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ABSTRACT
MULTIDISCIPLINARY DESIGN OPTIMIZATION OF SPACECRAFT
ELECTRONICS
In the conceptual design phase of a spacecraft design cycle, positions of various electronics
units are determined primarily with estimation. Inevitably, these layouts change significantly as the
design cycle progresses. The redesign of the electronics layout and consequential redetermination of
required resources creates considerable costs for the company in question. However, these costly initial
assumptions are often necessary for the design and manufacturing of a spacecraft to continue. The focus
of this research is to determine if computational optimization methods can be used to inform the
electronics layout of a spacecraft in the conceptual stage, before a more accurate CAD model is made
available. Considered parameters will include total length, and therefore mass, of connective wiring, as
well as heat distribution of electronics throughout the spacecraft.
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I. INTRODUCTION
1.1 - Spacecraft Electronics Design
The life cycle of a spacecraft begins with the definition of a mission goal, its associated
requirements, and the creation of a conceptual design to meet these requirements. When the concept is
established, more advanced development begins in the preliminary design phase, with spacecraft
specifications being finalized and tested in the detail design phase. This process defines the acquisition
of nearly all new engineering technologies, but increases in complexity as more complex requirements,
and therefore more systems, are introduced.
Focusing specifically on the electronics of a spacecraft, primary electronics units necessary for
basic functionality are often known in the earlier stages of design. An electrical engineering model test
bed (EEMTB) can be constructed independent of any other subsystems to determine the success of an
electronics layout in isolation. However, the integration and interfacing of electronics with other
subsystems reveals other design concerns that prove critical to the overall success of the spacecraft. The
most common issue that arises with an otherwise functional electronics layout concerns total spacecraft
mass. Perhaps the size and weight of each electronics unit is optimized, but the layout places them in
distant sections of the spacecraft to properly integrate other subsystems. The interfacing between them,
namely the wires, will consequently increase in distance. The length of the wires will result in increased
resistance to the current passing through them, and thus a higher gauge will be necessary to mitigate
this effect. This increased mass per foot of wire coupled with the increased overall footage of the wires
result in a significant mass increase to the spacecraft. This is a commonly experienced issue among
spacecraft designers, and often results in total spacecraft masses exceeding their required limits. Thus,
the electronics units are inevitably placed elsewhere to lower the mass of their wires. However, the
layouts of other spacecraft subsystems were formed around the initial layout of the electronics
subsystem, and so the process of trial, error, and adjustment continues. Put simply, the conceptual phase
of a life cycle informs the more detailed phases to follow; when the fundamental, conceptual layout of
a subsystem changes, its many detailed specifications change as do those of the other subsystems. Such
changes in the later phases of design are a core cause of production delays and increased development
costs.

1.2 - Multidisciplinary Design Optimization
Problems of a similar nature plague the development of new designs in many technology-based
industries. Take transonic civil transports as an example. The structure of their wings must be designed
to provide required aerodynamic performance at a given cruise speed. However, if this aerodynamic
performance is achieved with a larger wing, or one comprised of strong but dense composite materials,
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the total weight of the craft will exceed its required limits. If the design requires manufacturing of
exceedingly high accuracy, the lead times as well as production costs may also exceed acceptable limits.
In this example we see several parameters that are related to one another; as aerodynamic performance
is maximized, other constraining parameters change. It should be clear now that such problems of
systems engineering, by their nature, permeate the design cycles of complex products. However,
methods have been developed over the past few decades to address this problem.
Multidisciplinary design optimization (MDO) has been developed as a method to inform the
optimum layout of a system with many interacting subsystems. At its core, the method defines the
relationship between subsystems and uses it to find their optimum configuration as a unified system.
This ‘optimum configuration’ is found as the answer to a defined objective – usually the maximization
or minimization of a specific value. This objective, once addressed by the mathematical approaches of
MDO, is written as an objective function. Referring again to the example of transonic civil transports,
let us consider the optimization of a wing’s aerodynamic performance. The specific value in question
will be the lift generated by the wing. Maximizing this value in isolation is a relatively straightforward
task, but would result in a wing design impossible to construct in the real world. Once the parameters
of weight and manufacturing cost are reintroduced, each a component of the structural and
manufacturing subsystems respectively, the task of maximization becomes bounded by constraints and
the necessity of a multidisciplinary approach becomes clear. Ideally, each parameter is considered, and
the wing design with the highest lift is identified which does not exceed a given maximum weight or
maximum cost. Alternatively, multiobjective functions are sometimes created to optimize multiple
values simultaneously. Perhaps a medium is sought between maximizing wing lift while also
minimizing weight, rather than simply ensuring the weight does not exceed a defined value. For either
case, the general approach of MDO and the computational algorithms created to perform it stand as
extremely effective tools for informing the design and configuration of systems.
Multidisciplinary design optimization algorithms are used in fields ranging from automobile
design to architecture; it is already used in the aerospace industry to optimize a wide range of aircraft
and spacecraft components. But for the issue of electronics unit distribution in a spacecraft, MDO
methods are not commonly used.

