy

Extemal Power

115 Vac Feeder 115 Vac

Generator
1x120 KVA

Generator
2x250KVA

115 Vac or

28Vde Wire \ ‘

2x115 Vac, 90 VA

APU Generator Distribution Unit 2x225KVA

Figure 1. A comparison between the electric generation and distribution on a
traditional aircraft and oma Boeing 787 (i.e., a morelectric aircraft) [35]



Despite MEAOs benefits, it also creates new uncertainties. Replacing the hydraulic
pneumatic system, mechanical system and subsystem with the electric equivalents
system there is more components need to be controlled, and more subsystems
interact with eaclother because they all rely on electric power. Finding errors, or
sequences of events leading to errors, is difficult.

In summaryto compare the traditional atite moreadvanceclectricsystemwe

will examine thalifferenceselectric power systemetveenBoeing 777 and Boeing

787.

1.2.1TraditionalPowerSystem

On a traditional airplane, the power is extracted from the engines in two different
ways:
¥ Enginedriven generators, which power the electrical system.

¥ Diverting hot, highenergy air from thengines into the pneumatic system.

Each engine has one generator, which spins when the engine is running to produce
electrical power. The pneumatic system, also known as a &i€edystem, bleeds

air off the engines to power other systems [37].

For example Boeing 777hasa twin engine with each engine hagia 126kVA
generatorThis is one 120kVA Auxiliary Power Unit (APU) driven generator with

one 7.5 kVA Ram air turbine.



1.2.2More-ElectricPowerSystem

The 787 Dreamliner uses electricity, qoteumatics, to power airplane systems and
relies on electricity more than any other Boeing airpl@Té. Unlike other models,
electricity on board the 787 powers thingigchas environmental controls, engine
startup, hydraulics and wing ice preventior7[3This innovative ObleedlessO system
provides many benefits over pneumatic systemBese beneits include: (i)
Eliminates heavy ducts, valves and controls, (i) Eliminates maintenance associated
with pneumatic systems, and (iii) Extracts significanglysl energy from the engines.

For example Boeing 787 has adopted hie threephase 230 VAC electrdpower
instead ofthe conventional threphase 115 VAC arrangement tH&being usually

uses. This increasethe voltageby a 2:1 factorand decreasdhe feede losses in the
electrical distributionsystem, whichallows significant wiring reduction. There are

two 250 kVA generators per engine and two 225 kVA ARbuntedgenerators. In
addition, Boeing 787 also powers 230 VAC loads dhe electrical power is
converted into 115 VAC and 28 VDC power to feetb other suksystems that need
power supplies [20].

Because there are thousands of components in an aircraft, the connectivity between
components can be very complér. this thesis, our primary goa to generates
topologies with a given reliability leveln the next section, we present the electric

power componenthatwe consider in this thesis.



1.3Electric Power System Components

Dependhg on the manufactureraeh eletric power system componehés various
reliability rates and placing them imlifferent positios at theelectrical circuitscan

lead to different reliabilityof the eclectic power systerRlacingthe components a
different position impliegonnecting the componentsdifferent way. We considered
having the componentonnected with others in a series, paraletomplex format.

A complex system is one thatnsither series nor parallel, nor parakelries.

A main focus ofthis thesisis to study the different reliability levg that resulfrom
different connectivity of the components. The topologies formed by the electric
power components were mainly connected as a complex system, which included
components both irseries and parallel. Thopologies here in this thesisere
composed of set of components with differenbmponentombinations Although

an MEA had thousands of components, in this thesis, for the purpose of sinwpdicity
scaled down the number of components to ranges of six to eight compadrtents.
following is a brief description of the electric power compondatsd in an electric
power system

Generators: Generators are connected to engines and can operate in high or low
voltages. For examplehe AC generator for Boeing 787 is 235 VAC while the DC
generatosare270 VDC.

Buses: Buses deliver powerto loads or power conversion equipmemore
sophsticated electrical systemgsually include multiple voltage systems with

combination of AC and DC buses tovger various aircraft componer{&5, 36].



Contactors: A contactor is an electrically controlled switch usedwitch a power
circuit. Contactors provide the actuation for reconfiguration of the top&edgctric
power system; hence, changing the paths through which power is delivered from
generators ttnads depergion the contingencies [35,36].

Transformer Rectifier Units: Transformers will step down a voltage level.
Rectifiers will convert ACpower to DC powerA transformer rectifier unit can do
both.

Batteries: Batteries are used to provide emergermackup powerto avionics
equipment and provide ground power capability for maintenance and pref3ight
checkouts.

RAM Air Turbine : The RAM Air Turbine (RAT) is a emergency device that
providesbackup electrical and hydraulic power when there is a logsutifple main
geneators [35].

Overall this section introdusehe different type of electric power component and
each componens part of the systemPlacingeach component in different position
canaffect the overall systemOs reliability levi.this section, we imbduced all the
components in an electric power system, and this is the reliability rate for the overall
system calculatedn the next section, we describe the system requirements and how

it affectsthe safety.

1.4 Reliability Requirements

The basicreliability requirement for the designes that no single failurean cause

the loss of anaircraft The electric power systerdesign needs to be able to



demonstrate a capability that fulfills a probability of faillees thart" ' per flight

hours which mean no single failure can occur within'' flight hours In thisthesis

we mainly focus on the catastroplféglure. Thismears thatthe system designer will

be required to imglment falsafe features in thelesign and it will have to
demonstrad the appropriate analysis that the design is capable of meeting or
exceeding a probability of failure less thar ' per flight hourg20, 24]. Examples

of catastrophewill be the loss oanaircraft, wings cut off, cabin pressurizatjatc
banything that prevents a pilot from saving the aircraft.

Calculating correctlythe reliability level plays an important role in designing the
electric power systems. In the next section, we present the reliability analysis methods

we used in this thesis.

1.5Reliability AnalysisMethods

We performedthe system reliability analysis into two different procedulreshe first
procedure, different reliability methods were used to calculate a given electric power
system topologyThe second procedurautomaticallygeneratd candidate system
topologies thatould potentially meethe reliability requirement. Ithesetwo design
procedurs, we applied RBD and pattet method to the calculations.

In the traditional method calculationwe primarily used the Reliabilty Block
Diagram (RBD)to develop topologiesRBD@ are models that are used to analyze the
performance of the system, aR8D primarily depends on its physical arrangements.
During theproposed method calculatiome used a method call Ops¢tO to caltate

the reliability, and OpatietO was part of the complex system methods.



1.5.1General Equations to Calculate MTBF

Calculations of MTBF assume that a system is OrenewedO, i.e. fixed, after each failure,
and then returned to service immediately atdure [19]. The average time between
failing and being returned to service is termdéeganDown Time. As shown in Figure

2, the definition of MTBF is theusn of the operational period (&% of down timeO

subtract Ostart of up timeO) divided by the murmbobserved failures.

up time (after repair) down time (unplanned)
Up —— —_—
’ \ ’ between failures | l |
Down —> - — >
off one failure one failure one failure

Time Between Failures = { down time - up time}

Figure 2. Definition of Mean Time between Failures (where MTBF is the sum of the
operational period (OStart of down timeO subtract Ostart of up timeO) divided by the
number of observed failures)

We canexpress the MTBF in a formula as

XTI
I

"#$ | !

Where!, is the start of down time, is the start of up time arld was thenumber of

observed failure

1.5.2Reliability Black Diagram
A Reliability Block Diagram (RBD) performs the sgat reliability and availability

analyss on large and complex systems using block diagrams to show network

8



relationships. It has frequentheén used to model the effect ofalure item on a
systemOgperformance.We can separatdReliability Block Diagrans into three
different types [19]:

a. In series (when all of the blocks work, the system works):

b. In parallel (System fails when all blocks fail)

c. Complex systenBBparalletseries system, but most systems are a

combination of the two.

