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ABSTRACT

The design of large scale complex engineered systems (LSCES) involves hundreds or
thousands of designers making decisions at different levels of an organizational hierarchy.
Traditionally, these LSCES are designed using systems engineering methods and processes, where
the preferences of the stakeholder are flowed down the hierarchy using requirements that act as
proxies for preference. Current processes do not provide a system level guidance to subsystem
designers. Value-Driven Design (VDD) offers a new perspective on complex system design, where
the value preferences of the stakeholder are communicated directly through a decomposable value
function, thereby providing a mechanism for improved system consistency.

Requirements-based systems engineering approaches do not offer a mathematically
rigorous way to capture the couplings present in the system. Multidisciplinary Design
Optimization (MDO) was specifically developed to address couplings in both analysis and
optimization thereby enabling physics-based consistency. MDO uses an objective function with
constraints but does not provide a way to formulate the objective function. Current systems
engineering processes do not provide a mathematically sound way to make design decisions when
designers are faced with uncertainties. Designers tend to choose designs based on their preferences
towards risky/uncertain designs, and past research has shown that there needs to be a consistency
in risk preferences to enable design decisions that are consistent with stakeholder’s desires.

This research exploits the complimentary nature of VDD, MDO and Decision Analysis
(DA) to enable consistency in communication of system preferences, consistency in physics and
consistency in risk preferences. The role of VDD in this research is in formulating a value function
for true preferences, whereas the role of MDO is to capture couplings and enable optimization

using the value function, and the role of DA is to enable consistent design decision-making under
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uncertainties. A holistic framework for system optimization called the Value-Based Systems
Engineering (VBSE) framework is proposed in this research. This framework acts as the first step
towards enabling overall system consistency in decision-making in the design of LSCES. A
commercial communication geo-stationary satellite model is created and used as a testbed

throughout to demonstrate the different aspects of this research.
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CHAPTER 1

INTRODUCTION
Large-scale complex engineered systems (LSCES) are typically composed of tightly coupled
interacting subsystems (spanning many levels of the design hierarchy) that yield a collective
behavior. Often, these complex systems interact with other complex systems (such as a fighter jet
interacting with an aircraft carrier). The design of these LSCES is increasingly being recognized
as a decision-making process as stated by George Hazelrigg [1]. Numerous workshops have been
conducted by NASA and NSF on the challenges of designing LSCES [2-6]. With so many design
decisions being made by a number of individuals spread across the hierarchy of an organization
and at times also across multiple organizations, it is crucial to have consistency in design decision-
making.

Traditionally, these LSCES are designed using systems engineering methods and
processes, where the preferences of the stakeholder are flowed down the hierarchy using
requirements. Requirements are defined for the expected behavior of the system, which is
essentially stating what is not desired of the system. Requirements are usually formed based on
customer needs, physical interfaces, environmental limitations, legacy knowledge, etc. These
primary requirements are then passed down to the teams designing the sub-systems. These lower
level teams base their design on the requirements, at the same time forming their own requirements
and passing them down to further subsystem levels. This continues further and the subsystems are
designed based on the requirements set forth. The designs are then integrated to form a complete
system. While integrating, if there is a misalignment with respect to requirements, the requirements
are altered until a preferred design is obtained. Any integrated system that meets all requirements

is then considered acceptable. However, this approach does not capture the true preferences of the
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stakeholders as requirements only serve as proxies to the actual preferences. They represent what
the stakeholder does not want rather than what is wanted. This leads to a lack of consistency in the
communication of preferences across the subsystems (and even organizations) involved. Also,
current systems engineering processes do not offer a mathematical foundation to compare designs
that satisfy requirements and therefore all the designs that satisfy requirements are treated equal.
In other words, there is no existing framework for system optimization. Requirements restrict
design exploration thereby constraining designer freedom. An alternative systems engineering
approach called Value-Driven Design (VDD) offers a new perspective on complex system design,
where the preferences of the stakeholder are communicated through a decomposable mathematical
function called value function, while reducing the number of requirements placed on the design
space [7]. Hence, VDD enables an improved means of promoting system consistency in
communicating preferences. VDD is a way of thinking and does not provide any tools or methods
to design. The value function, which is a special case of an objective function, is singular in unit
and enables direct comparison of design alternatives.

Requirements-based systems engineering approaches use Interface Control Documents
(ICDs) to address interactions [8], which do not mathematically capture the physics-based
couplings present in the system. Multidisciplinary Design Optimization (MDO), a field that
evolved from structural optimization was established to enable optimization of the system by
addressing the inherent interactions to achieve system consistency associated with physics [9-11].
Couplings are captured both in analysis and optimization. In traditional MDO, preferences are
communicated using an objective function subject to constraints from traditional systems
engineering [12]. It should be noted that MDO does not provide a way to formulate an objective

function. Traditionally, designers formulate optimization problems using some proxies for the
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objective functions, such as mass or cost in the case of a commercial system, whereas the true
preference might be net present profit. The role of VDD is to represent the true preference(s) of
the stakeholder in a value function (which serves as the objective function), with a side benefit of
reducing constraints due to requirements.

Current approaches in systems engineering do not offer a rigorous method on how to make
design decisions when uncertainties are present. As mentioned earlier, design is a decision-making
process and it involves a number of individuals, and past research has already shown that when
uncertainties are present, an improper communication or no communication of risk preferences
will result in designers making decisions based on their own risk preference [13]. This results in
designs that are not consistent with the stakeholder’s desires. Decision Analysis (DA), a normative
model, facilitates decision-making under uncertainties [14]. DA provides a mathematical
framework for decision-making in an uncertain design environment using expected utility theory
[14, 15]. In utility theory, the value and risk preferences of an individual are captured using a utility
function and the most preferred design has the highest expected utility [16].

The focus of this research is to address the consistency issues present in the current systems
engineering processes by bringing together Value-Driven Design (VDD), Multidisciplinary

Design Optimization (MDO) and Decision Analysis (DA).
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Research Questions

The following specific research questions were formed based on the issues identified in the

current systems engineering processes.

Research question 1

“Can Value-Driven Design (VDD) and Multidisciplinary Design Optimization (MDO) together
enable system designs that are consistent with stakeholder desires and consistent in system
physics?”

This research question will be addressed by creating a value function formulation associated with
a satellite system example that captures the true preference(s) of the stakeholder and by capturing
the couplings present in the system using multidisciplinary analysis thereby ensuring consistency
in system physics. Comparisons will be made between traditional objective function formulations
and value formulation to reflect how a value-based approach yields the stakeholder-desired system

design.

Research question 2

“Can incorporation of coupling information in value function decomposition in a hierarchically
decomposed system provide greater potential for system optimization by enabling consistency in
communication of system value preferences as well as enabling more realistic and informed
tradeoffs?”

This research question will be tackled by proposing a Value-Based Systems Engineering (VBSE)

framework that is founded on VDD and MDO principles that supports system optimization in a
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hierarchically decomposed system. Couplings will be captured mathematically and incorporated
into the framework in the context of system decomposition, thereby representing the inherent

interactions to enable proper tradeoffs. The satellite system example will be used as a test case.

Research question 3

“Can communication of both value and risk preferences of the stakeholder when uncertainties are
present enable design decisions that are consistent with the desire of the stakeholder?”

This question will be addressed by exploiting the complimentary nature of VDD, MDO and DA
using the VBSE framework and contrasting the effects of miscommunication or no communication
of risk and value preferences in a hierarchical organization using utility functions, which capture

both risk and value preferences.

Organization of Dissertation
The dissertation will be organized starting with the necessary background and then moving into
defining the satellite example and finally into the core research. In this chapter the motivation
behind the research and the issue pertaining to the current systems engineering processes were
discussed. Chapter 2 focuses on all the necessary background needed for the research. Chapter 3
focuses on describing the satellite model associated with both the conceptual and preliminary
design phases. Chapter 4 focusses on addressing the issues associated with consistency in system
preferences using a value function formulation. A value function for the satellite system is created
in this chapter in addition to other traditional objective function formulations. Chapter 5 focuses
on addressing the consistency issues associated with communication of system preferences in a

hierarchically decomposed satellite system in addition to focusing on incorporating coupling
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information in value function decomposition. Chapter 6 focuses on system optimization in a
hierarchically decomposed environment by proposing the VBSE framework. Chapter 7 focuses on
addressing the issues with miscommunication or no communication of risk preferences to enable
consistent design decision-making. Utility functions are used in this chapter to capture risk and

value preferences and are used in the proposed VBSE framework to communicate the preferences.

www.manharaa.com




CHAPTER 2

BACKGROUND

Systems Engineering

Most modern Large-Scale Complex Engineered Systems (LSCES) are extremely complex
and multidisciplinary, involving diverse disciplines spanning geographical locations working
towards a single system design. These elements make it difficult to address the design of LSCES
as a whole. Systems Engineering (SE) evolved as a discipline during the second half of the 20™"
century as a means to tackle the challenge of design of LSCES thereby enabling the realization of
successful systems. It is fundamentally concerned with identifying the building blocks of a large
system design, characterizing the relationships between those blocks or elements and verifying
that the design is assembled and operated as intended in its environment [17-20]. NASA defines
the process of SE as identification and quantification of system goals, creation of alternative
system design concepts, performance of design trades, selection and implementation of the best
design, verification that the design is properly built and integrated, and post-implementation
assessment of how well the system meets (or met) the goals [17]. The process of SE can be
explained in more detail using the classic V-model (Fig. 2.1), which represents the steps in systems

development lifecycle [18].
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Figure 2.1: Systems Engineering V-model
The process starts with identifying customer needs and these are then communicated to subsystems
using system requirements. The subsystem requirements are further broken down and
communicated to smaller teams that design a component. This is indicated by the ‘Definition,
Decomposition and Allocation’ phase in Fig. 2.1. This is followed by design implementation,
integration and verification of the design, where iterations are performed on the design to meet
stakeholder desires, if they don’t match the preferences. Requirements are used as proxies for the
actual preferences and are flowed down the hierarchy. In essence, the requirements represent what
the stakeholder does not want rather than what is wanted. They define a hyperspace in which
design variables (parameters) must fall, but provide no system level guidance as to a best choice
within the hyperspace. For example, a very high level requirement based on cost is communicated
in such a way that the stakeholder does not want a system that exceeds a certain cost. This also

limits the exploration of other designs that are expensive but yield more profit. In addition to not
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providing a framework for system optimization, the requirements-driven SE approaches also limits
design space exploration. The lack of system optimization results in the lower level designers being
unaware of the impact of subsystem design decisions on the overall system. All this leads to a lack
of system consistency in preference communication across the organizations involved.

The conventional systems engineering process incorporates a hierarchical decomposition
based on a requirement-based framework, as shown in Fig. 2.2. The design process is decomposed
into smaller sub-systems, which are characterized either by disciplines or by function. This
decomposition results in creation of couplings/artificial boundaries, which are then addressed by
using Interface Control Documents [17, 18, 21]. By taking into account the processes in the
systems engineering approach and by considering the reality of large-scale systems, it is clear that
the behavior of the couplings is highly complex and cannot be addressed by just using the Interface
Control Documents (ICD) and that a rigorous mathematical representation of couplings is needed.

The failure to address physics-based interactions results in a system that is not consistent in

physics.
GEO Communication Satellite
| |
1 1 1 1 1 | 1 1 1 |

si Launch

Payload Ground P(rEosgt;gn Power ACDS Thermal Structures Vehicle
el Satellif Ground 4
Satellts s Gr.ound e Propellant Power Source Power Storage | | Thermal Finish Radiator & Bus Material
Transponder Antenna Transponder Antenna Heater
Satellite Satellite Ground J- Ground
Transmitting Receiving transmitting receiving | ke=fPropellant Tank]

Antenna Antenna antenna antenna

Figure 2.2: Hierarchical decomposition of a satellite system (Preliminary design)
In addition to inconsistency in communication of system preference and physics, requirements-
driven SE approaches also have the issue of inconsistency in design decision-making when
uncertainties are present. In the requirements world, uncertainties are treated in the form of

tolerances and the attitude of design decision-makers towards uncertain designs has not been
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addressed [13, 22]. The design process associated with LSCES involves decision-making at all
levels of the hierarchy [1]. LSCES like satellites and aircraft are extremely complex and involve a
huge number of individuals making decisions throughout the hierarchy of the organization. The
Boeing Company alone employs 167,865 people as of October 30th, 2014 to serve both their
commercial and defense sectors [10]. With so many decisions being made by thousands of people,
it is crucial to have consistency across the system to result in a system that is desired by the

stakeholder.

Multidisciplinary Design Optimization

Multidisciplinary Design Optimization (MDOQO) was promoted in the 1980s as a means of
enabling optimization of a system as a whole involving couplings between disciplines or
subsystems of the system, where the impact of couplings was modeled in both analysis and
optimization. MDO leverages the couplings between subsystems to create sophisticated
optimization frameworks to handle systems composed of many subsystems, thereby enabling
consistency in physics [9]. Initially MDO focused on bi-level hierarchical decompositions [23]
and evolved into focusing on total system optimizations [11, 24, 25]. To meld MDO to the system
practices that were in use, requirements were implemented into the frameworks as constraints.
However, due to the use of an objective function, the designer is able to differentiate between
feasible designs. While making MDO applicable for use in practice, the requirements reduce the
abilities of the optimization process by restricting the design space. In MDO the choice of
objective function is often left to component or subsystem teams, rather than reflecting the system

preference. It should be noted that MDO does not provide a means for generating an objective
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11

function but assumes such a function already exists. MDO enables the differentiation among
feasible designs (those that are bounded by requirements) using the objective function. However,
the objective function generally is only a proxy for the true system preference (e.g. cost, weight,
or performance). Often, multi-objective optimization is used as a means of including more than
one objective in a single function in an attempt to explore trade-offs amongst these objectives [12,

26].

