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ABSTRACT

Vehicle design is a complex process requiring interactions and exchange of information among multiple
disciplines such as fatigue, strength, propulsion, survivability, safety, thermal management, stealth,
maintenance, and manufacturing. Simulation models are employed for assessing and potentially improving a
vehicle’s performance in individual technical areas. The vehicle’s characteristics influence the performance in
all the different attributes. Challenges arise when designing a vehicle for improving mutually competing
objectives, satisfying constraints from multiple engineering disciplines, and determining a single set of values for
the vehicle’s characteristics. It is of interest to engage simulation models from the various engineering
disciplines in an organized and coordinated manner for determining a design configuration that provides the
best possible performance in all disciplines. This paper presents an approach that conducts optimization
analysis for a complex system by coordinating operations and exchange of data and information through a
network of optimizations. The presented approach provides an organized and seamless environment that
captures the implications of design changes from a particular discipline to all other disciplines. It is possible to
share design variables among disciplines and thus identify the direction that design variables should follow
based on objectives and constraints from multiple disciplines. A rotorcraft example that demonstrates the
operation of this integrated design environment is presented. The mass of the gearbox support frame is
minimized at the system level while at the same time the performance in structural dynamics and

crashworthiness is optimized.

INTRODUCTION

In order to be effective and maximize the weight and cost
savings when designing a vehicle, the efforts must be
concurrent considering multiple engineering disciplines in
parallel (i.e. durability, crashworthiness, etc.). In this
manner, it is possible to account for the effects of structural
changes across disciplines and improve the performance
while the structure is being configured. A flexible Multi-
discipline Design Optimization (MDO) capability must be
available for driving simultaneously multiple separate
optimization analyses, facilitating the exchange of data
among the disciplines, and accounting for impact of changes
introduced by a particular discipline to all others. The
literature on MDO methods and applications is rich and
representative references are [1-3]. The MDO term has been
used for several different ways of considering multiple
disciplines in an optimization process. In single objective
optimizations it is used for indicating that the constraints are
evaluated based on performance from different disciplines.
In sequential optimizations (representative of a design spiral
approach) it is used for reflecting that each optimization is

associated with a different discipline. It is also used in
multi-objective optimizations to indicate that multiple
disciplines are considered when defining the cumulative
single objective function which combines the performance
metrics from the various disciplines. The Target Cascading
(TC) method [4-8] differentiates itself by guiding in parallel
a network of optimizations. It allows for solving
simultaneously multiple individual optimizations for each
discipline with separate objective functions and constraints,
while at the same time pursuing an overall system level
weight or cost objective. A general purpose implementation
of this method has been employed in the past in a variety of
engineering design areas (thermal protection system design
for entry vehicles, aircraft wing design, undersea weapons
design, submarine conceptual design, and aircraft design) [9-
14]. In this paper the main mathematical background of the
software implementation is discussed. =~ An application
associated with a rotorcraft vehicle application is presented.
The mass of the gearbox support frame is minimized while
the performances under crash landing and structural dynamic
considerations are optimized in parallel.
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MATHEMATICAL BACKGROUND

A flow chart that depicts the general outline of the
optimization algorithm utilized in this work is presented in
Figure 1. The essence of this approach is based on tracking

the values of the objective functions O, and the values of

all the design variables DV; from each discipline “;” during
the iterations of the top level optimization statement. The

top level optimization has its own objective function O,

design variables DV, , and constraints. Within each

iteration of the top level optimization a complete discipline
level optimization is conducted. Different disciplines can
share the same design variables. Each discipline level
optimization determines separately the changes introduced
in the design variables. This information is passed to the top
level optimization. At the top level optimization additional
constraints are introduced automatically, limiting the amount
of change introduced in each discipline level objective
function and in the design variables within each top level
iteration. The extra constraints are expressed as:

previous current
“Oi - Oi

< diO ”Dviprevious _ DVicurrem
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where superscripts ‘" and ““""" indicate the values
for the objective functions and the design variables
originating from the previous and the current step of the top

9

level optimization; subscript “ indicates the i" discipline.
The limits d° , dP¥ are not user prescribed limits, but

instead they are variables that augment the top level
optimization statement. Therefore, the overall top level
optimization statement becomes:
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Subject to: Top level constraints
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In this manner the different values that may have returned
for the design variables shared between the discipline level
optimizations are consolidated at the top level and a new
starting point is provided to all discipline level
optimizations. This allows coordination of the multiple

<dPv

discipline optimizations by the top level. The TC process
also provides the mechanism for passing information from

one discipline to another in a form of a function F; . In this

manner any interaction between disciplines dictated by the
physics of the design process (beyond the shared design
variables) is facilitated through the system level optimization
process.