We can analyze a congX system or parallederies system by dividing it into its
basic parallel and series modules and then determining the reliability function for

each module. Figure 3 shows a simplified RBD for an aircraft electric power system.

5.0x 107* 2.0x 107*
Probability of Loss of Probability of Loss of X3
Generator 1 GCU 1

4.9 x 1077

5.0x 107* 2.0x 10+

Probability of Loss of Probability of Loss of: 4.9x 10710
Generator 2 GCU 2 7.0 x 10~
— Total Power Loss
Probability of Failure 1.0x 1073
of RAT to Deploy:

Figure 3. Simplified RBD for an Aircraft Electric Power System

We used differentype of complex systenmethod in our proposed method, ahd
type of complex system igither parallel orseries, but exhibitssome hybrid
combination of the twoThis type & system uses a more computationally intensive
method to determine the reliability involved with the use of {3athand cuset

methods [19 and in this thesis, weill be looking at pathset method only.



Compared cuset and patiset methods,gth-setmethod makes calculation simpler in

this thesis.RBD suitable apply to topologies that are nektigt outin series, parallel

or paralletseries onlyTopologies generated our proposed method displays hybrid
combination of series and parallel. Theref we used patket methods for
calculations.

A pathset is a set of units that forms a connection between input and output when
traversed in the direction of the reliability block diagram arrows. Thus, a set merely
represents a OpathO through the grapht set is a set of system elements that, when
removed from the system, interrupts all connections between the input and output

ends of the system. A minimum cut sets contains no other cut sets witléh it

5.0 x 10~* 2.0 x107*
Probability of Loss Probability of Loss
of Generator 1 of GCU 1
Path 1
5.0 x107* 2.0 x107*
Probability of Loss Probability of Loss 49 x 10°10
@0 of Generator 2 of GCU 2 Output T TR TR
Path 2 Power Loss
1.0 x 1072
Probability of Failure

of RAT to Deploy

Path 3

Figure 4. Simpified Path-Set for an Aircraft Electrical Power System

As shownin Figure 4, there are three patkisatcan go from input to output and each
path follows the direction oén arrow. Path one passes through generator 1 and
Generator control unitGCU) 1 while path two passs through generator 2 and GCU

2. Path three passes througlam Air Turbine RAT) only. The RAT generates power

10



from the airstream by ram pressure due to the speed of the aikaelft.of these
paths hatheir ownreliability level, and we can findit on thesystem reliability level

by multiplyingit.

After gang through different type of reliability analysis methods, we are now ready
to appl these methods to our dessgin the following chapter we present the two

differentmethodologes we used in this thesis.

1.6 Thesis Outline

In this thesiswe present different methodsitwvestigate system topology options for
MEA electric power system. Wase a traditional methodology to calculate the
reliability rate for an eletric power sygeem, and propos@ new methodology to
generate topologies for a given reliability lev8lle also presenthe different
reliability methodgo find the reliability level for different topologie$he reliability
methodin thetraditional methodologysi RBD, while we applyput-set methods ithe
proposed methodologfMATLAB and Pytlon ae used for calculations in the two
methodologies Chapter 2presend the methodsin both traditional and npposed
methodologies while&Chapter 3 and 4 descriltbe stepby-step procedure for both
methods Chapter 5discussgs the formal specification in synthesizintpe control
protocolsand distribted controller forselectedcases Discussion, evaluation and

conclusion are in Chapter 6.

11



Chapter 2: System Design Methodaksg

In our design methodologies, we consider two processgesh are the traditional and

the new proposed process In the traditional design method, we look at the
requirement for an aircraftélgctric power system and then select the electric power
componats. Within those electric power components, different brandOs components
have different reliability values. In this thesis, the reliability value for each type of
component is a constant. Selecting the number of componentendseorery
important when wealculate the overall reliability level for the electric power system.
Failure of one componeman cause a failure of the entire system. In addition, the
connectivity of the components pkan important role in calculating reliability.
Placing each commpent inseries or parallelf affectsits overall reliability level. We
applied the RBD into the analysis and calculations. For the topologies thaotdid
meet the FAA reliability level requirement, we redesigned them. In this process of
design we aimel to develop a topology that would be trediable choice for the
number of components and their connectivity.

For the proposed design method, we looked at the overall reliabilities for the electric
power system andutomaticallygenerated a set of candtd topologies that met the
reliability level. We applied complex system methaato the analysis and
calculationsof the reliability level We created aet of candidate topologies bying

all the possible combinations of component quantities. Withinstieof candidate
topologies, we then applied constraints to the topologies. The first constraints limited

the values of each type of components in a combinafiois.mear thatat least one

12



component from each type of electric power compomed requiral (e.g. at least
one generatowas required for each topology). There were also constraints on the
connedbn points between components, such as a genet@brannot connect to

another generator.

2.1 Traditional Methodology

The traditional way to detmine the reliability level of a system, such as cars,
aircrafs and buildingsis by testing the reliability level of each components system
and their behaviors in the system. Knowing the reliability values of each component,
we can calculate the reliaityl level of the whole system. In thilsesis the relability
valuescome fromindustry tested valuesldainedfrom numerous tests, which have
increasd the reliabilityof the values [20]. Nexit is to develop topologieberewe

are determining theehability level of a topology by placing the components in
different positions, such as in series, parallel or a mix of series artklpakée then
calculate the reliability level of each topologyn this procedure, wappliedthe
Reliability Black Diagam (RBD) to the analysis and us8ATLAB as our tool to
calculate the reliability fithe overall reliability level does not reach the required level

of safety determined by the FAA, then the topology must be redesigned.

2.1.1Reliability Values

The relability level of each component in thisesishas been selected based on its
reasonable valuéom industries since different providers have provided different
reliability levels for each component. The reliability leuskéd foreach compoent is

shownin the table below:
13



Tablel. MTBF values for components [20]

Component Symbol MTBF Value (per flight hours)
Generator Glg Ligr 11t
Bus B/b L
Conactor Clc NINNES
Group power units GCU ot
Rectifier R rnnrntt

2.1.2Designed in Redundancy

Redundancy is a common approach to improve the reliability and availability of a
system.In system design, redundancy duplicated the components or functions of a
system; this increased the reliability level oé tbafetycritical system.For electric
power system design, applying redundancy in the electric power syatars
havingmore than one components of each electric component (e.g. two genénators)
the system tancrease the reliability of the system. many safetycritical systems,

such as hydraulic systems in the &aft it will be appliedhetriply which is formally
termed triple modular redundancyWithin the existing aircraftBoeing 787 and
Airbus 380 applied the triple redundant in their hydiaukystem. In a triply
redundant system, the system has three sub components, all three of which must fail
before the system fail29]; whichincreasd the reliability level.

Adding redundancy into the design, however, increase the cost and complekiy of
system.Yet, if the cost of failure is high enough, redundancy may be an option to the
system design. Figuris an example of a topology that has applied redundancy into
the design and the final outcome of the topolodyllig " ' W"# I"#S/1I1"H#S | It

meanghatthe failure rate of the system!ig ! 1" per flight hours. It also means

that the MTBF igd! " I I" " hours. While this topology meetthe reliability
14



requirement, the values also imply that tlsgdem has extra components.
Overlooking other constraints by focusing on only the MTBF valuesyiidike to

get a topology that has a MTBF value that can be as close to the requirement
("H#S Lttty 1S 11"HsS ) as possibleFrom his, we come to conclusion

that the topology we design should appdgdundancyin our electric power system
design. This meanthatwe should have at least two components for each important

electric power components (e.g. two generators).