Design Structure Matrix (DSM)

One of the useful ways to represent couplings in a system is by using a Design Structure
Matrix (DSM) as shown in Fig. 2.4 [27-31]. Let us consider a simple coupled system consisting
of three disciplines (Aerodynamics, Structures and Controls) as shown in Fig. 2.3. The X’s and
Y’s in Fig 2.3 represent the design variables and coupling variables (which are a subset of behavior
variables) respectively. Design variables are the independent variables associated with each
discipline that define the design, whereas behavior variables represent the behavior of a particular
discipline associated with a specific design. Coupling variables represent the interactions between
these disciplines as indicated by Y’s in Fig. 2.3. The presence of couplings is represented using
dots in the DSM (Fig 2.4). When the number of interacting disciplines increase, representing the
interactions using Fig. 2.3 becomes challenging. DSM makes it easier to represent the interactions

between the subsystems/disciplines when the number of disciplines explode.
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Figure 2.3: Coupled System
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Figure 2.4: Design Structure Matrix (DSM)

Multidisciplinary Design Feasible (MDF) Framework

Past researchers [11, 32-35] have reviewed the many frameworks that have been developed
in the field of MDO. This research particularly uses the Multidisciplinary Design Feasible (MDF)
framework shown in Fig 2.5. MDF [32, 35] is an MDO framework that uses a single system level
optimizer. The optimizer distributes design variable values to a system analysis which sends back
system outputs for use in the optimization method. The system analysis converges the coupled
subsystems (SS1, SS2 and SS3) to ensure both subsystem and system consistency for each set of

design variables determined by the system optimizer.
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Figure 2.5: Multidisciplinary Design
Feasible (MDF) Framework

Global Sensitivity Equations (GSE)

Sensitivity analysis provides a way to determine the effect of a design variable on the behavior of
the system. This is really useful during post-processing as well as in creating lower-fidelity models
based on sensitivities. One of the methods that provides a means of obtaining sensitivities is the
Global Sensitivity Equation (GSE) method [36]. The GSE method provides a means for obtaining
system sensitivities in terms of local (disciplinary) sensitivities. The sensitivity information
obtained from GSE can then be used to construct a linear approximation to the behavior response.
These system sensitivities are also useful in coupling suspension and reduction [37, 38], and
subsystem/system optimization. The GSE will be used extensively in this research as it provides a

cost effective way of computing derivatives as opposed to other methods like finite difference
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method [39, 40], complex step derivative method [41], adjoint methods [42], which are
computationally expensive. The Global Sensitivity Equation associated with the simple coupled
system, provided in Fig. 2.6, is represented in Fig 2.7. Figure 2.7 represents the total or global
sensitivities of the behavior variables with respect to all the design variables in terms of the local

or partial derivatives.

i}
=P Subsystem A Subsystem B (=
Xy AEA

B

Figure 2.6: Simple Coupled System
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- 0
oY, || dX, dXg | | oX,

LY, |[dYe dYe |T| 0 oY

oY, dX, dX, X,

Figure 2.7: Global Sensitivity Equation (GSE)

Value-Driven Design

Recently, a new systems engineering approach (VDD) has been proposed as an alternative
to traditional systems engineering approaches [7, 43]. VDD enables system optimization by
capturing the true preferences of the stakeholder through a single value function (an objective
function) and reducing the requirements placed on the design space thereby providing further
freedom to the designer [7]. The VDD process is represented in Fig. 2.8, which shows how
optimization can be performed in the context of VDD.

Value functions are formed as a function of system characteristics known as attributes. The

value function has a singular unit (such as dollars or probability of mission success) that directly
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correlates to the stakeholder’s preference, with attributes being functions of lower level attributes

and design variables. This formulation of a value function allows for a direct comparison of design

alternatives from a wide range of systems that share the same set of attributes, as trade-offs are

inherently captured in the value function through a single mathematical relationship. For example,

a value function might be constructed as a function of attributes such as speed, cost, range, etc.,

that could lead to the design of two radically different system alternatives, such as a boat or a

plane. This enables the two alternatives to be compared with one another in the unit of dollars by

using a value function of maximizing profit. In VDD, the value function is decomposed and

distributed to lower level subsystems to enable more informed and consistent decision making

[44].

Improve
i Optimize
o= » Value
|— Value-Driven
Attributes . Design Variables
(Weight, Cost) Des:gn Process (Length, Radius)
WV 2% Definition
) =

CAD Models

Configuration

Figure 2.8: Value-Driven Design Process

One of the important aspects of VDD is aiding the designer in problem formulation. One

of the focuses of this research is to show how VDD aids the designer in formulating the problem

to true preferences by capturing the desires in an objective function/value function and by

reducing/eliminating constraints due to requirements [12].
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Decision Analysis (DA)

Decision-Making under Uncertainty

Traditionally, designers use tolerances and factors of safety on the design to address uncertainty.
These tolerances and safety factors do not have a mathematical foundation and are usually
determined from past experience and knowledge. Previous researchers have addressed these issues
by quantifying uncertainties [45-51] and propagating [52-55] them throughout the design by
aiming at improving the robustness and reliability of the system [22]. In this dissertation, only the
uncertainties associated with the design variables are considered and are modeled through
probability distributions. The uncertainties are then propagated using Monte-Carlo Sampling
(MCS) method [53], where repeated sampling and simulation is performed to obtain the behavioral
response. Other lower order methods exist that are used in propagating uncertainties.

Designing with uncertainty in the context of MDO has also been addressed [22]. Mean and
standard deviation of objective function subject to constraints were used to reflect the design
preference with uncertainties, both in robust design optimization (RDO) [56-58] and reliability-
based design optimization (RBDO) [22, 58-60]. Decisions made on mean and standard deviations
are only applicable to distributions that are normal, whereas when the distributions are skewed, a
more rigorous method is needed to make decisions. In the past research, the risk preference of the
designer was not captured and was assumed to be risk neutral [13, 22]. Studies have shown that in
an uncertain design environment an improper communication or no communication of risk

preferences will result in designers making decisions based on their own risk preference [13].
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Figure 2.9: Deterministic Design Alternatives
It is straightforward to choose between alternatives in a value-based environment if the designs
are deterministic, where only the value preference of the stakeholder is needed, as shown in Fig.
2.9. The preferred design is alternative 2 as it has more outcome value than design alternative 1.
However, when uncertainties are present it becomes challenging in selecting design alternatives.
It can be seen from the probability distributions provided in Fig. 2.10 that it is not straightforward
to choose between the design alternatives. Choosing a design alternative under uncertainty requires
both the value and risk preference of the individual, where the risk preference captures the person’s

desires concerning uncertainties.

Design
...... Alternative 1

Design
m— f\|ternative 2

Outcome Probability

Qutcome Value
Figure 2.10: Uncertain Design Alternatives
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Decision Theory deals with the analysis of the behavior of an individual facing uncertainties.
Normative or prescriptive decision theory is concerned with how individuals should make
decisions, whereas descriptive decision theory deals with how decisions are made [61-64].
Decision Analysis (DA) is a normative approach that provides a framework for decision-making
while uncertainties are present using expected utility theory [16]. Other variants exist like
subjective expected utility theory, which uses subjective probabilities in the form of beliefs
compared to objective probabilities in expected utility theory [65]. Some of the other normative
models that are closely related to expected utility theory are Causal decision theory and evidential
decision theory [66-68]. On the side of descriptive decision theory, prospect theory deals with how
choices are made rather than optimal choices using heuristics [69]. This research particularly deals

with normative decision theory as it deals with optimal choices rather than real life choices.

Expected Utility Theory

Expected utility theory is a mathematical method that is used to collapse probability distributions
associated with uncertain outcomes into a single expected utility that is consistent with the risk
preferences of the individual [70]. In utility theory, the risk preferences of an individual are
captured using a utility function and the most preferred design has the highest expected utility [16].
Equation 2.1 shows an example of a utility function that relates an outcome (V) to the value (U)
that a person receives.

uw) = —%e‘av (2.1)
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Construction of utility functions are outside the scope of this research and readers are
recommended to read the stated references, which use experimental methods to elicit risk
preferences [71]. Utility functions that are widely used in literature have been used in this research
by tweaking the risk parameters to result in a desired risk preference, as will be seen in chapter 7.
Utility functions are constructed in such a way that they follow the von-Neumann — Morgenstern
preference axioms [16]. Before delving into risk preferences, it is important to understand the
following terminologies that characterize the preferences.
e Expected outcome represents the anticipated measurement of the lottery and is represented
as shown in Eq. 2.2, where V; is the measurement associated with alternative i and P(i) is

the probability of that measurement occurring.

Expected Outcome = Z Vi x P(V;) 22)
i

e Equation 2.3 represents the utility of expected outcome, where U represents the utility
function as seen in Eq. 2.1. Equation 2.3 represents the player’s value of expected outcome

if given to him directly.

Utility of Expected Outcome = U(Expected Outcome) (2.3)

e Expected utility, as shown in Eq. 2.4, is the player’s anticipated value of the lottery, which

captures the preferences of the individual towards risky choices.

Expected Utility = Z U(V;) x P(V) (2.4)
i
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e Equation 2.5 represents certainty equivalent, which is the minimum measurement that the

player would accept instead of playing the game.

Certainty Equivalent = U~ (Expected Utility) (2.5)

Risk preferences
Generally risk preferences can be grouped into three categories namely risk averse, risk-loving and
risk neutral. When faced with design alternatives under uncertainty, people tend to be risk averse

(avoiding risk).

Risk averse

If an individual’s utility of expected outcome of the lottery is greater than his/her expected utility
from the lottery, then he/she is said to have a risk averse preference. These individuals avoid risk
and will always sell the lottery ticket for the expected outcome (likely for less as well) than play
the lottery. The utility function associated with this preference is concave down as indicated by

the blue curve in Fig. 2.11
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Figure 2.11: Risk Preferences
Risk loving

An individual is said to have a risk loving preference if the utility of expected outcome is less than
his/her expected utility from the game. These individuals will always buy the lottery ticket for
expected outcome (likely for more as well) than not play the lottery. The utility function associated

with a risk loving individual is represented by the red curve in Fig. 2.11.

Risk neutral

If an individual has the utility of expected outcome equal to his/her expected utility from the game,
then he/she is said to have a risk neutral preference. These individuals are indifferent between
selling the lottery ticket for the expected outcome and keeping the ticket. The risk neutral utility

function is represented by the green line in Fig. 2.11.
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CHAPTER 3

SATELLITE SYSTEM

A geo-stationary commercial communication satellite system has been created as a testbed for the
research. The fidelity of the models increase in complexity going from the conceptual to
preliminary design phase. It should be noted that the models created in this chapter are approximate

and are based on past data and knowledge with some educated assumptions.

Lower Fidelity Satellite Model

The satellite system includes a communication satellite, a set of ground stations and a launch
vehicle to get the satellite into orbit. A communication satellite is essentially a transmission relay.
It receives a signal from a transmitting ground station, amplifies the received signal, processes the
signal, and then transmits the signal back to a different receiving ground station. The satellite has
a payload that accomplishes the mission objective of the satellite. The satellite’s bus consists of
all the subsystems that aid the satellite in accomplishing the mission objective. The mission
objective of a television broadcast satellite is to re-transmit the signals received from a ground
station to another ground station efficiently and effectively. In this example, the three main
systems involved are the satellite, ground support, and launch vehicle, with subsystems associated
with two of these. Each of the individual subsystems and the payload of the satellite are described

in Appendix A, as well as the associated analysis equations.
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Figure 3.1: Discipline-based DSM (Conceptual)

Figure 3.1 shows the discipline-based DSM for the conceptual phase, which has a total of 9
continuous design variables (Table 3.1), 22 behavior variables (Table 3.2), and 4 system attributes.
Here, the term discipline-based is used to represent the interaction of disciplinary analysis models
in the system. Feed-forwards are indicated in the upper right quadrant and feed-backs in the lower
left. This lower fidelity model of the satellite system is primarily used in Chapter 4 of the research,
in which the importance of capturing the true stakeholder preferences using a value function is

demonstrated.
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Table 3.1: Description of Design Variables

Design Description

Variable

faown Downlink frequency in Hz

fup Uplink frequency in Hz

Pt Satellite Transmitter power in Watts

Pqt Ground Transmitter power in Watts
Dsat,trans Satellite transmitting antenna diameter in m
Dsat rec Satellite receiving antenna diameter in m
Dground, rec Ground receiving antenna diameter in m
Dground,trans Ground transmitting antenna diameter in m
€ Energy density of the battery in W};ghr

Table 3.2: Description of Behavior Variables

Behavior variable Description

Mopayload Mass of the payload in kg

Ppayload Power required by the payload in Watts (W)
Miransponders Mass of the transponders in kg

Moropeliant Mass of the propellant in kg

Msa Mass of the solar array in kg

Mbattery Mass of the battery in kg

Array size Area of the solar array in m?

Mabcs Mass of the ADCS in kg

Pabcs Power required by the ADCS in W

Mgrw Mass of the reaction wheels in kg

Mihermal Mass of the thermal system in kg

Pthermal Power required by the thermal system in W
Mbus Mass of the satellite bus in kg

Ls Length of the bus in m

I's Radius of the bus in m

ts Thickness of the satellite bus in m

Masat trans Mass of satellite transmitting antenna in kg
Msat,rec Mass of satellite receiving antenna in kg
Vprop Volume of the propellant tank in m*
VBattery Battery volume in m®

Vrw Volume of the reaction wheel in m3

Virans Volume of the satellite transponders in m®

Table 3.3 describes the couplings between the subsystems. The first column of Table 3.3 depicts

the receiving subsystems with their corresponding row detailing the behavior variables
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disseminated to them by the other subsystems. The header of the column of each behavior variable
determines the subsystem from which the behavior variable originates. For example, in Table 3.3
consider the 3 row, representing the Power subsystem. The Power subsystem receives the power
needed by the Payload (Ppayload), ADCS (Papcs), and Thermal (Ptherma) Subsystems as inputs. As
seen in Fig. 3.1 and Table 3.3, the example satellite system is highly coupled, representative of a

typical LSCES.

Table 3.3: Description of Couplings

Sending Payload | Propulsion | Power | ADCS | Thermal | Structures | Launch
Receiving Vehicle
Payload |- - - - - - -
Propu Ision Mpayload - Msa, Mabcs Mihermal Mous -
Mbattery
Power Ppayload - - Pabcs Pthermal - -
ADCS Msat,trans Mpropellant MSA, - Mthermal Mbus, Ls, Is, | -
Msat,rec Mbattery, ts
Array
size
Thermal - - Array - - Ls, Is -
size
Structures | Mpayioad, Mopropeliant, Msa, Mabcs, | Mihermal - -
Virans Vprop Mbattery, Vrw
VBattery
Launch Moayload M propellant Msa, Mabcs Mthermal Mbus -
Vehicle Mbattery

Higher Fidelity Satellite Model
In Chapters 5-7, a higher fidelity model of the satellite system is used (associated with a
preliminary design phase) that corresponds to the organizational decomposition shown in Figure
3.4. In the higher fidelity model, the satellite system is decomposed into three levels of hierarchy
and eight major subsystems at level 1 as shown in Fig. 3.4. The eight major subsystems at level 1

are further decomposed into lower level subsystems as shown in Fig. 3.4. The discipline-based and

www.manaraa.com



26

attribute-based DSM’s are shown in Figures 3.2 and 3.3. The attribute-based DSM represents the
organizational (team-based) couplings which are present between the different subsystems at
subsystem level 1 (SL1), the first level of the hierarchy. A total of 36 design variables define the
satellite system, out of which 14 are continuous and 22 are discrete. Most of the discrete design
variables define technology choices associated with each of the subsystem. A detailed description
of the attributes and design variables associated with all the levels of the hierarchy is provided in
the Appendix. Attributes are critical in this study as the value function comprises of relationships
of attributes. These attributes that characterize the subsystems may be functions of lower level
attributes. These attribute might be behavior variables or may themselves be functions of behavior

variables.