1.3 - Methods of Multidisciplinary Design Op timization
Design optimizations usually seek to minimize an undesirable design characteristic or
maximize a desired characteristic. This minimization is represented as a mathematical objective
function. The objective function may be linear or nonlinear, and in this explanation will be represented
by the variable f. The objective function is comprised of design variables which may be altered by the
optimization, and constraints which limit its design possibilities. Design variables are independent of
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each other, as they represent independent characteristics of the system design. They can be continuous
or discrete. Almost all design optimizations are constrained, however. Constraints are usually
mathematically represented as equalities or inequalities, and bound potential outputs of the objective
function. These constraints bay also be linear or nonlinear. An example optimization problem statement
including these elements is shown below:

Figure 1 – Hypothetical optimization problem statement [5]
A core advantage of this design process is its capability for iteration, analysis, and improvement
without the need for physical experiments or prototype testing. If the problem statement, specifically
the objective function, accurately describes the design goal, the performance or failings of a design will
be apparent through the optimization algorithm before the faulted design is built. A comparison of
conventional design process to optimal design processes is shown below:

Figure 2 – Conventional and optimal design processes [5]
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While the formulation of the problem statement and application of constraints often
significantly limit the range of possible solutions to an objective function, the magnitude of remaining
solutions is often still extremely high. Many methods have been suggested or created to better organize
and select the most optimum of these solutions. And while problem formulation is centered primarily
around accurately describing the actual design goal and considerations, the way in which constraints,
bounds, and design variables are written mathematically greatly affect which optimization methods will
perform best for the given problem. The various methods available vary widely in their approach, but
at their core all attempt to more intuitively describe or index an otherwise unworkably vast collection
of data. These methods are often critical for solving more complicated, non-linear optimization
problems. The details of each method will not be described here, though the more common methods are
shown and categorized below:

Figure 3 – Optimization methods for non-linear problems [5]
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1.4 – Motivations, Necessity, and Goal
When a technology is in its infancy, basic functionality is significantly more important than
considerations of optimization. A necessity for optimization grows as the sophistication of the
technology grows, and significantly more so when other systems are integrated into a unified design.
The first aircraft designs only maintained
the requirements of generating continuous
lift while keeping the pilot safely within
the structure. Modern planes must achieve
this feat at drastically increased speeds and
altitudes while also providing life support,
comfort, entertainment, cargo storage,
computer-aided navigation and flight
monitoring, etc.
This emergent complexity in
technology over time is a clear and
predictable trend, and is compounded by
the expanding ambitions of modern
engineers. Regarding spacecraft, rockets
have graduated from one-way cylindrical
chemical reactions to vehicles capable of
achieving orbit and pinpoint landing their

Figure 4 – Top: Santos–Dumont’s Demoiselle

first stages back on solid ground. Payloads,

(1907) [5]| Bottom: Modern commercial airliner [5]