5.0 x 107* 5.0 x 107%

Probability of Loss of Probability of Loss of
Generator 1 Generator 1
7.0 x 107%

Probability of Loss of Probability of Loss of

Bus 1 Bus 1

1.0x 1075 1.0x 10~°
Probability of Loss of Probability of Loss of
Contactors 1 Contactors 1

Probability of Loss of Probability of Loss of —m

I Generator 1 I
Probability of Loss of

Bus 1

Generator 1

Probability of Loss of
Bus 1

Probability of Loss of
Contactors 1

Figure 5. Sample Topologesign in Redundancy

Probability of Loss of
Contactors 1

The taditioral methodwaspresented in this sectioln the next sectigrwe present

the opposite direction method which is proposed method.

2.2 Propos@ Methodology

In the new proposed procesistead of developing topologies and determining their

reliability level, we consider theverall required reliability level and a seif

15



candidate topologies that satisfib®e requirementslio begin with, wegenerate set

of all possible combinatiortopologies, which mean generating all different
combinations for the clsan number of componentsAfter we generateall
combinations, wewill eliminate the one that hagero componentsfaany electric
power componentsNext, based on the characteristic each electric power
components, we define its behavior constraints. For example, we want to avoid
connections between two generatoesyd generator connecting to bus or bus
connecting to gnerator. Right after we applthe behavior constraints to the
compaments, weselect he number of connections between components. The more
edgesin a topology, the better its reliability level. Therefonee want to correctly
select the number of connections between components.

Last but not least, we apppathset methds to calculate the reliability level of each
topology. To do this, we first want to define the input amdpot componenis
followedby finding all possible paths between inputl mutput. Each path represents

a level of reliability ad the more paths agology hasthehigher its reliability level
Python s used to generate topologies and calculate reliability levels.

Within the relable topologies, we also wat eiminate the topologies that have
worsening effed for the overall system. The worsemy dfect mears increasing the
weight of the aircraft and the cost of the system. In general, the reliability level is
proportional to the cost as shown in FigGrehe higher the reliability, the higher cost
will be [24]. The topologies generated by tlm®l not onlylook at its reliability level

but alsothetopology that idow in cost. Comparing the cost with the réligy level,

the total cost gethigher as the reliability levelncreasesThe lowest cost happgn
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with a reliability systemlevel right at the reliability index, which comprehensive the
required reliability level and total costThe best sets of topologies are the sone

balancedn cost and reliability level.

cost
TC

RC

! oC

R* Reliability index

Figure 6. Total Reliability costavherethe inveshent and operating costs can be
represented by curve RC, outage cost represented by curveh®@@otal cost curve

TC is the sum of theadividual cost overs RC and OC. Total cost presents a minimum
at R*, which determines the optimal levels of reliahili{83]
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Chapter 3Traditional DesigrMethodUsing RBD

In this chapter, our primary focus is to deterntimetotal number and combination of
components thagives a reliability level that meatthe FAA reliability requirement
(rhhumg nmESIIIES ). Also, we wantto define the reliability difference when
placing the components in different positioddée begin bylooking at the reliability
values for each component and develop topologies that the FAA reliabilty
requirement.In order to simpify the procedurethe eletric power components
selected aregenerators, buses, and contactors. Also, in ordesingdify the
calculation we considetthe reliability values fothe same type of componentisat
remainthe same throughout the emrtithesis work. For example, we consider the

reliability value of a generator idn!!!'!' (MTBF isl" flight hours) All

In electric circuis, parallelcircuit is safer and more reliable than series connections
[19]. Selecting the best number of composahtatgive a relability levelto meet the
requirementand at the same time weighing the least alsos@ayimportant role in
this thesis In finding topologies, we applRReliability Black Diagram (RBD)nto the
analysis. If the overall reliability level does not reach tkquired level of safety
determined by the FAA, the topology must be redesigned.

In the below MATLAB code, first, we gie an abbreviation for all electric
components, such as usi@gabbreviated generatdd,abbreviated bus; abbreviated
contactor, GCU abbreviated group power unit and the final reliability value

abbreviated by R. In this example, there are two generatorswandroup power
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units; we definghe first generator aS1 while the second generator @2. We did

the same for the other compotenFa@ components in series, we atligém together;
while those components in parallel, we muitiphem. Finally, reliability for the
simple calculation of an aircraft electrical power system is shown in the last row,
which is equal to 4.9 €0 ("#$ ! un 1" """ per flight hours). This matches the
reliability value we fnd in the RBD. Now, we are ready to conduct the next step,
which is to develop topologies that fulfill the reliability requirements. In the next
section, we present sampleptbogies that develop by apphg reliability methods

and showin RBD.

3.1Sample Topologies

Figures 7 to 12show tle sample topologies thate createAll topologies from this
set meetlte reliability requirements with some exceedingreliability level. As can
be seerfrom Figure 7 to 12, placing the componentpanallelformatincreass the
reliability level while placng the components in a series forntedds to a lower
reliability level. Comparingtopologies from Figure 7 and &hey both lay m a
parallelseries format and the reliability alues for both topologies areeinthe
reliability level. In these two topologies, we platee componentén parallel; his
guarantee the reliability level. For example, system failures only occur if all
components in a same branch (such agealkrators or bses) have failures. The only
difference between Topology A andvi@asthat Topology B haone less generator
than Topology A. Compang topologies A and B, Topology Bvas better than

topology A due towo facts. OngTopologyB hasa value thatvascloserto the FAA
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requirement which measn that it is closer to the reliability indexTwo, both
Topology A and B me the FAA requirements whil@opology B hasa lighter
weight. In aircraft design, we wanbtminimize all unnecessary extra material
regular generatoweighs around 200 to 30Pounds. An extra generatioricreass the
cost and weightHowever, several generators can supply a bigger load, theit

minimum oftwo generatorssinecessary to mairtaa successful operation.

G2 B2 C2 R2

— 5.47 x 10713
G2 B2 C2 R2 }
Figure 7. Topology A
G2 — B2 C2 R2
— 3.70 x 10710

HH=He

Figure 8. Topology B
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Figure 9. Topology C

| 1.225e-35 |

G2

B2

— R2

Figure 10. Topology D

c2
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Gl

B1

G2

B2

C1

1.44X 10717

R1

Figure 11. Topology E
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i G2 — B2 | — — —{ R =1.45204e-11

Figure 12. Topology F

Comparingtopologies in Figure 8 and 9ofiology C with topology B, we reducea
set of components topology Cand still placeghem in a serieparallel format. Even
though C has feweromponents, its reliability level isigher B. The main reason
topology C had a higher reliability than topology B viagology C has applied the
triplicate redundancynto the desigmwhile topology is natTopologies in Figure 10,
11, and 12topology D, E and Fare simply applied in a complex system to all
components with the reliability level at the highest level when the system has the
highest number of components in the paralal.is mentioredin Chapter 2system
design, reliability level and total @st are relativelyhigher reliability mears the
higher the costThereforea good desirable topology is the dhat meets its system
requirement but at the same time useslélast value of componenin a complex

system.
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Chapter 4: ProposddesignProcedureUsing Python and Path
set Method

In this chapter, we investigate @et of topologies@ption for the electric power
system. Theswpologieswere automatically generateding NetworkX. NetworkX

is a Python software packatget studes graphsand networks [40]. Each graph is a
collection of nodes connected with edgésnsider a topology as a gra@h= (N, E)
whereN is the nodes anl is the edgesThe setN of nodes in the graph contains the
following components: generatag)( buses i) andcontactors ). The set are the
solid wire links between componen{g3]. Sample topologies generated by

NetwakX are shown below in Figure 13

(@) (b)

Figure 13. Sample Topologies Generated by NetworkX. (a) Six components with
eight edge® two generators, three buses and two contactors. (b) Eight components
with ten edge®two generator, two buses and four contactors.