Figure 1. Flow Chart of the Optimization Approach
for Guiding the Solution of a Network of Optimizations

The optimization algorithm presented in this Section has
been implemented into general purpose optimization
software. It allows the user to define the discipline level and
the top system level optimization statements. The
mathematical links between the network of optimization
(Equations 1 and 2) and the exchange of information through

the functions F; are established automatically and without

user interference. A user interface has also been developed
for allowing the definition of the optimization statements
through a sequence of action buttons and menus that the user
can make selections from. Figure 2 presents the screen
associated with the top level system definition of an
optimization statement. The design variables, objective
functions, and constraints for the top level optimization are
defined along with the links between the top and the
discipline level optimizations. For each one of the discipline
optimizations a separate screen becomes available for
defining the objective function, the design variables, and the
constraints of the particular discipline level optimization.
Figure 3 presents a representative screen for a discipline
level optimization. All screens allow establishing links
between design variables and entries in data files of
simulation software that can be employed during the
optimization process for function evaluations. They also
allow for links between entries in the result files and
variables that are used for evaluating objective functions and
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constraints. In this manner it is possible to engage any
simulation software in the optimization processes for
evaluating constraints or objective functions without the
need of developing specialized translators  for
communicating information between the optimization
process and the solvers.

TOP level

R s Ty o g = 0050
Figure 2. User Interface Screen for System Level
Optimization Definition

= ot

Figure 3. User Interface Screen for Discipline level
Optimization Definition

ROTORCRAFT OPTIMIZATION

In order to demonstrate the functionality provided by the
network of optimizations capability in designing the
structure of a vehicle under multiple disciplines, an
optimization analysis for a rotorcraft structure is presented.
The base support structure of the gearbox in the rotorcraft
fuselage presented in Figure 4 is optimized under structural
dynamic and crash landing considerations.  The frame
structure of the fuselage is presented in Figure 5, and the
titanium gearbox base which is optimized is highlighted with
light blue color.

Figure 4. Finite Element Model of Rotorcraft Fuselage used
in the Optimization Analysis

Figure 5. Frame of Rotorcraft Fuselage used in Optimization
Analysis

Minimizing the weight of the titanium base where the
gearbox is mounted comprises the top level objective. Two
discipline optimizations are solved in parallel based on
guidance and organization provided by the top level
optimization. The two disciplines are associated with
crashworthiness performance and with structural dynamic
considerations, respectively. Figure 6 presents the flow
chart of the multi-discipline optimization analysis performed
in this Task. Six design variables are considered in the
optimization, each associated with the thickness of a section
of the titanium base. The six design variables are
highlighted with different colors at the top level optimization
in Figure 6. They are:

t1: thickness of front panel (deep blue)

t2: thickness of rear panel (light blue)

t3: thickness of outside panel (green)

t4: thickness of cross stiffener panel (red)

t5: thickness of inner-front panel (yellow)

t6: thickness of inner-rear panel (orange)
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MEtwork of oPTimizations UNder uncErtainty (NEPTUNE)

Top Level — Minimize mass of base
Design
Variables
Discipline 1 Discipline 2

LS-Dyna Crash analysis — minimize

Hybrid FEA — minimize input power y .
maximum stress on titanium base

(B00Hz — 1000Hz)

Figure 6. Flow chart of multi-discipline optimization
analysis

The discipline associated with the rotorcraft structural
vibration analysis is using as a simulation driver a Hybrid
FEA method [15-17]. The helicopter model is excited by
unit harmonic forces in x/y/z directions applied at 4
locations where the gearbox is mounted on the titanium base
(Figure 7). The forces at one node have 90 degree phase
shift from the forces at its neighboring node. The objective is
to minimize the input power to the helicopter structure under
the prescribed excitation in the frequency range of 700Hz to
1,000Hz. This type of structural dynamic objective is
associated with fatigue considerations, structural vibration
and interior noise concerns associated with passenger
comfort.