while often small yet complex satellites
sent to low earth orbit, may soon include a collective of individuals bound for Mars. The spacecraft and
lift vehicles required to achieve this feat will significantly increase in size to accommodate this goal, as
will the list of design requirements necessary for a successful mission. The current complexities of our
aerospace vehicles already call for the use of intelligent design approaches such as MDO, but we appear
to be at the foot of a mountain rather than of a valley. As spacecraft and their missions continue to grow
in complexity, intelligent, optimized design approaches may become a necessity rather than a sparsely
used, experimental approach.
The primary goal of the following research is to determine if an optimization method can be
used for spacecraft electronics and serve as a proof of concept for further development and
implementation in practical applications.
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1.5 – Understanding Optimization Goal
Spacecraft electronics layouts can be qualified as ‘good’ or ‘bad’ by a wide variety of standards,
and thus optimization must focus on one or few characteristics. The multidisciplinary approach here
will attempt to optimize only mass and heat as a function of placement. Assuming the mass of each
electronics unit is already fixed, only the interfacing between them represents an alterable value of mass.
This interfacing is usually primarily comprised of connective wiring. But even with this narrow focus,
total mass is dependent on a variety of factors.
Depending on the units being connected, different total numbers of required wires may be
necessary. If the unit is a computer, or data storage device, it may need to be connected to every unit
which measures data. If the interpretation of this data requires a high degree of accuracy,
electromagnetic interference (EMI) plays a more significant role and often justifies mitigative measures.
Wires may need a thicker protective shell to protect against EMI, or the location of the unit must be
moved entirely to accommodate this issue. Whether connective wires must transmit power or
information also changes their design requirements and therefore mass. Basic wire design almost always

Figure 5 – Simplified cable cross section, with conductive copper wiring in the core protected
by a rubber jacket. [7]
includes strands of copper wires encased by a rubber tube, as shown below, but other components within
the wire cross section may be included depending on the task at hand.
Depending on the level of protection from EMI required, any of the following cables may be
chosen: twisted pairs, shielded wires, single-braid coaxial cables, double-braid coaxial cables, or triaxial
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cables. Each have varied levels of protection, pricing, and mass. An example of both single-braid coaxial
cables and triaxial cables are shown below.

Figure 6 – Left: Triaxial cable [4], Right: Single-braid coaxial cable [3]
Material choice also makes a difference in the total mass of connective wiring; either copper or
aluminum is commonly chosen as the core conductive material, each possessing a different density.
How the optimization of mass can be addressed analytically will be discussed in the following section.
Considerations of heat center around keeping components within recommended operating
temperatures. These recommended temperatures and maximum temperatures are usually known based
on the specifications of the selected electronics unit. Factors cxontributing to total heat of a component
include the heat generated internally through resistance, as well as the heat distributed from other
electronics units within the spacecraft. The largest sources of heat, however, do not often come from
installed electronics. Propulsion systems and interaction of the spacecraft with sunlight can considerably
increase interior temperatures. The analytical optimization of heat will also be discussed in the following
secion.

II. PROBLEM STATEMENT FORMULATION
2.1 – Overview
Defining the problem statement is arguably the most important part of designing a
multidisciplinary design optimization. Whether a mathematical optimization solution has any meaning
or useful application depends entirely upon whether the problem statement accurately describes the
design goal. The objective here was to formulate a problem which meaningfully considered mass and
temperature minimization, yet also defined these considerations to allow for an intuitive and simple
optimization approach.
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2.2 – Defining the Control Volume
The first step to creating a design optimization from the ground-up was to establish a
coordinate system. The general shape of a spacecraft as well as the amount of electronics needed
varies widely depending on its purpose. Thus, it was necessary to idealize the general shape of the
spacecraft, while still allowing the user to define it to some extent. In this proof of concept, the
spacecraft will be considered a rectangular prism, with the length, width, and height definable by the
user. This will serve as the optimization’s control volume.
𝑿 = 𝐿𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝐶𝑜𝑛𝑡𝑟𝑜𝑙 𝑉𝑜𝑙𝑢𝑚𝑒
𝒀 = 𝐻𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝐶𝑜𝑛𝑡𝑟𝑜𝑙 𝑉𝑜𝑙𝑢𝑚𝑒
𝒁 = 𝑊𝑖𝑑𝑡ℎ 𝑜𝑓 𝐶𝑜𝑛𝑡𝑟𝑜𝑙 𝑉𝑜𝑙𝑢𝑚𝑒
Additionally, electronics units are often designed with a matching mounting system. If a unit
is placed on a wall, an associated panel is designed to interface with this unit and integrate it into the
structure of the spacecraft. Thus, the walls of the spacecraft-of the control volume-will be divided into
individual panels, with only one electronics unit possible per panel. The control volume can thus be
visualized as follows:

Figure 7 – Visualization of control volume walls subdivided into panels on top, bottom, and left
sides.

