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Research Objectives

= Architecture optimization:
automatically generate and
evaluate system architectures

» Demonstration: hybrid-electric
aircraft propulsion system
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INCOSE Symposium 2023
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System Architecture
DLR

= Formal description of a system; represents
elements and relations among them

= Great influence on system performance

E ‘
Right inner tankk\m
Right outer tank

= Challenges when designing new systems:
= Many possible architectures
= Limited expertise to build on
= Conflicting stakeholder goals

= Traditional process: manually choose several
architectures and evaluate them

= System architecture optimization: evaluate
many architectures automatically, obtaining an
optimized solution

Function-Based Architecture Optimization, J.H. Bussemaker et al.,
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Architecture Optimization Framework
DLR

architecture
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Architecture Generator . Architecture Evaluator
metrics

1. Formalize the Architecture Design Space 3. Interpret Architecture Model for Simulation
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Architecture Design Space Modeling Process
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The Architecture Design Space Graph (ADSG)

DLR
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Generating an Architecture Instance
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Select one of the options for

each selection choice
Manually (in GUI) or from a design vector

/
)

~~__ Not-selected options and their

derived nodes (and choices)
are marked for removal
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Generating an Architecture Instance
DLR
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Architectural Choice Types

DLR
Fulfilling Functions Characterization Connections
= Which component fulfills which = Number of instances = Connect output to input ports
function? » Property values = Assignment problem
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Design Space Editor

Architecture design space modeler
= Define functions, components, connections

» |dentify architectural choices

= Define input parameters and metrics

Component:
Compressor

Architecture generator

= Take architectural decisions to create
architectures

123

= Connect to evaluation environment

Architecture optimization framework
= Define design variables, objectives, constraints

Connectivity

N Compress air [~

= Connect to optimization library

N Provide mech power 153

Bussemaker, J., Boggero, L. and Ciampa, P.D., 2022, July. From system architecting to system design and
optimization: A link between MBSE and MDAO. In INCOSE International Symposium (Vol. 32, No. 1, pp. 343-359).
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Boundary Function and Objectives 4#7
DLR

= Boundary function: Provide Propulsion

= Three performance objectives: MTOW,
Fuel Consumption and Flight time

QOI [OBJ]: QOI [DV]:
Fuel Consumption | Time Coefficient = [0, 1]

I

> A QOI [OBJ]: FUN: B COMP: FUN:
0 Flight Time | Provide Propulsion Thrust Generator Accelerate Air

QOI [OBJ]:
MTOW |

Function-Based Architecture Optimization, J.H. Bussemaker et al.,
INCOSE Symposium 2023




Propulsion Functions ,_#7
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Propulsion Choices

= Number of engines: 2 to 10

= For each propeller:
= Number of blades: 3 or 4
= Mechanical power source

Assumptions:
= Symmetry

= Power source order is
Irrelevant
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Electrical Power Generation
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Degree of Hybridization ,_#7
DLR
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Hybrid-Electric Propulsion System Design Space
DLR
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Optimization problem implementation ,_#7
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Outer optimization loop: Inner optimization loop:
= Multi-objective = Single-objective, gradient-based
= Pareto front: architectures = Unigue solution: sized architecture
= Mixed-discrete design variables = Continuous design variables
[ ADORE_Model | Mission, TLARs

0,4.1 —>1:
Architecture Optimizer

x_arch_imp

ADORE_Architecture /

C%E PropSysArch

3:
Architecture Builder H OpenConcept_Model /

; .0, 4.1.1 - 4.1.0:
/ Elec,Fuel,Weights /%%ﬁiﬁg Op;r:iz er)
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Class Factory Evaluator

* Python API for instantiating classes
based on architecture elements

= Example: instantiate the Wing class for

every “Wing” component instance; set
properties to linked QOI’s

FUN:
Produce Lift

QOI:
Lift
QOI: |
Area: 50 fulfilled by

T y Qor: ]