In the topologies of ik thesis we were interested in the reliability level of the
generators, buses and contactors. These electrical components represent some of the
key features of the aircraft's electric power system, and fewerarwmnfs simplified

the procedureThe relidility values for these components are obtained from the
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industries as shown in [20These values can be varied based on the different brand
of components. There are thousands of electric components in an afiocrefarity

of analysis and ease for theaderwe aimed to develop a set of topologies that had
the leastnumberof components buthat resulted in a reliability level that met the
FAA requirements. Therefore, veeale down the number of components arainly

focused on the six and eight comeats combinations in the process.

4.1 Constraints

In order to eliminatany physically impossible or unsuitable topologies, we include a

set of additional constraintsto the design process.

4.1.1Components (nodes)

We initially input the totahumbe of componentswithin these set of combinations,

we eliminated the combinations in which thererezero elements of one particular
component. For example, for the combination that has zero generator, bus or
contactor, we will eliminate that combinatiomhis will leave us with a set of
component combinations with at least one component of each electric power
component. For example, in the six components event, theeeteted of 28 sets of
combinations, and these combinations are 015, 4202221 anl etc.

In each combination, mere the first position denotes the number of generator, the
second position denotes the number of bus and the third position denotes the number
of contractor.

¥ e.g. 015 =0 generator; 1 bus and 5 contractors
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¥ e.g. 222 = 2 genators, 2 buses and 2 contractors

From this, we eliminated the set of combination from 28 sets to 10 sets for the six

components event.

4.1.2Edges

Edges between components determine connectivity and the flow of electricity.
Generally, we do not want tmnnect two generators anseries We want generators
connectit in parallel. Connecting two generators in parallel al@ne generator to
continue its operation even if the other generator failed. This increased the reliability
level of the electric poer system [41]. Contactors are power switches that controlled
the flow of power and establish the connections between components while the
electricity is output at the buses. As a result, we want contactors in between
generators and buses [16, 32, 35].ntbmed with the previous electric power
components characteristics, we had defined a set of false edges. The edges that
connect the components that diel not want to be connected were defined as false
edges. These false edges were:

I. Edges between generatord generator

ii. Edges between generator and bus

Possible edges arenesthat connect generators with contactors, contactors with
contactors,and contactorsvith buses. Each sef components hava maximum
number of possible edgeBor examplefor a combnation that has two generators,
two buses, and two generators, the maxmpossibleedges are nindn thisthesis

we selecdifferent numbers of edges and calcultte reliability level for each event
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and the highest number of edgee can usesi the naximum possibleedges for that

example. Within the diferent numbers of edges, gienerate a different set of

topologies Within the same conditions, gienerate a number of possible topologies.

Figure 14shows thesampletopologies thaiare connected bydifferent number of

edges for the two generators, two buses and two contactors event.

® @ ®
® ®
- ® ® ® @
(1) One Edge (2) Two Edges (3) Two Edges
® ©
@/ i \\ ® \¥ //’/ ‘\t’,‘
\ @ @— oA —@
(4) Four Edges (5) Five Edges (6) Six Edges
8, il e
\\'Ym /
@// (5‘!;/
(7) Seven Edges (8) Eight Edges (9) Nine Edges

Figure 14. Example topologies for the two generators, two buses, and two contactors

events connected with different number of edges.

From the examfe topologies shown in Figure l4ve identified that for the six

components events, we needed at least six edges to connect all components together.

While we calculated the reliability level, we ensured that we did not have any
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topologies that hadomponents that were not connected with other compeifery.

(1) to (5) in Figure 1% The edges in each topolothat physically function as wires

will connect to each electric power componeectricity cannot flow to the
components thaare not comected. In thishesis we applied patiset method to
calculate the reliability level. In reliability analysis, patt isa method where we

find all paths through the topology starting from the input to the output. Different
number of edges generatdifferent set of paths, and the more paths a topologies
forms, the higher the reliability level reached. Next, we compared the reliability level
of different topologies that were composed by different number of edges and

components.

4.2 Reliability Calculaions

In this section, we first presented topologies that were composed by different number
of edges with the same number of componea1s. five, six, seven, eight, anithe

edges for the event® have two generators, two buses and two contactors
Sub®quently, we compared the topologies with the same total number of components
but different number of each type of componeantg.(two generators, two buses, and

two contactorsare compare with eventghat have two generators, three buses and

one contaatr). Following, we presented topologies that were composed by different
total number of componente.. six componeniss. eight componenjsLastly, we
presented topologies that were composed with same number of components, same
edges budifferent connetivity. In order to calculate the reliability level for each

topology, weapplied the patilset method intéhe analysis. As mention previously in
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this chapter, the electricity thdkows through the generators aadtput at the buses.
Therefore, generatsiare the inputs while the buses are the outputs.

Each topologycan have more than one paset; while each pathset can have
multiple paths that can pass through from input to ouffhut. number of generators
and buses determines the number of y3atis.For instance, a topology has a set of
components that have two generators and one bus; this topology will have two path
sets (i.e.glto bl andg2to bl). The reliability for each patkets are independent
from each otherconsequently, we want to selectopology thahasmultiple path

sets andhateach pattsets met the requirement reliability level"¢$%&$#S$(! ) !
Ity E$ 111"#$ ) or higher

To start we compared the reliability level composed by different numbedgés.
Figure 15 shows topologies withtotal number of six componentsvp generator,
two buses and two contactprsonnected with different number of edges. The paths
for each topology are generated by Python coaled the Python outputs are shown

below each topology.
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®
(1) Five Edges (2) Six Edges (3) Seven Edges

Output from Python codes: Output from Python codes: Output from tool:

All paths from g to bl are: All paths from g1 to bl are: All paths from gl to bl are:

['gl’, 'c2", b1 ['gl", 'c2", c1', 'b1"] ['gl', 'c2!, ‘cl', b1"]

R =0.0012 ['gl’, ‘e, b1 ['gl’,'c2, 'b2', 'cl’, 'b1']

All paths from gl to b2 are: R = 1.476e-06 ['gl', 'el’, 'b1']

['gl', 'c2, 'b2'] All paths from g1 to b2 are: R =2.834e-09

R=0.0012 ['gl’, 'c2', 'b2"] All paths from g1 to b2 are:

All paths from g2 to bl are: ['gl", ‘cl, 'c2', 'b2"] ['gl', 'c2!, 'cl’, 'b2']

['gl’, 'c2', b1 R = 1.476e-06 ['gl', 'c2, 'b2']

R =0.0012 All paths from g2 to bl are: ['gl', 'el!, 'c2', 'b2']

All paths from g2 to b2 are: ['gl", 'c2', 'cl', 'b11 ['gl’, 'cl’,'b21]

['g2', 'c2', 'b2"] ['gl, 'cl', 'b1" R=2.17%-12

R =0.0012 R = 1.476e-06 All paths from g to b1 are:
All paths from g2 to b2 are: ['gl', 'c2!, 'cl’, 'bl']

[|g2v, 'CI', '02', rb2|]

['gl’, 'c2','b2', 'c1', 'b1"]

[lgzv’ 'Cl', 'gl', 'C2', rbzn] ['gl', 'Cll, 'bl']
R =2.098 e-06 R =2.834e-09
All paths from g2 to b2 are:

[lgz" |02l’ 'Cl', rbz!]
[lgzn, 'CZI, |g1|, 'Cl', »bzv]
[lgz" '02', tbz']

R =2.8343e-09

Figure 15. Topologies with two generatorsyo buses and two contactors (1) with
five edges; (2) with six edges; (3) with seven edges. The paths for each topology are
shown below where R is the reliability lef@ each pathsets

Topology in Figurel5 (1) Five Edges, it was compoeétwo generators, two buses
and two contactorand wasonnected by five edges. This topology had four-satls

(i.,e. gl to bl, gl to be, g2 to bl and g2 tp, lahd in each patket had one path. The
reliability value for each patkets weré , ! 11, I 11 11,1 g - which did

not meet the FAA requiremenrit ¢ " '').