2.3 – Design Variables
Optimization problems require a somewhat narrow focus to be properly implemented. Because
the number of connective cables required between electronics units would be known independently of
their layout configuration in a spacecraft, this can be disregarded within the optimization or
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implemented as a user input at the beginning. The same can be said for wire thickness, density, and
choice of cable design. In fact, the only parameter which affects total spacecraft mass in a layout design
is total distance between the electronics units. This value will serve as the output through which mass
optimization can be compared between designs.
For heat, the operating and maximum temperature of each unit can be input, as well as the heat
it generates. If the total temperature of a unit is determined in a design, it can be compared to its
maximum operating temperature to determine how optimized its location is regarding heat. In this
idealization, temperature of a unit will be determined through summing its internally generated heat and
the heat imparted to it by all other units. Through the superposition principle, the effect of one unit by
all other units may be determined.
Calculations to determine distances between electronics units and radial heat transmissions
idealized electronics units as point masses. The idealization of the spacecraft control volume and
electronics units is shown below.

Figure 8 – Left: Juno Spacecraft [6], Middle Left: Juno electronics box CAD model [6], Middle
Right: Idealized electronics box CAD model [6]:, Right: CAD model idealized as point masses with
electronics unit dimensions shown

2.4 – Creating Control Volume Subdivisions
Considering the problem entirely dependent on placement, the next step in defining the
problem statement is to define where units could be placed. Denoting possible placement locations for
each electronics box is a matter of creating subdivisions within the control volume. Each subdivision
can be considered a possible placement location, with the origin vertex of each cubic subdivision
considered the point of placement for the point mass of an electronics box.
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Figure 9 – Visualization control volume subdividing
Important to note is the increasing complexity of the problem associated with number of
electronics units and number of possible placement positions. The total volume follows the
permutation formula.
𝑃(𝑛, 𝑟) =

𝑛!
(𝑛 − 𝑟)!

In this case, n represents the total number of possible positions while r represents how many
positions will be filled. For example, if 12 electronics boxes could be placed, in any order, among
1000 locations in the control volume, 9.358 × 1035 potential layouts would result. The time required
for a computation design optimization to perform calculations for each of these possibilities would be
crippling.
Instead, this optimization will consider a total of 8 electronics units to be placed across 8
panels, with only one position possible per panel. This will result in a total of 40320 iterative
configurations. The layout and associated position equations are as follows:
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Figure 10 – Control volume divided into 8 placement locations on 8 total panels, with 8 electronics
units to be placed.
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2.5 – Determining Mass
Determining mass of a layout configuration requires knowing:
1. Wire Cross-Sectional Area
2. Wire Density
3. Wire Length
The cross-sectional area and density will be input values. The wire length will be determined
by summing up all connective wiring in the optimization. Determining where wires go involves the
following constraints.
1. Wires are laid orthogonally in the direction of an axis. Shortest distance, diagonal wire
directions will not be used. This constraint reflects how electronics layouts are usually
designed.

2. All electronics units must be connected to Power Distribution Unit (PDU). One of the
electronics units will be a power distribution unit. This will be unit 1. All units will be
connected to this unit, as it is designed to provide power for the system.
With these constraints, a total wiring length between a unit and the PDU would be found as the
difference between the x, y, and z coordinates for each.
Ex.)
𝑋 3𝑌

PDU : ( 4 ,

UNIT 2 : (0,

4

, 1)

3𝑌 3𝑍

,

4

4

)

WIRE DISTANCE FROM UNIT 2 TO PDU:
𝑋

3𝑌

𝒅𝟏𝟐 = |(0 − 4 )| + |( 4 −

3𝑌
4

3𝑍

)| + |( 4 − 1)|

The total distance for an iteration would therefore be:
8

𝑫𝑻 = ∑ 𝑑1𝑖
𝑖=2

Total mass of an iteration would therefore be the product of the total distance of connective wiring,
the cross-sectional area of the wiring A, and the average density of the wiring 𝝆.