Design Variables

Comm.
[

r

Propulsion

Power

Control ®

Thermal
L J

@ i Structures

¥

Business

Figure 3.2. Discipline-based DSM (Preliminary)
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Figure 3.3. Attribute-based DSM (Preliminary)
This higher fidelity model is used to demonstrate the necessity of including system sensitivities in
the decomposition of the value function (Chapter 5), including scorecard representations. It is also
used in Chapter 6 and 7, in which the proposed Value-Based Systems Engineering (VBSE)

framework is demonstrated to support system optimization, incorporating VDD, MDO and DA

principles.
GEO Communication Satellite
I
I I I I I I I 1
Launch
Payload Ground Pégg;ign Power ACDS Thermal Structures Vehicle
? i : 3
Satellite Siktte Ground Croond Propellant Power Source Power Storage | | Thermal Finish Radiator & Bus Material
Transponder Antenna Transponder Antenna Heater
——
Satellite Satellite Ground Ground
Transmitting Receiving transmitting receiving | k=fPropellant Tank]
Antenna Antenna antenna antenna

Figure 3.4: Hierarchical decomposition of a satellite system (Preliminary design)
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CHAPTER 4

CONSISTENCY IN SYSTEM PREFERENCES

In traditional systems engineering approaches, the requirements are viewed as a pass/fail
characteristic, such that if a requirement is violated, the design is a failure. This would necessitate
aredesign or possible trade-off of requirements across the system, resulting in time and cost delays.
Also, all designs that pass the requirements are viewed as equal, without an overarching design
objective. Using pass/fail criteria is insufficient to differentiate between designs that fail slightly
versus those that fail significantly. These issues are magnified when requirements are based on
such origins as legacy design knowledge or organization traditions, often restricting the design
space unnecessarily.

Present systems engineering procedures make implementation of MDO across the system
difficult, if not impossible. MDO has found application in industries within lower level teams,
generally during detailed design. It is also used in conceptual design phases, where an abstraction
of the actual system is visualized for multi-objective optima. In these applications, the design team
often chooses an objective function most relevant to the component or subsystem being designed.
Hence, the problem formulation, while relevant to the component or subsystem, will not provide
direct insight to the system as a whole. This leads to inconsistency in design preferences across
the system, which then leads to a final system design that none of the disciplines actually prefer.
The primary focus of this chapter is to tackle research question 1 by emphasizing why and how
problem formulation is important in reflecting the true preferences of the stakeholder of the system,

and ultimately how system consistency can be improved using an MDO augmented VDD
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formulation. The lower fidelity models associated with the conceptual phase of the satellite system
design process, defined in Chapter 4, is used here for demonstration purposes.

In traditional satellite MDO applications, designers are interested in formulating
optimization problems using mass of the satellite, cost of the satellite or some combination of
characteristics as the objective function [26, 51, 72-81]. These objectives are chosen as proxies for
the true preference, such as profit or mission success. It will be demonstrated in this study that
vastly different systems will be obtained with these proxy objective functions, compared to using
the true preference directly.

The optimization software used in this study is built-in MATLAB optimizer [82], validated
using independently coded C++ optimization algorithms. The optimization method used in the
various MDO frameworks for constrained problems (traditional objective function/requirement
formulations) is the MATLAB function ‘fmincon,” using the interior-point algorithm. The
constrained problem solutions are verified using the heuristic optimization algorithm, Particle
Swarm Optimization (PSO) [83, 84], with a penalty function to account for constraint violations
and a neighborhood approach to increase the likelihood of finding the global optimum [85, 86].
PSO is used for the value function formulation due to the need for a robust method as the design
space is non-restricted and more complex than the traditional proxy objective functions

investigated.

Traditional Objective Function Formulations (Cases 1-6)

The traditional satellite MDO problem formulations using proxies as objective functions

are first examined, followed by a value function problem formulation. Six different examples of
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traditional satellite MDO objective function/requirement formulations are presented, as outlined

in Table 4.1. For each objective function, two cases are explored pertaining to whether the launch

vehicle has been predetermined or not.

Table 4.1: Traditional objective function

formulations

L. . Predetermined

Case | Objective Function Launch Vehicle
1 Minimize Mass Yes
2 Minimize Mass No
3 Minimize Total Cost Yes
4 Minimize Total Cost No
5 Multi-Objective Yes
6 Multi-Objective No
7 Value Function No

Traditional objective function and requirements: Cases 1 and 2 - Minimize mass

In traditional satellite system design formulations, a common objective function is that of

the minimization of the mass of the satellite [26, 51, 72-74, 76, 77, 87]. This objective function

has been traditionally used in aerospace systems due to its relationship with the cost of the system.

Generally, as the mass of an aerospace system increases the cost of the system increases. This

relationship stems from the heavy financial burden of placing each pound of payload into orbit

[88]. The constraints used in the traditional proxy objective function formulation are

representations of the desires of the stakeholder, indicating regions of the design space that they

have deemed infeasible. There are many origins of constraints, some of which (especially for

incremental designs) are legacy design knowledge and organization traditions, providing the

stakeholder or designer a starting point in constraint determination.
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Several constraints are created for the satellite system example to reflect the traditional
system design practice. Two scenarios concerning the launch vehicle for the satellite are
considered, one in which the launch vehicle is predetermined and one in which it is not. When the
launch vehicle is predetermined, many constraints must be considered. These constraints represent
the stakeholder’s desire for the satellite system to be delivered into orbit by a particular launch
vehicle. These constraints relate to the launch vehicle’s payload capability in terms of both mass
and size. For the example, one requirement formed is that the sum of mass of all the subsystems
is constrained to be less than 1000 kg. Also, the array size must be less than 40 m? to fit in the
payload envelope of the launch vehicle and the dimensions of the satellite bus must be less than
the payload envelope diameter and length. The signal to noise ratio constraint exists not because
of a launch requirement but rather a performance requirement.

Apart from inequality constraints, side constraints (side bounds on design variables) are
imposed on the example problem. These side constraints are derived from common satellite system
design practices [89]. The uplink and downlink frequencies are bounded within the High
Frequency (HF) to Very High Frequency (VHF) range. The satellite transmitter power (Py) is
bounded in the range of 300-3000 W, which for this satellite corresponds to 10-100 onboard
transponders, as Pt is directly proportional to the number of onboard transponders (the power per
transponder is 30 W). A wider bounding range is used for ground transmitter power (Pg) due to
the flexibility associated with the ground equipment. The diameters of the satellite antennae and
the ground antennae are constrained in accordance to industry standards. The energy density of

the satellite battery is constrained based on typically used batteries.
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find X = [faown: fup: Pe: Pges Dsat erans: Dsatrecs Dgrounda,rec: Dgrouna,erans: €T (1)
Min f(X,y) = Miotai
s.t. 91:10dB — SNR omposite < 0
92: Mpayioaa + Mpropetiant + Mpower YMapcs + Minermar + Mstructures — 1000 < 0
gs: Array size —40m? < 0
gs:Ls —5m <0
gs:its —2.5m<0
1GHZ < fyown < 100 GHz
1GHz < f;, <100 GHz
300W <P, <3000W
300 W < Py <30000W
0.5m < Dggt trans < 2.5m,
0.5m < Dggtrec < 2.5m,
2m < Dgrounarec < 20m
2m < Dground,erans < 20

W — hr W — hr
<e <200

35
kg kg

Design case 1: Minimize mass with specified launch vehicle
The formal optimization statement in standard notation for the traditional Case 1 is shown
in Eq. (4.1), which includes all of the requirements described previously. The optimal system

design, as well as the associated objective functions and inequality constraint values for the
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traditional proxy objective function formulation Cases 1 and 2, are shown in Table 4.2. It is shown
that some of the design variables are driven to either their upper or lower bounds at the optimum.
Variables not driven to their bounds do have the possibility of influencing the design. For example,
the frequencies are not directly related to system mass (i.e. a change in only frequency does not
correlate directly to a change in mass) but are indirectly related through the signal to noise ratio,
the gain and the antenna diameters. Similar relationships can be observed for the ground antennae
diameters and the ground transmitter power. The values shown in Table 4.2 for the design variables
which are not at a bound are equivalent to their initial optimization algorithm settings. Design
variables that only impact constraints will remain at their initial values until the constraint becomes
active. Hence, a multitude of optimal solutions will result based upon the initial values chosen.
This example illustrates a flaw in the traditional formulation, where as long as a preference
represented by a constraint is satisfied, there is no need to improve the system characteristics
captured solely by that constraint. For example, all Signal to Noise Ratios above 10db are viewed
as acceptable, where in actuality the signal will be impacted with differing acceptable ratios. The
bound to which the design variables that reside on a side constraint are driven correlates to the
design variable’s relationship to the mass of the system, as the objective function is simply
concerned with minimizing mass. For example, smaller diameter antennas and lower transmitter
power (resulting in less transponders on board) result in a system with less mass.

The traditional proxy objective function formulation demonstrates the influence that
constraints have on a design. The constraints do not allow exploration into the infeasible region
and provides a solution that doesn’t actually capture the true preference of the stakeholder. The
objective function captures a system characteristic (mass), that is related to an economic system

characteristic (cost), which is not the stakeholder’s true preference (such as maximize profit).
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Table 4.2. Optimal Design for Cases 1 and 2

Cases 1 and 2
. . . Constraints and
Design Initial Optimal Objective Values
Variable Values Values function

fdown 5 GHz 5 GHz Case 1l

fup 5GHz 5GHz F 422.9

Pt 500 W 300 W g1 -10.97

Pgt 500 W 500 W g2 -577

Dsat trans 1m 0.5m g3 -22.3

Dsat rec 1m 0.5m 04 -4.04

Dground,rec 5m 5m gs -2.18

Dground,trans 5m 5m Case 2

£ 50 W,;ghr 200" | |F 422.9
01 -10.9

Design case 2: Minimize mass without specified launch vehicle

The problem formulation associated with Case 2 is identical to Case 1 with the exception
that the design of the satellite is no longer constrained by the launch vehicle requirements. For
this case, it is assumed that a launch vehicle is always available that can accommodate the optimal
satellite design. To represent this case the problem represented in Eq. 4.1 is modified by
eliminating the inequality constraints g.-gs, which capture the requirements imposed by the
preselected launch vehicle. Table 4.2 represents the optimal design of the satellite using the
formulation of Case 2 (Eq. (4.1) without g»-gs). It can be seen from Table 4.2 that even after
eliminating the constraints, the optimal design is the same as Case 1. The optimal designs are

identical due to the restrictions that the side constraints are placing on the design space and the

inactivity of the predetermined launch vehicle constraints. Case 1 and 2 exemplify a downfall of
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traditional formulations in which the constraints restrict exploration of the design space. In these
cases of traditional use of requirements, design variables that are primarily related to the
determination of a constraint variable, such as signal to noise, may have a range of optimal values

which produce a satisfied constraint and identical objective function values.

Traditional objective function and requirements: Cases 3 and 4 - Minimize cost
The objective functions of Cases 1 and 2 use mass as an approximation of cost. To explore
the impact that a more accurate cost model has on the design of the example satellite system,
empirical cost relationships are constructed [89] and used to form an objective function based on
cost. Cost is commonly used as an objective function in the satellite industry, as is mass. While
this cost model is still only an approximation, it captures much of the complexity of a realistic
system cost model. The formulation for the system design incorporating the cost model is shown

in Eq. 4.2.

: _ T
flnd X = [fdown: fup: Pt: Pgt: Dsat,trans: Dsat,rec' Dground,recr Dground,transr E] (4'2)

Min f(X,y) = Total Cost
s.t. 91:10dB — SNR omposite < 0
92! Mpayload + Mpropellant + Mpower +MADCS + Mthermal + Mstructures —1000<0
gs: Array size — 40m? < 0
ga:Ls —5m <0
gs:ts —2.5m<0
1GHz < fyoun < 100 GHz
1GHz < f,, <100 GHz
300W <P, <3000W
300W < Py, <30000W
0.5m < Dggt trans < 2.5m,
0.5m < Dggtrec < 2.5m,
2m < Dground.rec < 20m
2m < Dground,trans <20m

W — hr W — hr
35 <e <200
kg
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The cost based objective function is used for both Cases 3 and 4, with the difference
between the cases resulting from the elimination of launch vehicle constraints, as was done with
Cases 1 and 2. Given that the cost model takes into account the cost of the launch vehicle, the
launch vehicle constraints here are associated with a maximum launch vehicle (in terms of payload
size and mass), that the stakeholder wishes to use based on a belief that larger launch vehicles
would be too costly. The system cost equations are given in Appendix A. These equations take
into account various relationships between the design variables and the capital necessary to achieve
the system design. For example, the system cost model takes into account the direct relationship
between increasing ground transmitter power and increasing cost due to the equipment necessary
to achieve the increase, a direct relationship that was not captured in the minimize mass objective
function of Cases 1 and 2. Costs including maintenance and end of life product disposal are not
included in this model, but could be added if desired. Table 4.3 represents the optimal design and
the values of the objective function and constraints that were obtained using Eq. (4.2). Table 4.3
also represents the results for Case 4 where the maximum launch vehicle is not predetermined.

The results of Cases 3 and 4 are very similar to that of Cases 1 and 2, with the difference
reflected in the ground antennae diameters and the ground transmitter power. As was true with
Cases 1 and 2, the side constraints of Cases 3 and 4 are the dominating constraints, making the
elimination of the launch vehicle constraints a non-factor for this specific satellite design. In Cases
3 and 4, the ground antennae construction and material costs are taken into account, resulting in
the ground antennae diameters being driven towards their lower bounds. This was not seen in
Cases 1 and 2 as the ground antennas had no impact on the mass of the satellite. The ground

transmitter power is driven to its lower bound due to the lower cost in purchasing equipment to
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supply and handle lower power demands. The similarities between the solutions for Cases 1 and
2, and Cases 3 and 4 reveal that the use of an approximate cost model based on system mass has
merit. The mass of the system does have a large impact on system cost, as reflected in the cost
model used in Cases 3 and 4. However, while the mass objective function used in traditional
satellite design practices can be shown to have merit in approximating system cost, the question

must be raised again - is minimizing cost the true preference of the stakeholder?