The discipline associated with the crashworthiness is using
LS-Dyna as the simulation driver. It simulates the helicopter
being dropped to a rigid ground with impact velocity of
30m/s. The objective is to minimize the maximum dynamic
stress observed at the titanium base structure during the
crash analysis. This objective ensures that the frame will not
brake and the gearbox will not penetrate into the cabin
during crash landing.

In all optimizations the six thickness parameters are ranging
between 70% and 130% of their initial values. In the two
discipline optimization a constraint is also imposed limiting
the increase in the total mass of the base allowed by the
discipline level optimizations. Within each iteration of the
top level optimization, each discipline optimization is solved
completely (i.e. minimizing the input power and minimizing
the maximum dynamic stress) and the results are passed to
the top level. The top level optimization consolidates the
answers and at the same time drives the design in a direction
that improves its own objective (i.e. minimizing the mass).
The network of optimizations analysis provides the
following results for the six design variables and for the
objective functions of the top level and the two discipline
level optimizations:

Normalized Thickness
tl 2 3 4 t5 t6
Initial 1.0 1.0 1.0 1.0 1.0 1.0
Optimal | 1.2997 | 1.2997 0.7003 | 0.97216 0.7465 0.7003

Table 1. Summary of the design variables from the network
of optimizations analysis

Top obj (mass) D1 obj (input power) | D2 obj (max stress)

Initial 133.17 0.0132 6.185E8

Optimal 120.03 (-9.87%) 0.0112 (-15.2%) 4.810E8 (-22.2%)

Table 2. Summary of the Objective Functions at the Optimal
Configuration

For an easier interpretation of the results, the thicknesses
that correspond to the optimal configuration are presented in
Figure 8. The results are presented in a non-dimensional
scale (1 indicates no change from initial values, values
smaller than 1 indicate a decrease, and values larger than one
indicate an increase). As it can be observed from Table 2
the mass of the titanium base of the gearbox is reduced by
~10%, while at the same time the vibrational input power is
reduced by ~15%, and the maximum stress is reduced by
~22% from the initial configuration.

Figure 7. Locations on the titanium gearbox base where the
gearbox excitation is applied

Figure 8. Optimal distribution of thicknesses for titanium
gearbox base (non-dimensional)
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The optimal design increases the thicknesses at the front and
aft panels, retains the cross stiffeners at the same levels with
the original design and reduces the thicknesses in all of the
longitudinal panels. Figure 9 depicts the input power into
the rotorcraft structure for the original and for the optimal
configurations. It can be observed that the optimal design
has a significantly reduced peak around 950Hz. To better
understand the effect of the changes induced by the multi-
discipline optimization analysis the vibration levels at 952Hz
for the base are plotted in Figures 10 and 11 for the original
and the optimal configurations, respectively. The frequency
of 952Hz is selected since it exhibits the highest response in
the frequency sweep presented in Figure 9. It is clear that Figure 11. Vibration levels at base for the optimal design at
the optimal design has reduced vibration levels at the four 952Hz

excitation locations and therefore, reduced input power to ) )
the rotorcraft structure. For the crash analysis, the contour plots of the dynamic Von

Mises stress are plotted in Figures 12 and 13 for the time
step that exhibits the maximum dynamic stress in the initial

gx10” URSEEoa: vt ghes s Dot and optimal configurations, respectively. The same color
scale is used in Figures 12 and 13. The time steps that the
2 maximum stress is encountered are not the same between the
two design configurations. It can be observed that
considerably lower dynamic stresses are observed in the
_4 optimal configuration.
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Figure 9. Input power for the 700Hz-1,000Hz range for the
initial and the optimal designs

|
Figure 12. Stress distribution at the base during the time step
when the maximum dynamic stress is encountered, initial
design

Figure 10. Vibration levels at base for initial design at
952Hz
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Figure 13. Stress distribution at the base during the time step
when the maximum dynamic stress is encountered, optimal
design

Overall it is demonstrated that the multi-discipline analysis
conducted using the network of optimizations capability
captures the interactions among multiple disciplines, and
guides the design to an optimal point that improves the
system level objective while simultaneously improving the
performance at all disciplines.

SUMMARY

This paper presents the main mathematical formulation for
coordinating a network of optimizations. The interaction
between a system level and the discipline level optimizations
is automated through a general purpose code that conducts
the network of optimization analysis. A vehicle application
is presented for optimizing a system level and multiple
discipline level objectives. The mass of the main support
structure of a rotorcraft fuselage is minimized while
improving performances associated with structural dynamic
and crash landing objectives.
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