COMP: IAS: 100

QoI Wing

CL: 0.25
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@staticmethod
def get_class_factories() -> List[ClassFactory]:
return [
ClassFactory(
el=ExternalComponentDef(name="Wing', n_inst=[1]
cls=Wing,
props={
‘area': ExternalQO0IDef(

, auto_match_pattern="/W.%/"),

name='Wing Area’, qoi_type=Q0IType.DESIGN_VAR, bounds=(40., 60.), avto_match_pattern='area'),
'cl": ExternalQ0IDef(

name='Lift Coefficient', qoi_type=Q0IType.DESIGN_VAR, bounds=(0., .5),
auto_match_pattern=['cl', 'L* Coefficient']),
‘ias': ExternalQ0IDef(

name='Indicated Airspeed', qoi_type=Q0IType.INPUT_PARAM, value=160., avto_match_pattern='i?s'),

@dataclass A -'; classes = {list: 1} [Wing(area=530.0, c/=0.25, ias=100.0]]
class Wing : hd 0 = {Wing} Wing(area=50.0, cl=0.25, ias=100.0)
@ area = {float} 30.0
area: float 8 cl = {float] 0.25
cl: fleat

@ ias = {float} 100.0
ias: float # kts 81 len_ ={int}1

tt
-]




Architecture Evaluation with PropSysArch

= Classes describing the
propulsion system

= Each component has an
equivalent class

= 3 elements groups:
= Thrust generation elements
= Mechanical power elements
= Electrical power elements

= Automatic inner-loop

ACModel

+ num_nodes: int
+ flight_phase: segment

+ add_weight_model
+ add_aerodynamics_model

‘ ArchSubSystem

ThrustGenElements

1

+ propellers
+ gearboxes

+ create_thrust_groups

[

DLR

| ArchElement ‘

DynamicPropulsionArchitecture

+ num_naodes: int

+ setup (num_nodes, PropSysArch)

1

MechPowerElements

PropSysArch

+ get_dvs_def
+ create_top_level

+ engines

+ motors

+ inverters

+ mech_buses
+ mech_splitters

multidisciplinary optimization

problem construction

Function-Based Architecture Optimization, J.H. Bussemaker et al.,
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+ create_mech_group

ElectricPowerElements

+ batteries

+ splitter

+dc_bus

+ dc_engine_chain
+ ac_engine_chain

+ create_electric_group

A
Propeller Gearbox
+ blades: int + input_rpm: float
+ diameter: float + output_rpm: float
+ design_cp: float + power_rating: float
+ design:ad_ratio: float
+ default_rpm: float
Inverter Engine
+ efficiency: float + power_rating: float
+ specific_weight: float + specific_weight: float
+ base_weight: float + base_weight: float
+ PSFC: float
+ output_rpm: float

Motor MechSplitter
+ power_rating: float + power_rating: float
+ specific_weight: float + efficiency: float
+ base_weight: float + split_rule: str
+ efficiency: float + mech_DoH: float
+ output_rpm: float

| |
Battery ElecSplitter Generator

+ weight: float

+ specific_power: float
+ specific_energy: float
+ efficiency: float

+ power_rating: float
+ efficiency: float

+ split_rule: str

+ elec_DoH: float

+ efficiency: float
+ specific_weight: float
+ base_weight: float

DCEngineChain
(Engine+Generator+Rectifier)

ACEngineChain
(Engine+Generator)

Rectifier

+ efficiency: float
+ specific_weight: float
+ base_weight: float

Fouda, M.E.A. et al., 2022, September. Automated hybrid propulsion model
construction for conceptual aircraft design and optimization. In ICAS 2022.