Table 4.3. Optimal Design for Cases 3 and 4

Cases 3and 4
. . Initial Optimal Constraints and
Design Variable Values Values Objective function Values
fdown 5 GHz 5 GHz Case 3
fup 5 GHz 5 GHz F 9.2e+6
Pt 500 W 300 W o]} -2.76
Pgt 500 W 300 W g2 -577
Dsat,trans Im 0.5m 0s3 -22.33
Dsat,rec Im 05m 04 -4.04
Dground,rec 5m 2m Os -2.18
Dground,trans 5m 2m Case 4
W—-hr

£ 50 X1 200 =2 F 9.2¢+6

gt -2.76

Traditional objective function and requirements: Cases 5 and 6 - Multi-objective

formulation

Another common technique used in traditional MDO formulations, and the engineering
industry at large, is to create a multi-objective function. A multi-objective function allows a

stakeholder to express his preferences on multiple characteristics of the system. Here, a multi-
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objective function is formed that captures mass and transmitter power, and is stated in Eq. 4.3 for
Cases 5 and 6.
find X = [f down fup» Pt P gt> Dsat trans» Dsat,rec: Dgrounda,rec» Dground,trans: S]T (4.3)
Min f(X,y) = wy X Myotqr —wp X Py
where: w; and w, are weighting factors
s.t. g1:10dB — SNR omposite < 0
92: Myayioad + Mpropetiant + Mpower YMapcs + Minermar + Mstructures — 1000 < 0
gs: Array size —40m? < 0
ga:Ls —5m <0
gs5:1s—25m<0
1GHz < fyoun < 100 GHz
1GHz < f,;, <100 GHz
300W <P, <3000W
300W < Pg <30000W
0.5m < Dggt trans < 2.5m,
0.5m < Dggtrec < 2.5m,
2m < Dground.rec < 20m
2m < Dgroungtrans < 20m

W — hr < <200W—hr
kg == kg

The constraints for the multi-objective function formulation are identical to the previous

cases expressed in Eq. 4.1 and Eq. 4.2. The multi-objective function is the minimization of the
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mass of the system as well as the maximization of the transmitter power, two system objectives
that are representations of cost and revenue, upon which the stakeholder has preferences.
Transmitter power is related to revenue proportionally. As the transmitter power is increased,
more transponders can be accommodated on the satellite, enabling the stakeholder to increase the
number of customers and hence, increase revenue. Due to the objectives captured in multi-
objective functions typically having non-consistent units and the stakeholder possibly having
preferences on each objective’s overall importance, weights are associated with the objectives.
These weights are difficult to determine as they are typically associated with competing
stakeholder preferences. The optimal designs for this formulation (assuming a predetermined
launch vehicle), the constraints as well as the objective function values, are seen in Table 4.4. In
this table there are multiple sets of weights that are explored, varying the impact that the two
system objectives have on the multi-objective function. These normalized weights also indicate a
stakeholder who is uncertain of the importance of each objective compared to the other. In all of
the various weight configurations the optimal design falls on constraints, which is typical for
traditional MDO formulations.

The results seen in Table 4.4 demonstrate the balancing act that is occurring between the
two diametrically opposed objectives of the multi-objective function. While the multi-objective
function is trying to minimize mass, it is also trying to maximize transmitter power. As transmitter
power increases the mass of the satellite increases due to the larger components needed to handle
the increased power draw and supply. When the transmitter power objective has a significant
associated weight, such as for weight set [0.1, 0.9], the optimal design is for the transmitter power
to be increased until it is constrained. For the multi-objective functions with transmitter power

objectives of significant weight (as seen with weight sets [0.1, 0.9], [0.25, 0.75] and [0.5, 0.5]),
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the inequality constraint limiting further multi-objective function improvement is gs (related to the

array size limitation due to the predetermined launch vehicle). As the satellite transmitter power

design variable grows, the system is required to generate the power demanded. The power is

generated from solar arrays. Therefore, increased power demands result in a need for increased

solar panel area represented by the array size.

Table 4.4. Optimal Design for Case 5

Values

Design W1=0.1; | W1=0.25; |W1=0.5; |W1=0.636; | W1=0.75; | W1=0.9;
Variable |\w2=09 |W2=075 |W2=05 |W2=0.364 | W2=0.25 |W2=0.1
faown 5GHz 5 GHz 5 GHz 5 GHz 5 GHz 5 GHz
fup 5 GHz 5 GHz 5GHz 5 GHz 5 GHz 5 GHz
Pt 1202.94W | 1202.94 W | 1202.94 W | 541.7047W | 300 W 300 W
Pgt 500 W 500 W 500 W 500 W 500 W 500 W
Dsat trans 0.5m 0.5m 0.5m 05m 05m 0.5m
Dsat,rec 0.5m 0.5m 0.5m 0.5m 0.5m 05m
Dground,rec 5m 5m 5m 5m 5m 5m
Dgrounditrans | 5 M 5m 5m 5m 5m 5m
E 200 W—-hr 200 W—-hr 200 W—-hr 200 W—hr 200 W—hr 200 W—-hr

kg kg kg kg kg kg
F and g’s
F -987.4 -664.11 -125.28 158.72 242.24 350.69
01 -10.97 -10.97 -10.97 -10.97 -10.97 -10.97
02 -47.62 -47.62 -47.62 -440.39 -577.00 -577
03 493.7e-12 | 1.3e-09 49.9e-09 -16.35 -22.32 -22.32
04 -3.74 -3.74 -3.74 -3.95 -4.04 -4.04
Js -2.08 -2.08 -2.08 -2.15 -2.18 -2.18

As the weight associated with the transmitter power is reduced, the mass objective becomes

more influential, driving the transmitter power design variable down in order to decrease the mass.

The driving down of the transmitter power is seen with weight set [0.636, 0.364] where g3 is no

longer active and the transmitter power is reduced from the value of 1202.94 Watts that are seen

in weight sets [0.1, 0.9], [0.25, 0..75] and [0.5, 0.5]. This is the first traditional proxy objective
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function in the research that does not reside completely on a set of constraints, as the transmitter
power is not at a side constraint and the inequality constraints are inactive. Eventually, the
objective associated with mass becomes so influential that the system is once again completely
bounded by constraints, as the transmitter power is driven to its lower bound of 300 Watts, as seen
in weight sets [0.75, 0.25] and [0.9, 0.1]. In all weight sets examined for the multi-objective
functions, the design variables that are only impacting the mass of the satellite (satellite antennae
diameters and battery energy density) are driven to their bounds in order to reduce the mass.
Design variables that are not captured in the multi-objective function and are not affected by the
active constraints (frequencies, ground transmitter power and ground antennae diameters) remain
at their initial values, highlighting once again the possibility of a range of optimal designs with
traditional MDO formulations.

In Case 6, the multi-objective function problems are examined without the constraints
formed from a predetermined launch vehicle, with the results shown in Table 4.5. Similar results
are observed to that of Case 5. A difference is seen when the transmitter power objective has
significant weight (as seen with weight sets [0.1, 0.9], [0.25, 0.75] and [0.5, 0.5]). The transmitter
power is no longer restricted by a predetermined launch vehicle inequality constraint, but is now
restricted by its upper bound. This results in the optimal designs under the associated weight sets
to have transmitter powers of 3000 Watts compared to 1202.94 Watts, as seen in Case 5. The
multi-objective function values associated with these weight sets in Case 6 are significantly
improved compared to the more restrictive Case 5. For example, for weight set [0.1, 0.9] the multi-
objective function value for Case 6 is -2501.18, compared to Case 5’s multi-objective function
value of -987.4087, highlighting the impact of constraints on design space exploration. With this

improvement comes the understanding that the cost of the launch vehicle was not captured in this
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multi-objective function, leading to a design when the inequality constraints are removed that

produces an improved multi-objective function value, but may be less preferred by the stakeholder

in accordance to his true preference (such as maximizing profit) due to the cost of a larger launch

vehicle.
Table 4.5. Optimal Design for Case 6
Values
Design W1=0.1; |W1=0.25; | W1=0.5; | W1=0.636; | W1=0.75; | W1=0.9;
Variable |w2=09 |[W2=0.75 |W2=05 |W2=0.364 | W2=0.25 | W2=0.1
fdown 5GHz 5 GHz 5 GHz 5 GHz 5 GHz 5GHz
fup 5GHz 5 GHz 5 GHz 5 GHz 5 GHz 5GHz
Pt 3000 W 3000 W 3000 W 541.7047W | 300 W 300 W
Pgt 500 W 500 W 500 W 500 W 500 W 500 W
Dsat,trans 0.5m 05m 05m 05m 05m 05m
Dsat,rec 0.5m 0.5m 0.5m 0.5m 0.5m 0.5m
Dground,rec 5m 5m 5m 5m 5m 5m
Dground,trans | 5 M 5m 5m 5m 5m 5m
E 200 W—hr 200 W—hr 200 W—hr 200 W—hr 200 W—-hr 200 W—hr
kg kg k kg kg kg
F and g’s
F -2501.18 -1752.95 -505.9 158.72 242.24 350.69
01 -10.97 -10.97 -10.97 -10.97 -10.97 -10.97

A major complication concerning multi-objective function formulations

is the

determination of the weights of objectives which do not have consistent units. In this case, the

designer is trying to determine a single value for a design in terms of an objective that may be

represented by the units of kilograms and an objective that may be represented by the units of

waltts.

Furthermore, the multi-objective function, while incorporating multiple aspects of the

system, still succumbs to the same concerns associated with traditional MDO formulations,

pertaining to constraints and capturing the true preference of the stakeholder.
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Traditional objective function formulations discussion

Traditional proxy formulations, such as in Cases 1 and 2, have a tendency of focusing on
a few key characteristics of a system to approximate a larger objective (such as using satellite mass
as an approximation for system cost). This narrowing of focus to key characteristics is also seen
in the multi-objective function formulation. Recall that mass was used as an approximation of
cost and transmitter power was an approximation of revenue. At times these approximations can
be relatively accurate and the focus on key characteristics allows for the objective functions to be
easily interpreted by designers. For an objective function such as mass it is easy for the designer
to visualize how to achieve the objective in terms of component attributes and design variables. A
further benefit of traditional formulations is found in multi-objective functions, which enable
stakeholder preferences to be captured for multiple system characteristics (e.g. mass and
transmitter power). The constraints were shown in the example to impact the satellite design
greatly; however, they are easy for the stakeholder to disseminate down a hierarchical
organization. This dissemination is conducted using traditional system engineering approaches
such as the waterfall process [90].

While providing benefits to the designer, traditional formulations also have drawbacks in
determining the best system design. The use of system characteristics to approximate the true
stakeholder preference leads to optimized designs that are inconsistent with what the stakeholder
truly desires. For example, a preference to minimize mass does not encapsulate the stakeholder’s
true preference in a commercial setting of maximizing profit. Another downfall of traditional
formulations is that multi-objective functions, formed from objectives with inconsistent units,
require a process for determining the correct weights to associate with each objective. To form a

useful multi-objective function, the weights must relate the objectives to a single unit. As seen in
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all of the traditional proxy objective formulation design cases in the previous sections, the
constraints play a major role in the optimal result, and in fact were the drivers in the optimization.
This leads the designer to design within a restricted space, eliminating designs that may produce a
higher objective function value. Clearly, a method that enables proper capture of stakeholder

preference together with greater design freedom would be an advantage.

Value Function Formulation: Case 7

As mentioned in the background section, VDD aids the designer in capturing the true
preferences of the stakeholder through a single value function, which can be used as an objective
function in MDO frameworks [9]. Since the satellite being designed is a commercial television
communication satellite, the driving desire behind the industrial organization designing the
satellite is to maximize profit. Hence, the revenue, cost, and profit equations used to create the
value function are in the units of U.S. dollars, consistent with the stakeholder’s preference of
maximizing profit. System profit can be obtained by subtracting the total cost of the system from
the total revenue. The formal optimization statement using the value function is seen in Eq. 4.4
which has no constraints. While it is recognized that in some industries a complete elimination of
constraints is not possible, particularly with regards to those pertaining to policy, VDD’s goal is
to reduce as many constraints as possible, incorporating those preferences that have traditionally
been communicated by requirements into the value function through relationships to the attributes.
This incorporation provides a more meaningful preference communication (i.e. through a value
function) than the discrete acceptable or unacceptable preference communicated through

requirements. In the VDD approach to system engineering, all designers are given the value
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function to enable decisions consistent with that of the stakeholder. Next chapter will deal with the
decomposition and distribution of value function to lower tiers in a hierarchically decomposed
complex system. Requirement based communication simply requires the lower level designer to
determine a design that fits within a restricted space, not providing the information to the designer
that is necessary to make meaningful decisions between designs within that space. The analysis
associated with the value function formulation in Eq. 4.4 is presented here for completeness and
to demonstrate how constraints (i.e. requirements) can be reposed in terms of attribute relationships

to a value function.

] T
find X = [faowns fup» Por Pyt Dst» Dy Dgr Dyt €] (4.4)

Min f(X,y) = —Net present profit

The approximate cost model of the satellite system (Appendix A) used in Cases 3 and 4 is
used here. An approximate revenue model of the satellite is developed here based on the number
of useful transponders onboard the satellite with the incorporation of market demand for the
number of transponders. The market also dictates the leasing price per transponder. A maximum
leasing price of $1.1M per transponder per year is assumed, which is consistent with similar
approximations [91]. With this revenue statement, the inclination might be to infinitely increase
the number of transponders, however the utilization rate of the transponders [91-94] also becomes
an important factor in the statement. A market demand of 50 transponders is assumed and the
transmitter power needed per transponder is assumed to be 30 watts, consistent with ranges
discussed in [89]. The satellite has an operational life of 10 years and over that time a percentage

of transponders are anticipated to fail each year, reducing the usable transponders available each
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year. To capture this, a lower yearly revenue will result for each consecutive year as transponders
fail. This can be seen in Eq. (4.5), where Neased represents the number of leased transponders for
year y, FR represents failure rate (2% per year) and NOnBoard represents number of on board
transponders. Equation 4.5 represents the number of leased transponders each year in terms of the

failure rate and the number of onboard transponders.