Topology in Figure 152) Six Edges, it was also compose by two generators, two
buses and two contactaadwas connected by six edges. The topology also had four

pathsets, but each pasets had two paths. The reliability values for each-path
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were! (I b b pormm ot ognd rotitg L I which did not meet the
reliability requirement.

Topology in Figure 15(3) Seven Edgesit was compose by ¢h same set of
components as the topology in Figure 15 (1) and (2), bwéstconnected by seven
edges. Since thegrecomposed by same set of components, it computed fowr path
sets as wellEach pathsethad three or four pathand the reliability valuefor each

path werd , ! 11, b1t b rimg i 1" gnd!t, 1 1"g which had meet

the reliability level.By compaing the three topologies in Figure ,1%e recognized
thatthe same set of components, the topologies with more edges gives more options
to the pathsThe number of paths determines the reliability values.

After we compared the topologies witie same set of components but with different
number of edges, we compared the topologies with different set of components but
with the sametotal number of compomds (i.e. three generators, one bus and two
contactors or two generators, three buses and one contactor or one generator, two
buses and three contactors amgh the same number of component, whiakith six

components
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123
(¢Y) )] 3
Output from Python codes: Output from Python codes: Output from Python codes:
Max edge=9 Max edge=35 Max_edge =12

All paths from gl to b1 are:
[!gll, ICZI’ ’Cl', rblv]

[!gl!, lczl’ lg3!’ Iclv’ Tbl’]
[|g1|, lczl’ lg2l’ lclv, tbll]

All paths from gl to b1 are:

['gl', ’Cl', vblu]
R =0.0012

All paths from g1 to b2 are:

['gl', lcl" vbzl]
R =0.0012

All paths from g1 to bl are:
['gl', '03', lc2|, 'Cl‘, lbll]
[|g11’ !030’ lczv’ 'bz‘, 'Cl', rbll]

R=4.78e -94

4 All paths from g1 to b3 are:
R =1.907e-23 ['gl’, 'cl’, 'b3"] All paths from g1 to b2 are:
All paths from g2 to b1 are: R =0.0012 ['gl', 'e3', '¢2', 1", 'b2']

[ugzu’ lczl, ’Cl‘, rblv]

All paths from g2 to bl are:

['gl’, 'c3', 'c2', 'cl', 'bZ']

[|g2|’ lczl, lg3|’ 'clv’ 'bll] [|g2|, lclV’ lbll]
: R =0.0012
All paths from g2 to b2 are: 5
- ['g2','cl", 'b2'] R=4.78e-94
R =1.907e-23 R =0.0012
All paths from g3 to b1 are: All paths from g2 to b3 are:
[!gsi, lczl, lcll’ lbl'] [‘gzl’ lcl', ’b3|]
R =0.0012

[|g3|’ rczl, ’g2‘, 'clv’ b1 !]

R=1.907e-23

Figure 16. Topologies with sameumber oicomponents (1) thregenerators, one bus
and two contactors with nice edges; (Byo generators, three buses and one
contactor with five edges; (3)ne generatgrtwo buses and three generators with
twelve edges. Theafhs for each topology are shown below where R is the reliability
level for each patisets

Topology in Figure 1§1) consised of three generators, one bus and two contactors.
It was connectby its maximum number of edgewhich werenice edges. This
topdogy had three patkets {.e. g1 to b1, g2 to bl and g3 to bl where g1, g2 and g3
were the input components and bl is the output comport&ah pathset hada total

of eight paths. The relbility value for each pateet wad , ! !, I g 11"
which met the FAA reliability requirement ( !" '' per flight hours). Topology in
Figure 16(2) containedtwo generators, three buses and one contaatatit was
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connectby its maximum number of edges, whiskrefive edges. This topology had

six pathsets (.e. gl to bl, g2 to b1, g3 to b1, gl to b2, g2 to b2, g3 to b2 where g1,
g2 and g3 were the input components and bl, b2 and b3 were the output
componentis each pattset had only one path. The reliability values for each paths
sets weré ! !,V 1,1 I L turg - which did not met the FAA reliability
requirement.

Topology in Figure 163), was composed by one generator, two buses and three
contactors and onnected by its maximum number of edges, whigre twelve
edges. This topology hado pathsets {ie. g1 to bl and g1 to b2 where wasthe

input component and bl and b2 were the output componamit)each patbet had
thirty-three paths. The reliability values for each psgts were , ! I, I 11" 111

I", which met the FAA reliility requirement.

By compaing the three topologies in Figure ,1&e recognizedhat the topologies

with the sametotal number ofcomponentsd.g. all topologiehad six componenjs

but with different number of each type of electric power componeags ¢ne
generator, two generatprcould generate different maximum edges. Topologwh

the highest number of paths computealild havehigher reliability values. Based on
the edges constraints we applied on each componemd edges alloed between
generator and generator, bus and bus, and generator ang baatactor was the
only one component that did not had any constraints. Therefore, contactor was the
freest components that created mpeths for each topology. Topologies had least

number of ontactor; it computed least numberpatths. As it shown in Figure 18),
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it had the most number of contactorveeén the topologies in Figure .16 computed
the most paths between these three topologies.

After we compared the topologies witihe same number of components, we
compared the topologies witlhe same number of edges but with differdatal

number ofcomponentsife. six components and eight components with ten edges

/) TP
§ /

B

®- O @
215-10 213-10

(1) Eight Components (2) Six components
Output from Python codes: Output from Python codes:
All path from g1 to bl are: All paths from g1 to bl are:
[gl','cS', 'g2', 'el', 'c2', 'b1'] [gl','c2!, 'c3', 'cl', 1]

g1, 'es', 'g2, o1, 'c2, ‘o4, 1] [l 'c2, c3, 'g2, 'cl’, b1']
[gl', 'eS, ‘82, ‘e’ 'cd’, 'c2’, 'b1] :

[gl', 'eS, 'g2, 'c1’, 'cd’, 'b1']

[gl', 'ed, 'c2, b1

['gl’, 'c4', "cl', 'c2', 'b1'] R=8.736e-35

['gl', 'c4!, 1] All paths from g2 to bl are:
R = 1.645e-20 ['g2! 'c3', 'c2', 'cl’, b1']

All path from g2 to bl are: ['g2','c3', 'c2', 'gl", 'c1', b1"]
[lgzl, 'cll’ '02', |b1|] [lg2|, |c3l, lczl, lbll]

[g2, 'cl', '¢2, 'cd', 'b1']

[g2, 'cl', 'e4', 'c2, 'b1']

[g2) 'cl', 'ed’, b1'] :

['g2,'c5, 'gl", 'c4', 'c2', 1] R=6.57 e-41
[g2, 'cS', g1, 'cd!, o1, 2, 'b1']

[g2, 'cs', g1, 'c4', 'b1']

R = 1.165¢-20

Figure 17. Topologies with same number ofged: (1) Eight components two
generators, one bus and five contactors with ten edges; (2) Six compenewnts
generators, one bus and three contactors with ten edges; the paths for each topology
are shown below where R is the reliability level for epatirsets

Topolagy in Figure 111) consistedf two generators, one bus and five contactors. It

was connected by ten edges. This topology had two-peti{.e. g1 to b1l and g2 to
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bl where gland g2 were the input components and bl was the output coimponent
and each patbet had seven paths. The reliability values for each-gwthwere

RV timg g borig b which both met the FAA reliability
requirement.

Topology in Figure 142) containedtwo generators, one bus and three contactors
and italso connected by ten edges. This topology also had twesettlfe. g1 b bl

and g2 to bl where gland g2 were the input components and bl was the output
component)and each patket had twelve paths. The reliability values for each-path
sets were!, =1, ! tum 111" " which both also met the FAA reliability
requirement.