𝒎𝑻 = 𝐷𝑇 × 𝐴 × 𝜌
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2.6 – Determining Temperature
To determine the optimization of temperature within the system, the actual temperature of a
unit must be compared to its maximum operating temperature. The lower the temperature is in
comparison to this maximum temperature, the more optimized that unit is. This will be labelled as the
temperature offset. Overall temperature optimization will therefore be based on the average difference
between actual and maximum temperatures across all units.
As an idealized problem, exact temperature modeling is not as important as comparing
temperatures between iterations. Thus, exact temperatures based on geometry, materials, and various
other heat transfer parameters will not be considered. Heat imparted to one unit by another will be
determined based on the internally generated heat of a unit and its radial heat emissions as determined
by the inverse square law.
Ex.)
UNIT 3
Generated Temperature (𝑻𝒈𝟑) = 50° C, Max Temperature (𝑻𝑴𝟑) = 100° C
PDU (𝑻𝒈𝟏): 15°C, UNIT 2 (𝑻𝒈𝟐): 5°C , UNIT 4 (𝑻𝒈𝟒): 10°C, UNIT 5 (𝑻𝒈𝟓): 30°C, UNIT 6
(𝑻𝒈𝟔): 8°C, UNIT 7 (𝑻𝒈𝟕): 22°C , UNIT 8 (𝑻𝒈𝟖): 17°C
ACTUAL TEMPERATURE OF UNIT 3
𝑻𝑨𝟑 = 𝑻𝒈𝟑 +

𝑻𝒈𝟏
𝒅𝟏𝟑

𝟐

+

𝑻𝒈𝟐
𝒅𝟐𝟑

𝟐

+

𝑻𝒈𝟒
𝒅𝟒𝟑

𝟐

+

𝑻𝒈𝟓
𝒅𝟓𝟑

𝟐

+

𝑻𝒈𝟔
𝒅𝟔𝟑

𝟐

+

𝑻𝒈𝟕
𝒅𝟕𝟑

𝟐

+

𝑻𝒈𝟖
𝒅𝟖𝟑 𝟐

MAXIMUM TEMPERATURE OFFSET OF UNIT 3
𝑻𝒐𝒇𝒇𝒔𝒆𝒕𝟑 = 𝑇𝑀3 − 𝑇𝐴3
The average temperature offset of an iteration would therefore be:

𝑻𝒐𝒇𝒇𝒔𝒆𝒕𝒂𝒗𝒈 =

∑8𝑖=1 𝑑𝑖
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III. OBJECTIVE FUNCTION and OPTIMIZATION
3.1 – Comparing Disciplines
While meaningful values have been derived for temperature and mass in the problem
formulation (𝒎𝑻 and 𝑻𝒐𝒇𝒇𝒔𝒆𝒕𝒂𝒗𝒈 ), the question remains as to how to compare these values. How would
a total mass of 500 kg compare to an average offset temperature of 40° C? How can one value be
determined as more optimized than the other when they have different units? Additionally, a
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multidisciplinary design optimization must consider the optimization of both these values in conjunction
with the other.
The solution I arrived at was to index 𝒎𝑻 and 𝑻𝒐𝒇𝒇𝒔𝒆𝒕𝒂𝒗𝒈 on a scale of total ‘badness’ to total
‘goodness’. Out of all iterations, there will be one value of 𝒎𝑻 which is the highest, and therefore least
optimized, and one value of 𝑻𝒐𝒇𝒇𝒔𝒆𝒕𝒂𝒗𝒈 which is the lowest, and therefore least optimized. If 𝒎𝑻 and
𝑻𝒐𝒇𝒇𝒔𝒆𝒕𝒂𝒗𝒈 are weighed against their respective maximums and minimums, the relative optimization of
their values in each iteration can be represented by a value between 0% and 100%- with 100%
representing the most optimal value out of all iterations and 0% representing the least optimal value out
of all iterations. These 0-100% indexes for mass (𝑰𝒎 ) and temperature (𝑰𝑻 ) will be recorded for each
iteration along with 𝒎𝑻 and 𝑻𝒐𝒇𝒇𝒔𝒆𝒕𝒂𝒗𝒈 .
Additionally, a method must be developed for finding a solution which finds the best balance
between mass and temperature optimization. The solution I arrived at for this requirement involved
creating a third index which denotes the best balance of optimization between mass and temperature.
𝑰𝑼 , the utopian index, is the product of 𝑰𝒎 and 𝑰𝑻 . The iteration with the highest value for 𝑰𝑼 would be
considered the most optimized solution from a multidisciplinary standpoint. This method prevents an
iteration with, for example, an 𝑰𝒎 value of 98% and an 𝑰𝑻 value of 8% from being considered the most
optimized. An 𝑰𝒎 and 𝑰𝑻 value of 60% and 58%, while producing a lower average, would produce a
higher 𝑰𝑼 and therefore be considered more optimized.
The equations for each of these indexes are shown below:

𝐼𝑚 = ቤ

𝑚 𝑇 − 𝑚 𝑇𝑚𝑖𝑛
− 1ቤ × 100%
𝑚 𝑇𝑚𝑎𝑥 − 𝑚 𝑇𝑚𝑖𝑛

𝑻𝒐𝒇𝒇𝒔𝒆𝒕𝒂𝒗𝒈 − 𝑻𝒐𝒇𝒇𝒔𝒆𝒕𝒂𝒗𝒈𝒎𝒂𝒙
𝐼𝑇 = อ
− 1อ × 100%
𝑻𝒐𝒇𝒇𝒔𝒆𝒕𝒂𝒗𝒈𝒎𝒂𝒙 − 𝑻𝒐𝒇𝒇𝒔𝒆𝒕𝒂𝒗𝒈
𝒎𝒊𝒏

𝐼𝑈 = 𝐼𝑚 × 𝐼𝑇
3.2 – Optimization and Coding Approach
The code for this optimization is written in MATLAB. It uses looping to place each electronics
unit in every possible configuration and subsequently calculate values for the given iteration. Each set
of locations and associated outputs are recorded in matrices, which are analyzed at the end to produce
the optimization indexes. The code can be set with the objective of optimizing 𝑰𝒎 , 𝑰𝑻 , or 𝑰𝑼 ,
respectively.
All unit locations are organized into an 8 x 3 matrix, with rows representing a given location in
the control volume and the columns representing the x, y, and z coordinates. Each permutation of
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location arrangement is organized on a third axis of the matrix, forming a three-dimensional matrix
which represents every possible layout configuration. The three-dimensional matrix can be visualized
with the following example:

Figure 11 – A 4 x 4 x 4 three-dimensional matrix [2]
For a spacecraft with 8 electronics units and 8 possible placement locations, this would form
an 8 x 3 x 40320 matrix.

IV. RESULTS
4.1 – Inputs
Units are color-coordinated here to match the placement in Figure 12.
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4.2 – Outputs

Figure 12 – Placement of the 8 electronics units in a 2.5 x 8 x 4 meter control volume
4.3 – Discussion
The input values here represent a hypothetical scenario which is relatively benign. No unit is
outputting intense heat, and the control volume is not significantly small. If the control volume were
smaller, or the heat output of several components extremely high, the process here would break down
to some extent. While the indexing of heat optimization from 0 to 100 percent would still occur, all
average temperature offsets would be very low or perhaps negative, representing a situation where
temperatures for a unit have risen beyond its maximum. In this case, an index between 0 and 100 percent
would represent a poor design in any case.
This example demonstrates that the code will find an optimal solution out of all possibilities,
but does not provide context to inform the user if this optimization is truly a satisfactory design. It is
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possible that all solutions are unsatisfactory or impossible, and a ground-up redesign of control volume
parameters and chosen electronics units is necessary.
Additionally, there may be multiple configurations which provide the same performance of
mass and temperature. The code will simply select the first global optimum it finds, and not inform the
user on other equally feasible options.
Each point here demonstrates areas for improvement of this multidisciplinary design
optimization.

V. CONCLUSION
This optimization approach and execution provides a proof of concept, and an example of
how computational multidisciplinary design optimization can inform a spacecraft electronics layout.
While the chosen parameters described a simple scenario with arbitrary temperature characteristics
and spacecraft dimensions, the process here can be applied to a much more complex scenario.
Creating a control volume and dividing it into sections for a significantly complex three-dimensional
object is not an arbitrary task, but not necessarily difficult. Such feats are well within the capabilities
of humanity. If such approaches are used and refined by the aerospace industry, the future of
spacecraft electronics design and spacecraft design in general can achieve new feats of efficiency and
performance.
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