N = {NOnBoard * (1 =FR)” Nonpoara * (1 —FR)” <50 (4.5)
Leased.y 50 NOnBoard * (1 - FR)y > 50
where:
Py
Nongoara = (%)

The revenue is also dependent on the composite signal to noise ratio (SNRcomposite). A high
SNRcomposite results in a high quality signal, culminating in customers willing to pay more to lease
a transponder. A composite SNR below 5db results in an unusable signal, generating zero market
demand and, hence, zero revenue. A composite SNR above 30db is deemed excessive and
unnecessary, resulting in constant revenue above this value, since customers are not willing to
spend more on higher signal quality which is unusable to them. This is captured using an unitless
parameter called signal quality ratio (QR) as seen in Eq. (4.6). The range for usable signal quality

is assumed in this research.

0 SNRcomposite <5
QR = SNRcomposite/30 5< SNRcomposite <30
1 SNRcomposite > 30 (46)

The yearly revenue, as a function of the number of leased transponders (which is a function of

transmitter power, Pt) per year and composite SNR is shown in Eq. (4.7). For the lower fidelity
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satellite model with 9 design variables, the number of transponders is assumed to be continuous
and not discrete. Equation 4.7 represents a linear relationship between the number of leased
transponders per year and the yearly revenue, taking into account the failure rate of the
transponders and the saturation points due to market demands. The quality of the signal is also
incorporated into the yearly revenue through the signal quality ratio. Consideration of the market

demand (50 transponders) results in constant revenue once the satellite has reached this saturation

point.

Revenuey, = Nyegseqy * 1.1 % 10° * QR 4.7)

Revenue Vs. Transponders
with Composite SNR = 20db
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Figure 4.1. Total Revenue vs. Transponders with
Composite SNR = 20db
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Graphical representations of the revenue model associated with the number of transponders

are seen in Figs. 4.1 and 4.2, with different composite SNR values. In these figures, the revenue

is the total revenue over the course of 10 years (simply the summation of the yearly revenues).

Due to the incorporation of a failure rate, the peak revenues associated with the number of on board

transponders greater than 50, the market saturation point. Inaformal industrial setting, the revenue

equation would be highly modified and would evolve into a significantly more complex function.

However, for the purpose of this demonstration and comparison, the key aspects of revenue have

been captured.

The profit for the satellite system is simply the total revenue less the cost, as shown in Eq.

4.8. In order to determine the net present value of future money, a discount rate is applied to future

revenues [95].

oL

y=1

Profit = Z Revenue, — Total Cost

(4.8)
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A discount rate is not applied to total cost as the cost is assumed to occur in year 0. The
revenues are received in years 1 through 10 and therefore are discounted to present worth. The
incorporation of the discount rate (rq) is seen in the net present profit calculation of Eq. 4.9, where
OL represents operational lifetime (10 years). The discount rate is chosen for the satellite example
to be 10%, a rate that is within the typical range of 10-20% for industrial firms [96]. The
incorporation of time preference in the form of a discount equation produces a net present profit

that is less than the total profit of the system due to the delay in revenue flow.

Revenuey

oL
Net present profit = —Total Cost + Z CETHE
= (4.9)

When constructing a value function, a deep comprehension of the system and subsystems is needed
to understand the impact each design variable and attribute has on the cost and revenue.
Unanticipated behavior of the system occurs when a cost or revenue driver is missing, and is
detected when the optimal system tends to drive towards unattainable variable values. This is a
situation equivalent to having missing or contradictory requirements in the present system
engineering approaches. It is critical that all influential system characteristics be captured in the
value function, which can result in a complex function. The value function is deemed sufficiently
accurate when the rank order of design alternatives due to the value function is equivalent to the
rank order due to the stakeholder’s preference. In the case of the satellite example, this translates
to the desire to achieve the most net present profit.

The optimal design for the satellite system using the value function defined is shown in
Table 4.6, as well as the value function and some of the system attribute values. Without
constraints placed on the design space, the designer, using the value function formulation, is able

to perform an unrestricted search for the best design. In the value function formulation for the
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satellite problem there is a singular optimum, unlike the range of optima that resulted in Cases 1-
6. The results of the value function formulation are driven to maximize the system’s net present
profit, contrary to the traditional satellite MDO formulations that minimized cost or maximized a
pseudo profit, as characterized by cost and transmitter power in the multi-objective function. For
some design variables (i.e. frequencies, powers, and ground antennae diameters), the optimum
value function formulation values actually satisfy the imposed side constraints from Cases 1-6,
even though they aren’t explicitly part of the optimization statement. Other design variables (i.e.
the satellite antennae diameters and the battery energy density) would be infeasible according to
the previously imposed side constraints. This demonstrates the fact that the value function offers
greater design freedom to achieve the system preference. For the satellite antennae diameters, a
lower bound constraint indicates an imposed limitation due to the stakeholder wanting a high
quality signal. The optimum satellite antennae diameters in the value function formulation are
smaller than the lower bounds set in the traditional cases, impacting the SNR negatively. The
small satellite antennae reduce the cost of placing the satellite into orbit by reducing mass. The
satellite system as a whole compensates for the smaller satellite antennae by creating large ground
antennae, which increases manufacturing costs but are beneficial to the system as a whole in terms
of the signal quality. This type of trade would not have been easily captured in the traditional

formulations.
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Table 4.6. Optimal Design for Value Function Formulation

\D/g?fli%rklle Values Outputs Values
faown 10 GHz Net present profit 311.08 x 10° $
fup 10 GHz SNR 30 dB
Pt 1799.10 W Spacecraft total mass 1179.83 kg
Pyt 5811.74 W Array size 54.77 m?
Dsat,trans 0.35m Bus Length 1.35m
Dsatrec 0.15m Bus Radius 0.45m
Dground,rec 10.30 m
Dground,trans 4.55m
3 1421.86 L

kg

In the value function formulation results, the design variable associated with the energy
density (&) of the satellite battery also violates the side constraints imposed in the traditional
formulations. In the traditional proxy objective function formulations, the upper bound of the side
constraint may be imposed due to stakeholder desires such as not wanting to invest in new battery
technology as it is viewed as too costly or wanting to use commercial off the shelf (COTS)
components. The battery energy density for the optimum satellite system from value function
formulation is significantly larger than the upper bound of 200 W-hr/kg imposed in the traditional
formulations. The larger battery energy density yields expensive technologically advanced
batteries that will increase cost significantly. However, the cost increase is offset by a reduction
in mass and volume of the batteries, reducing the associated manufacturing and launch vehicle
costs. The satellite frequencies are partially driven to 10 GHz due to the impact of the environment
on signal quality, taken into account by the rain attenuation factor [97, 98]. The satellite system’s
SNR is driven to 30db in order to increase revenue. The satellite transmitter power is also driven
to a large value in order to increase revenue by increasing the number of possible transponders to

be leased. The increase in transponders causes the cost of the system to increase due to an increase
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in mass and solar array area necessary to enable the satellite system to structurally support the
additional transponders and to generate the necessary power. The optimum values of the design
variables and the associated system attributes in the value function formulation inherently reflect
the tradeoff between revenue and cost in order to determine the maximum system net present

profit. No constraints or multi-objective formulations were required to achieve this.

Table 4.7: Net Present Profit of all

Cases
Problem Net Present Profit
Formulation %)
Case 1 33.61 x 10°
Case 2 33.61 x 10°
Case 3 16.94 x 10°
Case 4 16.94 x 10°
Case 5 151.61 x 10°
Case 6 192.74 x 10°
Case 7 311.08 x 10°

The net present profits that are associated with each of the optimal designs of the cases in
Table 4.1, using Eq. 4.9, are shown in Table 4.7. This table shows how the different objective
functions and sets of constraints from Cases 1-7 impact the profitability of the satellite system
(with the understanding that the traditional cases do not have objective functions of maximize net
present profit). Table 4.7 illustrates the impact that misrepresentations of the stakeholder’s true
preference have on the system design. The net present profit values seen in Table 4.7 are
associated directly with the optima found in the previous sections, which all used identical initial
design variable sets in the optimization algorithms. It is interesting to note that the net present
profit associated with Cases 3 and 4 (cost) is less than the net present profit associated with Cases

1 and 2 (mass). The formation of a more accurate cost function is generally performed with the
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expectation that a system will result in the company making more money. However, Cases 3 and
4 show that the company actually makes less money. It can be seen quite clearly that the traditional
proxy objective function formulations produced significantly lower net present profits than the
value function formulation. In an effort to drive the cost down using the mass of the system, the
traditional formulations inadvertently reduced the profits that the company would receive. It is
also seen that the optimal design resulting from the value function formulation would never be
achievable using the traditional formulations, given that the requirements from Cases 1-6 (which
are typically formed from company legacy or industry traditions) are violated.

The focus of this chapter was on emphasizing the importance of capturing true preferences
of the stakeholder in a non-hierarchically decomposed system by bringing together VDD and
MDO and ultimately addressing the research question 1. This is the first step towards enabling a
design decision that is consistent with the system preference, involving all the disciplines in the
system. The next chapter will deal with decomposing a value function in a hierarchically

decomposed system and focusing on improving system consistency by capturing couplings.
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CHAPTER 5

PHYSICS-BASED CONSISTENCY IN VALUE FUNCTION DECOMPOSITION

Most modern LSCES are extremely

complex and multidisciplinary, involving diverse

disciplines spanning geographical

locations

Design Variables

Comm. |

working towards a single system design. These

elements make it difficult to address the design of

LSCES as a whole. Past researchers have focused

on decoupling the system to make the design

Propulsion

Power

Control

Thermal

i Structures

e

Business

Figure 5.1: Discipline-based DSM
(Preliminary).

process easier. This decomposition can be achieved either hierarchically or non-hierarchically [10,

27]. Hierarchical decompositions are adopted in systems where the system can be decomposed

into smaller subsystems involving levels of hierarchy as shown in Fig. 5.2, whereas non-

hierarchical decompositions are used in systems where it is difficult to identify top-down

hierarchy, due to inherent couplings. A widely used representation for a non-hierarchical

decomposition is the Design Structure Matrix (DSM), which is shown in Fig. 5.1.
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Figure 5.2: Hierarchical decomposition of a satellite system (Preliminary design)

Modern LSCES like satellites and aircrafts are typically designed by large organizations.

These large organizations are composed of several hierarchical levels consisting of decision
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makers at each level. Traditionally, these LSCES are designed using the conventional
requirements-based system engineering methodology [90]. The systems engineering approach
simply provides requirements to be flowed down to the lower level designers, thereby leaving
them unaware of the impact of their subsystem design on the system as a whole. VDD aids in
addressing this issue by providing a system value function that captures the true preference(s) of
the stakeholder. Since, value function captures the true preference(s) of the stakeholder and is
singular in unit, it can be decomposed and flowed down to any subsystem/team in a hierarchically
decomposed system to enable consistent design decision-making to achieve the true system
preference [12, 99, 100]. Researchers in VDD have used scorecards to communicate a linearized
value function down to the lower levels [43, 44, 101]. Scorecards offer a way of representing the
impacts of lower-level attributes on the overall value function, but does not take couplings into
consideration [102, 103]. More recently, couplings were addressed using a Value Influence (V1)
factor [102], which represents the influence of one attribute on the other attribute’s value.
However, this VI factor is purely empirical and application-specific. The quantification of
couplings and the understanding of the impacts of these couplings on the overall value of the
system are important in performing trade-offs within and among different levels of hierarchy in
the design process. The couplings in a system are not easy for one person to comprehend, and great
care must be taken in identifying the couplings and representing them in meaningful ways. The
capture of couplings in system decomposition allows for the designers/managers at all levels to
clearly understand the impact of their design decision on the overall system value. This chapter
focuses on addressing research question 2 partly by incorporating system couplings from MDO in
decomposing the value function using the scorecard approach, to obtain the impact on system

value of a subsystem at any level of the hierarchy. The couplings are captured using GSE in terms
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of total derivatives [36, 99] and are then incorporated into the scorecard approach from VVDD. A
mathematical formulation is created in this chapter to incorporate coupling information in
obtaining the value impact of a subsystem at any level of the hierarchy to enable physics-based

consistency associated with the system during the design process.

Scorecards

Previous studies have focused on obtaining the lower level value functions by linearizing
the system level value function around an initial point [101-103]. These linearized subsystem level
value functions are seen in Table 5.1. The formulation of these value functions is based on the
knowledge that the system attributes are a function of attributes that originate one or more levels
lower in the hierarchy.

The traditional decomposed subsystem value functions (seen in Table 5.1) only capture the
interactions in the hierarchy and fail to capture the lateral interactions across the system (i.e. the
value functions listed here assume that the lower level attributes are just inputs to the subsystems
directly above them in the hierarchy). The first subscript associated with attributes (A) in Table
5.1 indicate the tier number, whereas the second subscript indicates the subsystem number
associated with a particular level and the third subscript represents the attribute number at that
level. For example, let us consider the attribute Az, ;.. The first subscript (number 3) represents
3" level in the hierarchy, second subscript (ms) represents the subsystem number at 3™ level and
third subscript (ps) represents the attribute number at that level. Capturing couplings is very
important in understanding the true impact of an attribute on the system value. These couplings
can be mathematically captured by calculating the total derivatives that represent the total change

in system value due to a change in attribute. A change in system value due to a change in a specific
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attribute is mathematically represented in Eq. (5.1). The total derivative term on the right hand
side of the equation can be solved in terms of partial derivatives and is discussed in detail using a

simple example in the forthcoming sections.

Table 5.1: Subsystem Value Functions

Level Value function

S
System Z aAOlp (Ao1p —Ao1p,0)

Ao1p,o

Subsystem level 1 % vV 94y
(SSL1) Z ( Z <Z <5A01p aA1m1p1> (Amypy = Atmypy0)

My 1 2 Py
Subsystem level 2 C WV hgy OAimy,
(SSL2) 2. ( 2. <Z <Z <Z <0A01,, Ay aAzmz,,)A (Azmap, = Azmap,o)
2map2,0

p2=1

P My Py M P2 M3 P3
222222 2w i), o
1 = aAOlZ’ aAlmllh aAzmzpz aA3m317:«1 b

Subsystem level 3 =1 pam1 Asmyps.0

)

The attributes associated with a subsystem characterizes that subsystem. For example, the

attributes that characterize the satellite transponders block (in Fig. 5.1) are mass of the
transponders, volume of the transponders, power required by the payload, etc. It should be noted
that the attributes are a function of design variables, behavior variables, parameters, and lower
level attributes. Design variables are the inputs to the subsystems that are changed to optimize the
design. Behavior variables represent the outputs of the subsystems. Parameters represent the
constants associated with subsystem models. There is yet another variable type called coupling
variables that is a subset of behavior variables. These coupling variables are the outputs of
subsystems that are inputs to other subsystems.