Comparingthe topologies in Figure 1with the assumption of two topologi&sth

the same number of pasiet (.e. same number of input and oufpwte recognized

that topologies with differenttotal number ofcomponents €.g. six and eight
componentisbutwith the same number of edgeabkge least number of components can
generate more paths. With mean topologies widsame number of edgabe less
number of component lean to compute more paths with higher reliability Adte.
compamng the differenttopologies for the set of six components, we move forward to

compare the topologies for eight components.

34



O]
#For 215, with 10 edges:
R1 = 1.6452845339333053¢-20
R2 =1.1658795443115852¢-20

) 3)

#For 224 with 9 edges: #Fo: sl e
R R1 =3.600e-09
R =4.130586¢-09
i R2 =5.713e-09
R =2.849066¢-09
R3 =5.09¢-09
R =2.919897¢-09 i
R = 221518572612 S te
R5 =4.483¢-09
R6 =2.849¢-09

@

#For 215, with 10 edges:
R1=3.3511293108810027¢-18
R2 = 5.478646615200004¢-15

®) ©
#For 233 with 10 edges:
#For 224 with 9 edges: R1=13.5043511800000022¢-12
R1 = 6.24399904¢-12 R2 =5.560623360000003¢-12
R2=0.00121 R3 =3.5043511800000022¢-12
R3 =2.553826¢-09 R4 = 8.344271414016008¢-18
R4 =5.118032¢-09 RS = 1.4700608392200012¢-14

R6 = 3.5043511800000022¢-12

Figure 18. Topologies with eight components

Topologies in Figure 1&re with eight components, and the reliability levate

different in each topologyBoth (1) and (4)have two generators, one bus and five

contactors, both connected with ten edges. Howethex reliability values are

different for these two, even though they have the same number of edges and

components(2) and (5)havetwo generators, two buses and four contactors, both

connected with nice edges. The reliability values for these two also different. (3) and

(6) have two generators, three buses and three contactors, whieg¢Bnected with

nine edge and (6) is connected with ten edgeThe reliability value for the ten edges
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is higher than the topology connected withe edgesComparing(1) (2) and (3), the
number of each type of electric power components are different, but the one with
more edges leato have a higher reliability values. This result is the same as the
eventthatoccurs with six components where the topologies have more sxigee
higher reliability level. At the sae time, topologies in Figure Iso show us that,
topologies withsame features (same number edges and components), the reliability
level could be different. Thitells us that we cannotguarantees all topologieseet

the reliability requirement with same featurés it shown in Figure 18&) and (5),
while they have th same number of components and edges, the reliability level in (2)
met the FAA requirement but (5) is not.

In this chapter we examine the set of combinations with six and eight components,
while in each set of combinatian$here is total number of pabk combinations
(e.g. for the six componts events, there is total of teset3. On eachset of
componentswe applied different number of edges to each event. géiggthrough

all possible number of edges, we fouhdt within the same set of compent, the
more edges we applied to the topologies, the higher the reliability level it got. Then
we lookedinto exampleshat had thesametotal numbeof componentsvith the same
edges numbefas it show in Figure 8), but with different number of eachpty of
components €.9g. one generator, two generator, or three generatofgithin the
assumption we established in ttiesis(usingthe pathsets method and constraints
for components), topologies with higher number of contactors have higher reliability
values. Aftergoingthrough allthe possible examples for six components, we did the

same procedures for the eight component evéhesiesults shovtopologies with six
36



or eight components, their behaviors are the saméhis procedure, we used the
pathset method for our calculationk the next section, wapplied our proposed
method to calculatthe reliability values for the AC electricgystems architecture of

the aircraft found in [46] as show in Figure 19.

4.3 Application of the ProposEMethod
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Figure 19. AC Electricalsystems architecture for an aircraft [46]

In this section, we take a singlae diagram as shows Figure19. We consider only
the ACelectrical systems this architecture of an aircraft and we tisepython
code to generate candidate topologiesch topologyas a total of six generators,

five buses and twentfive contactorsa samplg¢opologyshowsin Figure 20.
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Figure 20. Topology for electric systems architectufean aircraft

The topology in Figure 20 is composed of thisty components. These include six
generators, five buses and twefitye contactors. Using the pasiet method to
calculate the reliability value for this topology, it produces thirty diffepartitsets.
The reliability values of each pa#iet are shown in Table 2. As it can be seen from

table 2, the reliability values of each pa#t for topology in Figure 20 are different.

It varies from!" to!" per flight hours, which mean all values meet the FAA
requirement. Based on the result of this example, we were able to develop topologies
and calculated the reliability levels for any electric power system by using our
proposed method. Wiin the same electric power system, this can produce different
topologies and each topology having different reliability levels. From the difference

of the reliability level, we know which path can produce better reliability by

comparing them to each oth€@ne advantage of using our propose method to study

the electric power system was that we can create different topologies for the same
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electric power system and apply the topology with the highest reliability level to the
design. In addition, an advantagfeusing patkset method to calculate the reliability
level was that we were able to calculate all reliabilities between different input and
outputs. For situation where we know which input and output the electricity is coming
from and out, we can detema which path have higher reliability level by using

pathset method.

Table2. Reliability Values foAC electric systems architecture of an aircraft

Path-sets Reliability Values Path-sets Reliability Values
From g1 to bl 2.070e39 From g4 to bl 1.617e41
From g1 to b2 1.474e28 From g4 to b2 3.224e36
From g1 to b3 4.217e50 From g4 to b3 8.644el7
From g1 to b4 1.462e56 From g4 to b4 1.037e51
From g1 to b5 1.229e61 From g4 to b5 1.324e56
From g2 to bl 1.854e31 From g5to bl 1.617e13
From g2 to b2 4.706e20 From g5 to b2 4.705e20
From g2 to b3 4.547e59 From g5 to b3 1.147e25
From g2 to b4 4.973e69 From g5 to b4 5.205e54
From g2 to b5 8.463e74 From g5 to b5 5.205e54
From g3 to bl 3.661e36 From g6 to bl 6.581e-54
From g3 to b2 2.662e25 From g6 to b2 3.085e10
From g3 to b3 7.6-6e47 From g6 to b3 7.227el6
From g3 to b4 1.189e41 From g6 to b4 2.884e44
From g3 to b5 9.589e47 From g6 to b5 2.887e44

In conclusion, by applying our propose method, wesvadble to design an electric
power system with many different topologies. Using the-gathmethod, we were
able to calculate the reliability level of each pa#t. Therefore, applying the patht
with the highest reliability level to the aircraft dgsican increase the safety level of

an aircraft.
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Chapter 5: Control Synthesis

The topologies we found in Chapter 4 will be linked to a control synthesis, which
design a controller to actuate contactors in order to provide power to buses and loads.
For any selected topology, we first went through all possible faults and looked for
environment conditions where the reliability level still met the FAA reliability
requirement even with failure errors. We inputted a set of environment conditions to
controlsynthesis and generated a controller that guaranteed the safety requirement.
The main function of the controller is sensing and reacting to the faults of the electric
power system. The controller must be designed to guarantee that the safety is satisfied
under all possible faults [28, 35]. For any given topology, generators can be unhealthy
or healthy. The aim in thishapteris to find a control protocol to correctly actuate
contactors in order to direct power from generators to buses, and guaranbeséisat

will never be unpowered for more than a set period of time. The resulting controller is
made up from a specification language. Thirsnal specification language was linear

temporal logic (LTL) [28, 33, 35].