Inner Optimization Loop ,_#7
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= Single-objective optimization problem
7\
o&"Fclpen/llll'_)/\o
fsizing(xsizing) - (]- - 7fcoeff) * (quel + OOlMTOW) + tcoeff * tflight/]-oo

\ ’ J | y J ‘
Energy usage Flight time

Hnn 0

| TLARs |

= Multidisciplinary optimization (MDO) loop: ot
= Qverall aircraft design
= Mission analysis & component sizing

EAS,Fuel,VS,W_prop H Elec,Fuel /

o _/inm

2,2;
Objective
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Latin hypercube 3 Sobol

Outer Loop Optimization Algorithm

Surrogate-Based Optimization

Experiments (DoE)

= Search a surrogate model of the design ! T
S . . . . . Evaluation @ Updatti Surrogate L) Optinllize‘Iuﬁll |
pace for interesting infill points | . Model Cuitrion__|
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MU|tI-ObJeCtlve Inflll Crlterla < - UL —> E Evaluation Selectlnﬁl]Points |
= Less evaluations needed to find the & i'Eﬁfgi;;;{éigiaa'éio't;r;fz;;;ag'(fc';é;'Igr;sgggs""""""""""

optimum compared to evolutionary

algorithms

—— expected improvement, ag, v next observation location
f’
\
— | _—
|

J.H. Bussemaker, N. Bartoli, T. Lefebvre, P.D. Ciampa, and B. Nagel, "Effectiveness of surrogate-based optimization algorithms for system architecture optimization”, AIAA AVIATION 2021
Garnett, R., 2023, “Bayesian optimization,” Cambridge University Press
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Bi-level Optimization Problem Workflow =

+add_element(cycle)
+ connect(cycie)

DLR
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_ v y |
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-

Function-Based Architecture Optimization, J.H. Bussemaker et al.,
INCOSE Symposium 2023




Contents
DLR

System architecting

Architecture design space model

* Bi-level optimization problem:

- System architecture optimization loop

Sizing multidisciplinary optimization loop

= Results

MTOW [kg]
&

o be
Fuel used [kg]

Function-Based Architecture Optimization, J.H. Bussemaker et al.,
INCOSE Symposium 2023




Application Case

Commuter aircraft
Beechcraft KingAir CO0GT

Requirement Value

Design Mission Range 1539 km

Cruise Altitude 24000 ft
Take Off Distance 729 m
Landing Distance 718 m
Passengers seats 6
Payload mass 363 kg

Wing loading 168 kg/m2

Function-Based Architecture Optimization, J.H. Bussemaker et al.,
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Pareto Front ‘#7
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= Surrogate-based
Optlmlzatlon algorlthm. Non Pareto points e Pareto front e Reference aircraft
= 100 initial DOE points

= 150 infill points
g | i T S
. = et
= Pareto front: 88 non- S %
dominated design points = ‘@t -
= Trade-off between 3 o bo
objectives: Fuel used [kg]

= MTOW, fuel burn, flight time
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Pareto Front: Source of Power ,_#7
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= Lowest fuel consumption:

. . ® Conventional e Electrical Parallel e Parallel-series
Electric propulsion
:

= Lowest MTOW: 2

Conventional propulsion = .

=
® !-0'

= Balanced: .

Parallel-hybrid propulsion Fuel used [kg]
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Pareto Front: Flight Time ,_#7
DLR

1.00
= Lower flight time: :

= Higher fuel consumption ! . . 0'98_§
= Heavier aircraft ;? e 0.96 £
E * > . . 0 94%
= oo 0.92 £
°* S

L. 0.90

Fuel used [kg]
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Conclusions
DLR

Architecture optimization demonstrated:

» Design space modeled using the
Architecture Design Space Graph (ADSG)*

= Bi-level optimization coupling architecture to
MDO using the Class Factory Evaluator

= Architecture-level Pareto front: 88 designs
found with a surrogate-based optimizer

Future work:

= Demonstrate for larger design spaces on
more system levels (e.g. So0S)

» Develop more reusable methods for
integrating with MDO

» Integrate architecture optimization with
other MBSE platforms, including SysMLv2

e Conventional e Electrical Parallel e Parallel-series

MTOW [kg]

Fuel used [kg]

_ _ o * Bussemaker, J.H., Ciampa, P.D. and Nagel, B., 2020. System architecture design space exploration:
Function-Based Architecture Optimization, J.H. Bussemaker et al., An approach to modeling and optimization. In AIAA Aviation 2020 Forum (p. 3172).
INCOSE Symposium 2023