Where P is the number of system level attributes, P1.3 is the number of attributes at SSL1 through

SSL3, M3 is the number of subsystems at SSL1 through SSL3, p is the attribute number at system
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level, pi1-3 is the attribute number at SSL1 through SSL3 and m1.3 is the subsystem number at SSL1
through SSL3.

(5.1)

v W o Vv dAg,
A, oA, " ; <6A01p dAxyz>

Where x is the Tier number (0 being the system level to N being the total number of levels),
y is the subsystem number, z is the attribute number, V is a function of system level attributes
(such as f(Ap114012, Ao13, - Ag1p)), and P is the number of attributes at the system level.

As mentioned previously, scorecards are useful in flowing down the value function to the
lower levels of the hierarchy to obtain the impact of lower level subsystem attributes on the system
value. A typical scorecard used in previous research that uses the subsystem value function
formulations without couplings is seen in Table 5.2 [101-103]. This scorecard calculates the impact

on value (AV) by all the attributes of a subsystem at a particular level. In essence, the scorecard

calculates the terms in the second column of Table 5.1.

Table 5.2: Scorecard without couplings

. Change in .
Attributes stat?Js Gradient Value Impact
P
vV Aoy, _
A1 Ai111 - A1110 X Z <6A01 0A111> =
p=1 P A111,0
=
v 6A01p> _
A1 A112- A1120 X ;(a Ay 9Asa), =
=
v 6A01p> _
A1 A121- A1210 X ;(a Ay 9hrar), =
. Value
Change in System value Z ( )
Impact

The first column of the scorecard represents the attributes of a subsystem at a particular
level. The second column calculates the change in attribute value from initial value (that the value

function is linearized at). The gradient column represents the partial derivative terms on the
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equations. The value obtained by multiplying the gradient column term by the change in status is
captured in the last column. The last column gives the value impact (AV) of each individual
attribute on the system value. The last row of the table represents the total impact on value by the
entire subsystem that is a summation of the individual attribute value impacts. The individual
impact on value by the attributes can be used to get an idea of which subsystem attributes affect
the value the most. This knowledge aids the designers in focusing their efforts in the design
variables which contribute to those attributes. It should also be noted that the attributes cannot be
changed directly but can only be changed by changing the corresponding design variables. A
scorecard with couplings can be formed where the total derivative in Eq. (5.1) is used in the
gradient column (as seen in Table 5.3).

Table 5.3: Scorecard with couplings

Attributes Change in Gradient Value Impact
status
- dV -
A Aui-A X =
111 111 111,0 -dAlll- Ao
- dV -
A Aix- A X =
112 112 112,0 —dA112— Arizo
- dV -
A Api-A X =
121 121 121,0 -dA121- oo
. Value
Change in System value Z (Impact>

Capturing couplings in Value Function Decomposition
As the attributes are functions of other variables, a proper capturing of these functional
relationships is required in order to accurately calculate the total change in value. This can be

demonstrated using a coupled two level system shown in Fig. 5.3.
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Figure 5.3: Attribute functional relationships

It can be seen from Fig. 5.3 that the value function at the top level is a function of system

level attributes such as Ao11 and Aoi2, which are functions of lower level attributes and behavior

variables. The first subscript associated with the attributes (A) indicate the tier number, the second

subscript indicates the subsystem number associated with a particular level, and the third subscript

represents the attribute number at that level. For example, the attribute As2. represents an attribute

associated with tier number 3, subsystem number 2 at that tier and attribute number 2 associated

with that subsystem. The functional relationships between attributes at level 1 are shown in Fig.

5.3. The Y’s in the figure denote behavior variables with the subscript representing the discipline

number, i.e., D2 indicates discipline 2. The analysis associated with disciplines 1-3 are represented

in Egs. (5.2) - (5.4).

D, (()(111'1102 or A112), YDl) =0

D, ((X121;X111; YD1’YD3)’ YDZ) =0

(5.2)

(5.3)
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Ds ((X121’ YD1» YDZ): YD3) =0 (5.4)

The figure shows that the attributes at level 1 are functions of other attributes, design
variables, and behavior variables. In order to obtain the total change in value due to the attributes
at level 1 the attribute couplings between SS1 and SS2 and the physics-based couplings need to be
captured. To see this more clearly, let us consider obtaining the total change in value due to the

attribute A112, which is represented in Eq. (5.5).

dv__ V. OV dAwy OV dAwg (5.5)
dAllZ a14112 aAOll dAllZ aAOlZ dAllZ

Eqg. (5.6) represents the total change in the system level attribute Ao11 due to Ai12, which is needed

to solve Eq. (5.5).

dAo11 _ 0A¢11 dA111 | 0Ao11 dA121 (56)
dAy12  0A111 dAj12 0Agp1 dAigp

Eq. (5.7) represents the total change in A111 due to Ai12, which is needed to solve Eq. (5.6)

dAi1q _ 0A151 dYp, (5.7)
dAi1;  0Yp, dAgs;

In Eq. (5.7), A112 is both an attribute and a behavior variable (Yp2). It should either be considered
an attribute or a behavior variable in order to avoid counting its impact twice. This will be dealt
with in detail in the next section. Since Ypz is a function of A1z, the total derivative of Yp1 with
respect to Ar12 exists and this can be obtained from Eq. (5.8) as follows.

dv,,  0Yp, (5.8)
dAllZ a‘4112

In a similar manner the total change in Ao12 with respect to Ai12 can be obtained. It is clear
from the above example that a capturing of the couplings at the behavior-variable-level is needed

to provide a more detailed representation of the interactions present in the system.
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Dependency Issue

The designer at a particular level must be careful in selecting the attributes to be represented in the
scorecards. It must be made sure that the attributes are independent of each other. This can be done
by calculating the sensitivities between attributes. Consider a simple coupled two-subsystem
example as shown in Fig. 5.4. The designer wishes to maximize the value function as shown in the
figure that is a function of lower level attributes. Subsystems 1 and 2 are coupled via attributes and
attributes in a subsystem are functions of other attributes in that subsystem (the attribute A112 is a
function of A111). The scorecard representing the value impact of SL2 attributes is represented in
Table 5.4. The scorecard shows that the total AV = 24.88, however the actual change in value
(AV) that is obtained when the new attribute values (listed in “Change in status” column of
scorecard) are substituted in the value function is 8.68. This discrepancy is due to the dependency
of attributes. Figure 5.4 shows that the only independent attribute is Ai22 and all the other attributes

are functions of A12. both directly and indirectly via another attribute.

V=AinAmAntAmAn V=AmtAn
. Az 882 Am =X1112
A = AipXin > Az =X
l Ap = A1pXo T
A=A i A =Xy
2= A A .
Figure 5.4: Attribute dependency Figure 5.5: Design variable
dependency

The value impact of A1 is counted once, when the value impact of Ai1: is calculated

because Ai11 is a function of A1z and the value impact of A1z is counted again via A1, during
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linearization with respect to the value function.

Table 5.4: Scorecard - Attribute dependency

Actual
Attributes _Change Gradient _Change Z _Value value
in status in Value impact i
impact
A 22-2 v ] 37
111 L~ =
dAi, . 7.4
av
A1 484 -4 7A ] =8 6.72
11279 24.88 8.68
A 484 -4 v ] 4
2 . - =
121 A, 3.36
A 11-1 v ] 74
22 A= =
1 dALy, . 7.4

Another area of concern is due to attributes that are functions of the same design variables.
Consider the simple one subsystem, two level system shown in Fig. 5.5, where the designer wishes
to maximize the value function. The attributes at SL1 (the second level of the hierarchy), A111 and
Au1o, are a function of the same design variable X111. The scorecard for SL1 is depicted in Table
5.5. This scorecard calculates the value impact due to changes in attributes A111 and A11. The
design variable responsible for the change in both A111 and Ax12 is X111. For a desired value of A111
= 2.1, the corresponding value of X111 = 2.1, whereas for a desired value of A1 =4.1, X111 =2.02.
This indicates that the system is physically inconsistent and does not represent a real system. This
inconsistency is due to both attributes being dependent on each other through Xii:. This
dependency issue can be overcome by characterizing the system at SL1 by using either A111 or

Ai12.
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Table 5.5: Attribute dependency

Change
Attributes _Change X Gradient = in Z _Value
In status impact
Value
A 21-2 v ] 1
- X = =
111 dAr. . 0.1
dv 0.2
A 41-4 | X ] =11 =
112 dA, 1 . 0.1

Case Studies

A simple two level system and a more complex satellite system are considered in this
dissertation to contrast the effects of capturing couplings. As mentioned earlier, the total derivative
terms on the right hand side of the Eq. (5.1) are solved in terms of partial derivatives for the simple
system. Similar equations are used to explore the satellite. The results associated with both the

systems are discussed in detail in the results section.

Simple System

A simple example consisting of only two levels of hierarchy and two subsystems is shown
in Fig.5.6. This system is used to explore the effects of couplings and to investigate the
representation of the total derivative terms on the right hand side of Eq. (5.1) in terms of partial
derivatives. The example considered here is a minimization problem where the value function (V)
is minimized to find the optimum. Each of the two subsystems at SSL1 consists of attributes and
design variables. Fig. 5.6 represents the coupling that links the two subsystems by an arrow

between them.
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V=(A1 + A2A3 - X2)

ss1 & ss2
Aj=X2- X, | 2 A3 = Apt X3?
A; = X2

Xy, X, X5

Figure 5.6. Simple two level system

The total impact of attributes on value with couplings for this simple example can be
represented in a matrix form, shown in Eqg. (5.9) (that is a matrix representation of Eq. (5.1)). The
terms on the right hand side of Eq. (5.9) represent the value impact of each attribute, used in the
gradient column of the scorecard. The elements in the 3x3 matrix on the left hand side of Eq. (5.9)
represents the total derivative terms previously seen in the right hand side of Eg. (5.1). The matrix
elements can be solved by knowing the functional relationships between attributes. The partial
derivative terms can be obtained either analytically or numerically using finite difference. The

calculation of the matrix elements of Eqg. (5.10) (using partial derivative terms) is seen in Eq.

(5.10).
dAs dA,
AT A N I E
0A; 084, 0A3]|dAs dAq dAs dA, dA,
| s dn
dA, dA;
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1 0
0 1
0 0
A5
94,
0 0
_04s
" 94,

04,
04,

66

0 0
_04
0As
94,
04,
1 0
0 1
0 0

04,7

0As

_dAl_

dA,]

da,
dA,
dA,
dA,
dAs
dA,
dA,
dA,
dAs
dA,

A
94,
94,
04,
04,
94,
A5
04,
A,
94,
A,

104, ]

(5.10)

is shown in Table

5.6 (“with couplings” takes into account the interaction between attribute 2 and attribute 3). This

scorecard only represents the impact on value due to the change in attributes. It is understood that

the attributes cannot be changed directly without changing the corresponding design variables.

Table 5.6: Scorecard for simple system at SL1, SS1

: Change . Change Value
Attributes in status | X Gradient in Value Z ( Impact)
-1.76 + awviy
. A1 175 X an;. =1 -0.017
Wlt_h av -0.69
coupling Ao 396-4 | X —| =17 -0.68
dA,l,
-1.76 + av
— | =1 -
_ A 175 | *| 134, 0.017
Without ET -0.53
coupling Ao 3.96-4 | X —| =13 -0.52
04,1,

It can be seen from Table 5.6 that the value impact due to SS1, with the couplings captured,

is greater than the value impact due to SS1 without couplings (Note that this is not necessarily the

case where value impact always increases). If the designer at SS1 uses a scorecard with no

couplings he might conclude that the attributes at SS1 are not worth changing since they don’t
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result in a drastic decrease in value. The designer will be able to make a more accurate (and
meaningful) assessment if he also captures the pathway that attribute 2 impacts the value through
attribute 3. This emphasizes that care must be taken in capturing the couplings to obtain sensitivity
information.

A similar scorecard comparison can be created for subsystem 2. This comparison is seen in
Table 5.7. As shown, the information provided by the scorecards are identical. This identical
information is due to attribute 3 having no pathway to impact the value through attributes 1 and 2.

The only way in which that attribute 3 can change the value is directly.

Table 5.7: Scorecard for simple system at SSL1, SS2

Attributes Change in Gradient .Change z(Value Impact)
status in Value
- dv
With As | 12.87-13 —| =4 -0.52 0.52
coupling dAsl,
- av
Without | - | 1287-13 —| =4 0.52 052
coupling 0451,

As previously mentioned, the attribute values above must be related to a set of design variables

in order for the system design to be consistent. The set of design variables which are related to the
attributes from Tables 5.6 and 5.7 is shown in Table 5.8. Table 5.9 represents the modified
attributes from the changes made by the designer of the first subsystem (as performed in Table
5.6). The set of design variables are chosen to ensure system consistency with the modified
attributes. The actual value of the new system is determined, as is the change in the actual value.
The expected change in values predicted by the scorecards (from Table 5.6) are compared with the
actual change through percentage error calculation. It is seen that the percentage error in the

change in value with couplings is smaller than without couplings. This further highlights the
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greater accuracy gained by incorporating couplings into the scorecard. Table 5.10 represents a
similar comparison of expected value changes relating to the scorecard for SS2 at SSL1 with and

without couplings (Table 5.7). It can be seen that the value impacts are the same for both of the

cases. This identical error is due to attribute 3 not being an input to SS1.

Table 5.8: Initial design — simple example

Design Variable | A1 | A2 | As | Value
X1=0.5
X2=2.0
-1.75| 4 | 13 | 48.25
X3=3.0
Table 5.9: Final design — SS1
Expected Expected
value value % error
Actual change % error change ;
. . . in AV
Design value from in AV with | from non- -
; As Az | As | Value . without
Variable change coupled couplings coupled couplinas
ss1 ss1 piing
scorecard scorecard
X1=0471
X2=1.989 -1.76 3.96 | 13 47.49 -0.75 -0.69 1.92 -0.53 28.35
X3 =3.000
Table 5.10: Final design — SS2
Expected Exp?cted
value value .
% error change | % errorin
Actual change - £
Design value from n .AV rom .AV
: Ai Az As Value with non- without
Variable change | coupled - ;
couplings | coupled couplings
SS1
SS1
scorecard
scorecard
X1 =0.500
X;=2.000 | -1.75 | 4 | 1287 | 47.72 0.52 -0.52 1.98 -0.52 1.98
X3=2.978
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It is important to note that the final designs determined from the two subsystem scorecards are
different. This emphasizes the need for a system-wide iteration to ensure system-wide consistency.
It is also important to note that a change in attribute 3 may mean a change in attribute 2. Realizing
the couplings that exist is a critical step when forming scorecards to ensure that the change in value

is meaningful.