5.1Linear Temporal Logic

LTL is a typeof temporal logic that is suitable for describing the propemtieghich
temporal ordering of events is importanT.L is a language that reasons propositions
over an infinite sequence of states. LTLOs main building block is the atomic

proposition to whib it has a unique truthalue [42, 43]. For example, the health
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status for generatotd and!! where {g! = /ealt!!!, and {g! | " 2"#$xy! are
atomic propositions [43].

LTL includes Boolean connectors: negatioh), (disjunction [), conjunctim (%),
material implication!( ), and two basic temporal operatongxt(! ) anduntil (U).

By combining these operators, it is possible to specify requirements widely on the
desired behavior of a system and environment assumptions. Formulas involving othe
operators can be derived from these basic ones, incladivays(! ) andeventually

(") [33, 35, 36] Example of LTL includes invariance!p!, reachability ! p!,
recurrence'(@p), response{ (p!q)} ,and next step responsa {p! ! " q)}.

Next, we eview the formal method to link all the specifications to control synthesis.
To synthesize the control logic that guarantees the reliability requirement, we will use

a Pythonrbased coded software, called the TuLiP [18, 33].

5.2Introduction to TuLiP

The Temporal Logic Planning (TuLiP) toolbox iscallection of Pythorbased code
used for automatic synthesis of corebgtconstruction embedded control software
[28, 33] TuLiP is designed to synthesize discret&te controllers for hybrid systems
operatig in an uncertain environment. There are three primary steps in using TuLiP.

First, constructs dinite transition system!() that serves as an abstract modeSof

wheresS is the state space of the continuous component of the system, which typically
hasinfinitely many states. Second,synthesizes discrete planner that computes a
discrete plan satisfying the specificatiprbased on the abstract, finite state maddel

Third, designs aontinuous controller that implements the discrete plan [44].
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Syrthesis can be considered to be a-player game, where the environment tries to
make the system go into a ObadO state, and the controller tries to guarantee all
requirements are metet! ! (MIH)mug 1(1)Ix"# 1111 be the states of the
system Consider a LTL specificatiop of assume guarantee form

= @a—=lol, (1)
where! !, is the conjunction of LTL specification that characterizes the assumptions
on the environmds and¢!,, is the conjunction of LTL specification that
characterizes the system requiremeriigLiP generates a finite automaton that
represents all possible states of the systems and their transitions. If a strategy exists
for the system to satigfthe specification, such as a controller exists, this means the

specification is realizablg28, 33, 35, 36, 45].

5.3Case Study Using TuLiP

The topology in Figure 19 was one of the top@eghat was generated from the
previous chapter. Using thgample topology, we linked it to control synthesis. For

the sample topology, we first looked into the environment assumptions. For
simplicity purpose, we considered that generators were the only type of variable
capable of failing Additional specificatios were needed to instruct TuLiP on how to
generate a controller for the sample topology. With all the specifications, a controller
automaton was created. Each states in the automaton activity diagram shows the
transitions behavior between each states.ly,dsir topology that is unrealizable, we

provide details on how to redesign the topology.
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Figure 21. Topology with two generators, two buses and two contactors connected by
eight edges

Since there is no control over the ®owmment variables, the environment
assumptions guarantee the systemOs feasibility. For tedeiegology (shown in
Figure 2}, after going through all the possible faults in the existing examples, the
pathsets (or the system reliability level) in edopology accommodate any possible
combination of faults with a reliability level higher thdn' ' per flight hours are

very few. For instance, the selected topology allows only two possible faults with
reliability levels higher thah' '' per flight hours. Therefore, we lowered the
reliability level to10' ¢ per flight hours. This way we could have more system
variable activities in the environment specifications.

For selected topology, there are four total different-sats. Given the four diffent
environment equations, this can be written in specifications for the system variables

with a compatible format for TuLiP as:
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Loyl (1) 1Algh =1 7110 1AL =1 1111 1Al =1)
F(1Y Mgt =1 7110 1AL =1 111 =1Ac2=1)
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requirement. Since there is a total of four psets for the selectedgology, we have

three allow only three fails. For example, as show in equationf B),fail, but g2,
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(2)

3)

(4)

(5)

Equation (2) to (5) are the outputs of the topology python code, where each

specification represents a fault that occutsut the reliability still meets the FAA

four environment assumption equations. Within these four environment equations

(shown in equation ®5), pathset ond |, allows five different fails while the other

b1, b2 and c2 function regularly without any errors, the electric power system meets
the FAA reliability requirement. Secondly, if b2 fails, but g1, g2, bl, c1 and c2
function regularly without any errors, the electric power system raksets the FAA

reliability requirement. Finally, if g1 and bl fails, but g2, b1, c1 and c2 function



regularly without any errors, the electric power systems also meet the FAA reliability
requirements.

In control synthesis, for simplicity, we consider getors (i.e.gl andg2) to be
capable of failing. There are three acceptable environment behaviors for generators
which including: g1 =1,92=1;9g1=1,92 =0and g1 =0, g2 = 0, where 1 = healthy
and 0 = unhealthy. Written in LTL, the environment agstions from equation (2) to

(5) can reduce to the following:

!!_I I(gl =1 1111 I)II(IIl e |)II(III e rrd |)I||IIII|||||||

The system variables abd, b2, clandc2, where they can take values of 0 or 1. For
buses, a value of 0 means the bus in unpowered, while a value of 1 signifies that the
bus is powerg. A contactor with a value of 1 mean the contactors in closed. A value

of 0 means the contactor is open.

The power state for buses depends on healthy conditions of a generator. Buses are
powered if there is a path between a bus and generator, andafrgdboents along
the path are healthy or closed. The specifications for initial grantees states for buses

powered are
O T T T O O O A O AR O WAL

O A O R O O W O (O O O YY1 TR

(R R T N (R A D R I CE AR R A N A B I

O A O R R O W O (B O O YA TR
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On the other hand, if none of the above conditions hold, the busdsewitipowered.
This requiremenis expressed as
@yt ) rarr ey arr ey (9
NGREITEIEED YIRS
g r ey r e ) (10)
LU nyrar o
We consideressentialto be connected to safetyitical loads, and it can be never
unpowered more than three time steps. Each transition represent an increment of time
step, t will reset to zero when is powered. The safety specification for buses can be
expressed as
pomrr b rrr e ItES%& ! ) T (1"H$%& ! T ) (11
P rer e IES%&! ) ()T 1.2)
PINT"HS%&' 11 1T (13)
PUIEE L LD 1 (#$%&' 1) = (M"#$%&'! + 1)) (14)
o{!('2! 1! - 10! (counter!2) ! (O)!HIIIIITILIITIIITIITI]G)
ol{I(1"#$%&'_! <! 3! (16)
Paralleling can occur if tme exists a live path that connected all generators. To avoid
paralleling, we never want to close all the contactors at the same time, which will lead

to a live path betweegenerators. This specificati@an expressed as

LI (1t Dt (e =1)} (17)
For a sample topology, there is a total of two generators and two buses, while each

buses are connecting allrgators. When generatayl( or g2 become unhealthy,
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the contactors connected to that generator will become open. This specification can

expressed as following

Pyt )yt =1 1t =1)j (18)
{f¢c2r 0! (1! otat2! O} (19)

When Hjuatiors (18) and (19) holdthis specification is unrealizable. In order to
provide power to the buses, contactors must be atldsa the selected topology, if

we want buses to be powereds wannot have any generators to fail. We will address
this issue later in this chapter. Thus, we deleted the specifications shown in (18) and
(19) wheregl or g2 is unhealthy so that we can synthesize a controller for the

selected topology. The resultingtamaton is sbwn in Figure 22

As shown in Figure 22the status variables for generators gteand g2, and the

status variable for buses are b1l and b2 while the status variables for contactors are cl
and c2. Each state has a successor, which defines where the controller caontransit
depending on the current state. Thare a otal of 13 states where dastate has four
successors. For example, state 0 with successors: 1, 2, 3, and 4 means that the
controller can transit from state O to state 1, 2, 3, or 4. For state 1, with successors: 5,
6, 7 and 8, it means that the controller can transit from statesfate 5, 6, 7, 8.
Looking at the status for c2, we find out that c2 is always equal to O (dperfier

to get more interesting behaviors for contractors, we add new specifications to the

environment, it can written as

o! (111 THIAL Ol =1) (20)
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By adding this new specification, a new autosnatesults as shown in Figure.23
With this new specification, depending on the status, c2 now can be open and closed.
Comparing the two resulting automaton, theufeng automaton in Figure 21 creates

more states. It has a total of 16 states.