Satellite System

Now let us consider the hierarchically decomposed satellite system as described in Chapter Il to
demonstrate the importance of capturing couplings in system decomposition in the context of
VDD. The satellite system example is best perceived as a preliminary design. The desire of the
stakeholder is assumed to be to maximize profit as this is a commercial endeavor. As such, the
system level value function is net present profit [12, 104]. A total of 36 design variables define the
satellite system (out of which 14 are continuous and 22 are discrete). A detailed description of the
attributes and design variables associated with all the levels of the hierarchy is provided in the
Appendix. The interactions between the eight SL1 subsystems can be visualized in a DSM (shown
in Fig. 5.1). The dots in the DSM indicate the presence of a coupling between the corresponding
subsystems. The total derivatives that are needed for various scorecard implementations are
derived in a similar manner to that of the simple system example. An example which determines
the derivative associated with the impact in value due to a change in payload power (Ppayioad) IS
demonstrated. Figure 5.7 shows the pathway that Ppayioad takes to impact the value through the
Power subsystem. The pathways in which an attribute can affect another attribute can be vast.
Proper capturing of these pathways is needed to fully understand a change in one attribute due to

a change in another.
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Figure 5.7. Attribute impact — Satellite system
Equation (5.11) represents the top level attributes which the value function is formed from, revenue
and cost.

V = f(TC,Rev) = —TC + Y0k, —2 (5.11)

Y=L (g

rq:discount factor = 10%
OL: Operational Lifetime = 10 years
y:year

Where TC is total cost and Rev is revenue. Equation (5.12) represents the impact on value due to
payload power required as it relates to cost and revenue.

av. oV s v d(TC) N vV d(Rev) (5.12)
deayload aPpayload a(TC) dppayload 6(Rev) deayload

Where Ppayioad 1S the power required by payload. Equation 5.13 represents the total derivative
associated with the impact on total cost due to a change in payload power required (as seen in Eq.
(5)). The ways in which payload power required may impact total cost is through the attributes by

which it is formed (the individual costs of the subsystems).
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d(TC) _ a(TC) a(TC) deayload+ a(TC) nground (5-13)

deayload aPpayload aPpayload deayload anround deayload

A(TC) dCpower

aPpower deayload

Where Cpayicad 1S the cost of the payload subsystem, Cground IS the cost of the ground subsystem,
and Cpower IS the cost of the power subsystem. The cost of the power subsystem is a function of
the costs of the solar array and battery. Equation (5.14) expands the derivative associated with the
change in power cost due to the change in payload power required by using the attributes associated
with the power cost.

deower _ anower anower dCSA aCpower dCBatt (5-14)

deayload B aPpayload aCSA deayload aCBatL“ deayload

Where Csa is the cost of the solar array and Cgatt IS the cost of the battery. The cost of the solar
array is a function of the power required by all of the subsystems and the material of the solar
array. Note that the derivative of a change in solar array material due to a change in power required
by payload is meaningless due to the solar array material being a design variable. Hence, this
derivative is not represented. Similar to the previous equations, Eq. (5.15) expands the derivative
associated with solar array cost.

deayload - aPpayload aPO deayload

Where Pg is the power required by all of the subsystems. Power required by all of the subsystems
is a function of power required by payload, power required by ADCS, and power required by
thermal subsystem. Battery cost is a function of the power required by all of the subsystems and
the battery type (where battery type is a design variable). Equation (5.16) expands the derivative

associated with the battery cost from Eq. (5.14).
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dCBatt

deayload

— aCBatt aCBatt dPO
aPpayload aPO

(5.16)

deayload

In a similar manner we can determine the change in revenue due to a change in power required by
payload. As the revenue is not a function of payload power required (directly or indirectly through
couplings) the derivative is zero. As can be seen the pathways in which an attribute can affect
another attribute can be vast. Proper capturing of these pathways are needed to fully understand a
change in one attribute due to a change in another.

The system level scorecard with and without couplings is seen in Table 5.11. Table 5.12
represents the scorecard for the attributes at the next subsystem level (SSL1). Due to the large
number of attributes at this level only four are represented (payload cost, downlink signal to noise
ratio, ground cost, and uplink signal to noise ratio), with the understanding that many more would

be represented to capture the entire impact of the SSL1 attributes.

Table 5.11: System Level Scorecard — Satellite Example

Attributes Change in Gradient _ | Changein Z ( Value )

status Value Impact
Total cost | —4.22 x 10° = | 422 %105

With [dTotal cost]o . 2.66 X 106
coupling | Revenue | 224 x 10° [rvem), = 1 = | 594 x10°
Total cost —4.22 x 10° = | 422 %105

Without e “’“]0 ' 2.66 x 10°
coupling Revenue 2.24 x 10° [6Revenue]0 = | 224 x10°
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Table 5.12: SL1 Scorecard — Satellite Example

Attributes | Change in status | X Gradient = Change in Value
av
1. Cpayload - Cpayload,O X [dcpaylaod]o =
av
2, SNRuun - SNRaowno | X | |zmpe], | =
av
3. Cground - Cground,0 X [nground]o =
av
4. SNRyp - SNRupo | X [—dmm]0 -
Z(Value Impact)

Only the scorecards associated with the Payload subsystem for all the levels of hierarchy are
presented in this research due to the complexity of the satellite system. Similar scorecards can be
made for the other subsystems. The scorecard at SL1, SS1 of payload yields the same value impact
with and without couplings (as shown in Table 5.13). This is due to the attributes, Cpayload and

SNRdown, being direct inputs to the system and are not inputs to any other subsystem.

Table 5.13: SL1 (Payload) Scorecard — Satellite example

Attributes | Change Gradient Change Z ( Value )
in status in Value Impact
av
Coylons | -602.78 [dcpwod]o =1 502,787
With av 2.42 x 10°
sL1 | coupling SNRgown 0.24 [dSNRdown]o =10.10 x 10° Z.fgﬁx
SS1 -
Coaoas | -602.78 o] =1 502787
Without v 2.42 % 106
coupling |  SNRdown 0.24 aSNRdown]o =9.99 x 10° Z.ngX

The scorecard for SL2 is represented in Table 5.14. The subsystems at this level are the payload
satellite transponder and payload satellite antennae subsystems. It can be seen that the value
impact due to the change in attributes at SL2, SS1 with couplings is much greater than the one

without couplings. This is due to the interactions not being captured (i.e., for the scorecard without

couplings, the partial derivative terms just represent the interactions in the hierarchy (only within
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Payload subsystem), whereas it fails to capture the lateral interactions across the satellite system).

More clearly, the attribute Ppayioad gets input into the Power subsystem. Due to this coupling, an

increase in Ppayload Will result in an increase in Solar Array area and Battery mass that in turn will

result in an increase in the cost and mass of the satellite. An increase in cost and mass of the

satellite results in a decrease in value. Hence, the real impact of Ppayicad ON the system value can

only be captured using total derivative (as shown in Table 5.14 with couplings). Without

knowledge of the total impact of Ppayioad ON the value, the designer at SL2 SS1 may easily make

decisions that would result in the satellite company losing profit

Table 5.14: SL.2 Scorecard- Satellite example

Change Change Value
Attributes in Gradient in Z (Im act)
status Value p
av
Mtrans -0.15 [thmns]o = -500 75
With w —3.4 x 10*
coupling Ppayload 13.325 [75”3 ] = —2558 —3-44
SL2 payloadlo x 10
SSl [ av aCpuyload
a ayloa a rans
Mirans -0.15 av “ JL;ISN‘; M 75
down] — _500
- aSNRdown aMtrans 0
Without 3 Craytons 75
Coupling [6 ayloa a ayloa
Ppayload 13.325 ;‘f "t al;N;Z vioad 0
own] = O
aSNRdown aPpaylaad 0
. av
With Csatat | -527.78 [dc ] =-1 59778 527.78
coupling serant’o
SL2 [ av aCpayloud_'_
SSZ - aCpuyload acsat,unt
Without Csatant -527.78 W OSNRagw, 527.78 527.78
coupling dSNRaown 0Csatant ]0 =-1
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75

Change Change Value
Attributes in Gradient in Z (Im act)
status Value P
av
= 431
With Ga 20649 [‘”“]0 1o x 105 | 432 x10°
coupling av '
Mg -0.65 [dMst]O = —399.96 263.86
SL3 v dRevenue 6SNRd] _
SS1 Gt 266.19 ORevenue OSNRg 9Gg 1, - 4.31
1.622 x 103 x 10°
With(?Ut 1% dTotal cost dCpayload 432 x 10°
coupling aTotal cost dCpayioad OCsatant
Mgt -0.65 9Csatant 263.89
OMg; 0
= —400
V
Gar 263.55 [ Py ] — 39.70 1.04
With stdo x10* | 1.074 x 105
coupling M -0.659 & | = _399.96
. e . 263.86
SL3 Gy 263.55 0 0
SS2 . v aTotal cost dCpayload
WIthOUt dTotal cost aCpayload 0Csat,ant 26389
coupling Msr -0.65 9Csat,ant 263.89
6Msr 0
= —400

The scorecard representing SL3 (satellite transmitting antenna and satellite receiving antenna

subsystems) is seen in Table 5.15. A minor difference is observed between the value impacts due

to Mt (mass of satellite transmitting antenna) at SL3 SS1 (satellite transmitting antenna subsystem)

when couplings are taken into account and when they are not. The effect of not capturing the

couplings is also seen in the SL3 SS2 scorecard (satellite receiving antenna subsystem), shown in

Table 5.15. The attribute Gy (gain of satellite receiving antenna) is only an input into the Ground

subsystem. Hence, the only path for the attribute to impact the system value is through the ground

subsystem. This pathway for impact is captured through the total derivative used in the “with

coupling” scorecard. Without the couplings the interaction is not captured and, since the attribute
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IS not an input into any subsystem directly above the satellite receiving antenna subsystem, the
gradient is zero.

The desired change in value can be achieved by determining the design variables
responsible for the changes in attributes that are considered. For example, the attribute SNRdown
(downlink signal to noise ratio) at SSL1 SS1 that is a function of a number of attributes and design
variables (shown in Eqgn. (5.17)). It has already been found from the scorecard at SSL1 SS1 (Table
5.13) that an increase in SNRgown Will result in an increase in value. A change in SNRgown Can be
achieved in multiple ways. One way to change the downlink signal to noise ratio is by changing
Gst (gain of satellite transmitting antenna), an attribute at SSL3 SS1. Gst is a function of Dsattrans
(diameter of satellite transmitting antenna) and fgown (downlink frequency) (Egn. (5.18)), which
are design variables at SSL3 SS1. Changing these design variables will result in a change in. The
change in Gst will result in a change in SNRgown, leading to a change in value. However, care must
be taken in changing the design variables, since some design variable changes might result in
increased cost rather than revenue. For example, the designer might increase Dsattrans Under the
belief that it will result in an increase in Gst and hence an increase in value. This may not result in
a net value increase as an increase in Dsattrans Will result in an increase in mass and an associated
cost.

SNRgown = f(Pst, Gst, Ggrr Ly) (5.17)

Gst = f(Dsat,transr faown) (5-18)

Similarly, a desired change in Ppayicad Can be achieved by changing the design variables which

modify the attribute (as shown in Eqn. (5.19)).

Ppayload = f(N, Pg) (5.19)
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As mentioned earlier, the effect of changing the design variables on the value must be explored
before changing them. The impact of a particular design variable on value at any level can also be
captured by obtaining the total derivative, which captures all the interactions going on in the
system. For example, a change in the design variable Ps; (satellite transmitter power) will change
the system value through multiple paths, including payload power and downlink signal to noise
ratio.

The use of scorecards in VDD provides a means of understanding the impact on value
various attributes may have. This is useful at all levels of the system hierarchy to enable informed
design decisions. Traditionally, the scorecards have focused on obtaining value impacts by just
capturing the interactions in the hierarchy and not capturing the lateral interactions across the
system. This chapter has focused on addressing research question 2 partly by emphasizing the
importance of capturing couplings during the value function decomposition and representation in
scorecards to enable consistency in physics. A mathematical formulation to capture couplings in
system decomposition in the context of VDD, using Global Sensitivity Equations (GSE), was
introduced. It is evident from the scorecard examples that a failure to capture couplings in the
scorecard will result in a misrepresentation of a change in value. This misrepresentation is seen
mathematically by the use of partial derivative rather than total derivatives. This misrepresentation
may drive the designers to make misinformed design decisions resulting in a net value loss.
Another important realization in this chapter was the need to understand attribute dependency to
other attributes and design variables. The attribute impacts on value act as a starting point for
designers at different levels of the hierarchy to focus on the areas which impact the system value
more. In order to actually maximize value, the design variables corresponding to the attributes that

impact the value positively should be changed by taking the dependency issues into consideration.
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The next chapter addresses the issues associated with using scorecards for optimization
emphasizing how these issues can be rectified using a new Value-Based Systems Engineering

(VBSE) framework.