State 0
Envigl=1,g2=1,
Sys:bl=1,b2=1,cl =
1,c2=0
State 1 State 2 l \ State 3
Env:gl=1,g2=0, Env: gl =0,g2=0, Env:igl =0,g2 =1,
Sys: bl =0,b2 =0, Sys: bl =0,b2=0, cl Syscilbi;%zbigm
c1=0,c2=0 =0,02=0 ;
State 4 State 5 Stat 6
Env:gl=1,22 0, Env:gl 40,22 =1, Env:igl=1g2=1,
Sys: bl =0,b2 0, Sys: bl 40,b2 =0, Sys: bl =01b2 =0,
cl1=0,c2=0 cl=(,c2=0 c1=0,c2=0

State 7 /{ ate 8 State 9

Env:gl=1,g2=4, =0,g2=\ Env:gl=1,22F1,
Sys: bl =0,b2 =4, =0,b2=0, Sys: bl =0,b2 }0,
c1=0,c2=0 / ,€2=0 c1=0,c2=0
State 10 State 11 State 12
Env:gl=1,g2=0, Env:gl=0,g2=1, Env:gl=1,g2=1,
Sys:bl=1,b2=1, Sys:bl=1,b2=1, Sys:bl =1,b2=1,
cl=1,c2=0 cl=1,c2=0 cl=1,c2=0

Figure 22. Controller automaton output from TuLi®r topology in Figure 2with
original conditions
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State 0 Env:igl=1,22=1,
Sys:bl=1,b2=1,cl =
1,2=0
1
State 1 State 2 State 3
Env:gl=1,22=0, Env:gl =0,g2=1, Env:igl =1.g2=1,
Sys:bl =0,b2=1, Sys:bl=1,b2=1,cl Syscrlbigléb:la
cl=0,c2=1 =0,c2=1 :
N
State 4 State 5 State 6
Env:gl=1,g2=0, Env:gl=0,g2=1, Env: gl =1,g2=1,
Sys: bl =0,b2 =0, | Sys:bl=0,b2=0, Sys: bl =0,b2 =0,
c1=0,c2=0 c1=0,c2=0 cl1=0,c2=0

‘ ‘/
State 7 State 8 %A

Env:gl=1,g2=0, Env: g1 =0,g2 =1, Envigl=1,g2=1,
Sys:bl=1,b2=1, Sys:bl =1,b2=1, Sys:bl=1,b2=1,
cl=1,e2=0 cl=1,¢2=0 cl=0,c2=1
State 10 State 11 State 12
Env:igl=1,g2=0, Env:gl=0,g2=1, Envigl=1,g2=1,
Sys: bl =0,b2 =0, Sys: bl =0,b2 =0, Sys: bl =0,b2 =0,
cl1=0,c2=0 cl1=0,c2=0 cl1=0,c2=0
State 13 State 17INN LD
Env:gl=1,g2=0, Env:gl=0,g2=1, Env:gl=1,82 =1,
Sys:bl=1,b2 =1, Sys:bl=1,b2=1,cl SEabl=L.b2=1,
c1=0,c2=1 —0,c2=0 cl=0.c2=1

Figure 23. Controller automaton output fromfuLiP for topology in Figure 2ith
modified conditions
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5.4Redesign Topologies

As previously discussed iprevioussection, when generatorgl{or g2) become
unhealthy, the contactors that are connected to that generdtbegome openFor

selected topology in this chapter, whegghor g2 fails, both contactors become open.

Thus, buses cannot be powered and this is unrealizable. In situations like this, we
have to go back and modify the topology, so it can guaranteesas lawe powered.

The first step we take is to increase the number of edges, but this does not solve the
buses OunpoweredO problem. The next step we take is to increase the number of

components.

Figure 24. New topologies with twgenerators, two buses and four contactors,
connected with twelve edges.
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Topologies in Figure 24re composed with two generators, two buses, and four
contactors, connected with twelve edges. For this topology, if g1 fails, c1 =c4 =0, bl
and b2 can beowered fromg!.! The path would bé2!—-13!—=1!1lorig! !

c! ! b!.If g2 fails, c1 and c3 becomes open, bl and b2 can powelgirpamd the

path would bg! ! ¢! ! bl 1" 1115141512,

Figure 25. New topologies with tw@enerators, two buses and six contactors,
connected with sixteen edges.

For the topology in Figure 25iflg1!fails!then!cl! =!c5! 0, andbl and b2can be
powered from 2!the path would bg! — 14! - ! 1land!g! - 14! - 12. If g2 fall,
c2 = c4 =0, andb1l and b2can be powered froi!the path would bé1! - !5! -
I'lland!g! ! ¢! ! b!.

Comparingthe topologies between Figure 24 and B6th have given a satisfied

solution to power the buses when one generator. fHitsvever,the topology in
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Figure 25has to bring in extra components and edges. Extra components and edges
increased the reliability level but in the same time increased the total cost. Good
topologies are the ones balanced in cost and reliability I&hekefore, topology in
Figure 24has moe advatage than topology in Figure 2Brom the above topologies,

we know that by increasing the number of contactors, it creates more paths for the
electricity to flow from generators to buses. With enough edges and components, it
increases the reliality level and guarantees the safety of the electric power systems.
For topology that meet the reliability level but is unrealizable, we have to redesign it

by increasing the number of components or edges.
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Chapter 6: Conclusions ané&uture Work

6.1 Summary

This thesisinvestigate ways to analyzeopologies for the MEA electric power
systemby using different reliability methodologies. The aim was to select a reliable
number and connectivity of electric power componentsdbald produce a relide
reliability value. Reliable reliability values were the reliability values that met the
FAA required reliability level a10' ° flight per hours and had the lowest total cost.

We demonstrated the traditional and new proposed methodologies in fitnging
reliability level for the electric power system. In the traditional method, we looked at
the reliability values for each electric power component and calculated their
reliability level. In our proposed methodve worked inthe opposite direction and
looked at the overall reliability level for electric power systems and generated
topologies that met the reliability level. We used NetworkX, a Python software
language, to compute candidate topologies. Each topa@gycomposed of nodes
and edges. Where des represented electric power components and edges
representethe connections between each component. We applied a complex system
reliability calculation method called the Opsgh methodd to compute reliability

levels for the candidate topologies.

Finally, we usedTuLiP as the toolto automatically synthesiza controllerthat
satisfied the safety requiremefite aim was create a controller that gnégas buses
can be powered when failure occUie formal language used to formulate the

electric pover system requirements was LTL. We demonstrated the procedures in
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formalizing a set of environmentabnditionsand system specifications to synthesize

a controllerautomatorfor a selected topology.

6.2 Future Work

Methodologies used in thishesis scabd down the number of electric power
components and simplified changes in the reliability valuesfuture, we can
increase the number and type of the electric power componeasngHmultiple
reliability values for each type of electric power componeéletfinitely changes the
reliability level for the electric power system. Furthermore, we also plan to expand
the environment variables in TiRfrom the current two variables touoor more.
Procedures inpun the initial state and environment assumpi@are complicated,
expanding the variables directly and making the procedures into a much more

complicated form.
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