From requirements to value

Chapter 4 showed how a value function formulation expanded the design space by reducing
the requirements placed on the design. It is understandable that not all requirements can be
eliminated. For example, in the case of an aircraft, the wing span is restricted by the hanger
dimensions. These are mandatory requirements. However, there exist a vast quantity of
requirements that are only a product of legacy knowledge and those which arise when the system
requirements are broken down. The following example demonstrates how such a requirement
placed on the diameter of satellite transmitting antenna can be reflected in terms of value, such
that all the internal trades are captured. Figure. 5.8 shows how a constraint placed on a design
variable can be reflected on to the final system value through few of the multiple pathways. From
Eq. 4.1, the design variable Ds; (diameter of the satellite transmitting antenna) is constrained
between 0.5m and 2.5m resulting in a limited design space exploration. This requirement is usually
deduced from mass and payload envelope requirement of the launch vehicle. This requirement can
be relaxed if the cost for using a bigger launch vehicle due to an increase in Dst is overcome by the
revenue generated due to Dst. This can be done by reflecting the effect of the requirement on Dst

through attributes at different levels of hierarchy and then mapping to value function.
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Figure 5.8: Reflecting Requirements as Value
For instance, when D is increased, it increases Mst (mass of satellite transmitting antenna), which
in turn increase Csatant (COSt of satellite transmitting antenna) leading to an increase in Cpayioad (COSt
of payload). Cost of payload then increases the total cost associated with the system, which is a
system level attribute. This can be seen in Fig. 5.9, which represents the functional relationships

between Ds and Total cost.

s Cost p-y'knd\/- Co,lu\u\l 3 2 e & - ¥ . 'Yohl:a.n Vs D-l'
Cpayload - SSL1 SS1 e T - Total cost - System level
attribute RO\ ' »} attribute 7

0.5m =D, =2.5m

Coian = SSL2 882 I | M - SSL3 SS1 attribute
attribute o

Figure 5.9: Impact of Dst on Total Cost
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Also, increasing Ds; increases the signal quality by improving the gain and Signal to Noise Ratio
(SNR) of the satellite. SNR is an attribute associated with the Payload that contributes to the

revenue stream in the value function, which can be seen in Fig. 5.10.
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Figure 5.10: Impact of Dst on Revenue

Figure 5.11 represents the final impact of Dst on value by mapping the total cost and revenue. In
this manner, it is possible to identify the true effect of the requirements imposed on Dst based on

different pathways it takes to impact the value.
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Figure 5.11: Impact of Dst on System Value

Similarly, this can be extended to other constraints. In this manner, in a value formulation, the
need to use constraints to obtain meaningful designs in traditional MDO is taken care of by

mapping them to system attributes via lower level attributes.
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CHAPTER 6

OPTIMIZATION IN THE CONTEXT OF VALUE-DRIVEN DESIGN

The focus of previous chapter has been on enabling consistency in physics by capturing
couplings in decomposing value functions using the scorecard approach. The use of scorecards in
VDD provides a means of understanding the value impact of attributes. This is useful at all levels
of the system hierarchy to enable informed design decisions. However, just the impact of attributes
on value is not enough in making a design decision as attributes are functions of design variables,
behavior variables, other attributes, parameters, etc. Therefore, in order to actually achieve a
change in attribute, the corresponding design variables need to identified and changed. Once the
value impacts of attributes are obtained, the changes in status of attributes can then be used to
solve for the design variables. In other words, the changes in attributes in the scorecards are used
as a guidance for the designers to optimize for design variables. This chapter addresses the issues
with using scorecards and attempts to tackle research question 2 by emphasizing the need for a
holistic framework that enables more realistic and informed design decision-making by providing

an architecture for system optimization in a hierarchically decomposed system.

Optimization using Scorecards

An example of a scorecard associated with Satellite transponders subsystem, subsystem

level 2 (SL2), subsystem 1 (SS1), associated with the satellite system shown in Fig. 5.2 can be

seen in Table 6.1 [105].
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Change Change Value
Attributes in X Gradient in Z (Im act)
status Value p
dv
Mhrans 015 | x [thmns]o = 500 .
W 340 1 3.40x 10*
Ppayload -13.32 | X [m] = —2558 x 10
aytoa 0

One of the ways to solve the design variables is setting up a sub-optimization problem (Eq.

Table 6.2: Scorecard - Optimization

(6.2)), i.e., the change in status of the attributes represented in the scorecard is used as an objective
function and/or as equality constraints to obtain the corresponding design variables. Another
method for solving is using a nonlinear solver, by which the design variables are solved directly
from the system of non-linear equations. The following example demonstrates updating the design
variables using scorecards. Let us consider the scorecard with couplings associated with SL2, SS1

in Table 6.1. The attribute Ppayioad has a positive impact on the value if decreased as shown in Table

Attributes _Change X Gradient - .Change
In status in Value
av
Ppayload -13.32 X [W]o = —2558 = illi(zﬁ

P

one continuous design variable, Pst.

vaytoad = f (Amp, N, Ps) = N X (2.93 X Py +12)

From Eq. (6.1), it is clear that Ppayioad IS @ function of two discrete design variables Amp and N and

(6.1)
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In order to obtain the corresponding values of these design variables from the change in Ppayicad, @

sub-optimization problem is setup as shown in Eq. (6.2), where N is assumed to be continuous.

find X = [N, Pg]"

Min f(X) = N x (2.93 x Py + 12) (6.2)
s.t. hy: N X (2.93 x P, +12) — 1319.175 = 0

It is obvious from Table 6.3 that there is a huge discrepancy in obtaining the change in
value when just the attribute impacts on value are used as a guidance. This huge discrepancy is a
result of not capturing the true impacts of design variable on the overall system. In this example,
the designer aims at reducing the Power required by the payload (Ppayioad) by reducing the number
of transponders (N) onboard the satellite and reducing the satellite transmitter power (Pst). The
number of transponders actually is a revenue generating design variable, the true effect of which
is not captured in the attribute impacts represented in the scorecard. Thus, it has resulted in a loss
in value as opposed to value gain. This is one of the major issues of using a scorecard in performing
an optimization. This emphasizes a need for a more holistic framework that can address the issues

faced while using a scorecard in the context of optimization, which leads to research question 2.

The next section will be an attempt to address research question 2 by proposing a new framework.

Table 6.3: Final Design — Optimization using Scorecard

Total change

Change in Final in value Actual %
Initial design status desi change in . ?
(AP ) esign from value discrepancy
payload scorecard
N = 50 N =49.98
-13.32 340x 10+ | 09 192%
Pst=5 Pst =4.91 10

www.manaraa.com



85

Value-Based Systems Engineering Framework
As mentioned in the previous section, just the value impact of attributes is not enough in
performing an optimization, as a more detailed capture of impacts of design variables is also
needed. A new value-based systems engineering framework is created in attempt to address
research question 2, as shown in Fig. 6.1 that addresses the issues with scorecards and aids in
optimization of a hierarchically decomposed system. The framework only uses the attribute
impacts on value for identification of significant attributes, as opposed to direct optimization in
scorecards. Once the significant attributes are identified, the corresponding design variables are
tracked down and the total change in value due to the design variables is calculated to see how the
change in design variable impacts the value. Finally, the design variables are changed. This process
is iterative and can be explained clearly using the flowchart in Fig. 6.1. In the real world, a large-
scale complex engineered system as a satellite consists of hundreds of design variables ranging
from satellite bus configuration to bolt diameter. Therefore using the design variables directly by
skipping identification of significant attributes increases the complexity. The identification of
significant attributes enables the designers to focus on only certain design variables, thereby
reducing the burden of taking all the design variables into account. An easier way to identify
significant attributes is by visualizing the value impact of attribute. Next section of this chapter

will focus on identifying significant attributes by visualization.
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Figure 6.1: Value-based Systems Engineering Framework

The framework starts with initializing a design and performing system analysis, the output of
which is used to calculate the attributes at SL1. After system analysis, the global sensitivities of
the behavior variables with respect to all the design variables at SL1 are obtained using the Global
Sensitivity Method [36]. These global sensitivities will be used in calculating the total derivatives
of value with respect to attributes and design variables in order to capture the physics-based
couplings as well. After obtaining the attributes and global sensitivities of behavior variables, the
next step is to calculate the total change in value due to attributes (AV,, ) at subsystem level 1
using attribute and physics-based couplings. It should be noted that the subsystems at SL1 might

need the attributes at lower levels as inputs. For example, the payload subsystem in Fig. 5.2 needs
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Gst, an attribute at SL3 (Satellite transmitting antenna subsystem). Initially, these lower level
attributes are assumed while calculating derivatives and are changed after updating the design.

Once the significant attributes are determined from AV, ., the design variables associated with

them are identified. The total derivatives associated with value with respect to those design
variables are obtained next. After capturing all the impacts due to a particular design variable in
the same manner as attributes the design variable is updated to result in a positive change (for
maximization problems) in total value impact due to design variables (AVy,,,) based on the total

derivative. These updated design variables at SL1 are then flowed down to the lower levels. The
lower level attributes are recalculated for the updated SL1 design variables and are passed back.
Now, the assumed lower level attributes at SL1 are updated and this process is repeated again until
SL1 is consistent with the lower level attributes. The final updated design variables at SL1 are then
flowed down to SL2, where the whole process is repeated again as indicated in the flowchart. The
design update process continues until the system is converged, thereby achieving an optimum. The
design variables are updated based on the error as shown in Eq. 6.3. The error in Eq. 6.3 represents
the discrepancy in value due to linearization compared to the actual value. The design variables
are changed by 5% of their old values if the error is less than or equal to 3% and are changed by
1% if the error due to linearization is more than 3%.

AX = {0.05 X Xo1d error < 0.03
0.01 X Xy14 error > 0.03
(6.3)

where:

Value — Actual value
error = abs( )
Actual value
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Case study — Satellite system
Table 6.4 shows the optimized design for the hierarchically decomposed satellite system
using the value-based systems engineering framework. The value function used here is Net Present
Profit, which is described in Eq. (6.4) [12, 105, 106]. Equation (6.4) represents the top-level
attributes, which the value function is formed from where TC is total cost and Rev is revenue.

Rev, (6.4)

V =f(TC,Rev) = —-TC + 2(1+7"d)y

r4: discount factor = 10%
OL: Operational Lifetime = 10 years
y:year
Only the continuous design variables associated with the satellite system at all the levels are
considered here for simplicity. This can be extended in a similar manner to discrete design
variables as well. The only difference is replacing (Z—i) with AAy, where AAy represents the total

change in an attribute due to a change in the discrete design variable. This can be more clearly

seen by comparing Egs. (6.5) and (6.6).

aV aV dAOll aV dA012 (65)
AVX111 = [ + J(X 111, X1110)
0X111 3A011 dX111  0A¢12 dX111
AV, AA AA (66)
X112 FYW ot1x,,, T 9401, 012x,,,
Where AAo11X112 = Ao11(X112,8, ) — Ao11(X112,4) (6.7)

Equation (6.5) represents the value impact of a continuous design variable and Eq. (6.6) represents

the value impact of a discrete design variable. Equation (6.7) represents the total change in attribute
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Ao11 with respect to the discrete design variable X112. Here X112, represents discrete choice A and
X112, represents choice B. In this satellite example, the discrete design variables represent mostly
technology choices associated with a subsystem. For example, the design variable Amp associated
with the Payload subsystem, as described in Appendix, represents the type of high power amplifier
onboard the satellite. The two options considered for Amp in this example are Solid State
Amplifier (SSA) and TWTA (Travelling Wave Tube Amplifier). These discrete design variables
can be updated by calculating the value impact. This will also be useful in evaluating new
technologies. Further analysis of discrete design variable in the value-based systems engineering
framework is left for future work.

The final design obtained using the VBSE framework is presented in Table 6.4. The
continuous design variables are grouped based on the tiers. The third column in Table 6.4
represents the initial design, which is chosen at random. The next column represents the final
design obtained using the value-based systems engineering framework. The Net Present Profit
(system value) associated with the final design obtained using the framework is around $325M as
seen in the table. Since, the new framework uses linearized value functions, there were errors
associated with the final value. The error due to linearization was around 2.3% for the final design.
The error percentages varied through cycles that determined the change in the design variables, as

shown in Eq. 6.3.
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Optimal
Subsystem . . Initial Final design design usin
Ievely Design variables design using VBSgE Gengetic ’
Algorithm
Satellite long. 100°W 85.12°W 301.33°W
Ground long. 100°W 81.97°W 97.57°W
Ground lat. 40°N 25.23°N 39.42°N
SL1 Ground long. 75°W 80.71°W 104.98°W
receiving
Ground lat. 40°N 25.23°N 37.33°N
receiving
Pst 50 W 5W 5W
SL2 Pyt 500 W 300 W 865.97 W
fdown 50 GHz 100 GHz 96.02 GHz
Dst 5m 0.50m 0.12m
Dsr 5m 0.40m 0.12m
SL3 Dgt 15m 2.54m 12.63 m
fup 50 GHz 100 GHz 81.40 GHz
Dgr 15m 2.54m 2.77m
Vao=Vo+AVyotai| - - $325.34M -
V actual - $181.57M | $318.04M $319.16M
% error due to - - 2.3% -
linearization

Design improvement with respect to the optimization cycles using the VBSE framework is shown
in Fig. 6.2. It is clear from the figure that the overall system value increases as the optimization
progresses. For comparison, the hierarchically decomposed satellite problem was modelled as a
single MDO problem with no hierarchy. The optimal design associated with the problem is
provided in the last column of Table 6.4. The built-in Genetic Algorithm in MATLAB Global
Optimization Toolbox was used for optimization as this problem involved a number of discrete
design variables. The optimum discrete design variables obtained using GA are used as design
choices for the VBSE framework as only continuous variables are used for optimization in the
framework. It can be seen from Table 6.4 that the NPP associated with using the new framework

has a relatively low error from the NPP using GA. However, the values of some of the design
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variables obtained using the VBSE framework are vastly different compared to the results using
GA. One of the reasons for this difference in design variable values is linearization as it leads to
local minimum, which depends on the initial design point. When initialized with different design
points, the optimum values for the design variables using the VBSE framework changed with the
Net Present Profit (Value) being close to $318 million. Another reason is the internal trade-offs
occurring between design variables. For instance, in Table 6.4, the optimum value for Ds; (diameter
of satellite transmitting antenna) is 0.5 m using the VBSE framework as compared to 0.12 m using
GA. The difference in this design variable is compensated by Dg: (diameter of ground transmitting
antenna). In other words, there is a balance between Dst and Dy as these design variables affect the
signal to noise ratio (SNR), which in turn affects the Net Present Profit. Additionally, the VBSE
framework aims at maximizing the anticipated value (Vi) that is the summation of value from
previous cycle (Vo) and the change in value in the current cycle (AVr,ta1) due to the change in
design variables at all levels. The anticipated value (V) is the outcome of a linearization process
in the VBSE framework, which differs from the actual value (Vacwa) Obtained by a complete

system analysis.
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Figure 6.2: Optimization using VBSE framework

Even though the new framework has limitations because of errors due to linearization and common
optimization concerns such as local minimum, it is the first step towards incorporating principles
of VDD in current systems engineering processes by replacing communication of requirements
with communication of value functions. The new framework enables consistent and more informed
design decision-making in a hierarchical organization, where the designers at all the levels are
aware of the impacts of their design decisions on the system value. As mentioned before, it is
challenging to identify the significant attributes, especially in LSCES like satellites and aircrafts
where the number of attributes may range from hundreds to thousands. The focus of next section

IS on a visualization tool that can aid designers in identifying these attributes easily.

Decision Support using Visualization
The VBSE framework involves a step of identifying significant attributes, which is a
mathematically tedious process. In the real world, it is difficult to pick attributes using just numbers

(total derivatives) particularly when many attributes exist. An easier way to identify significant
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attributes is to visualize the value impact of the attributes. The visualization of the attributes in
this section aids the designers in identifying the important attributes as shown in Fig. 6.3 and also
will aim at providing a greater understating of attribute relationships as shown in Fig. 6.4 [106,
107]. Figure 6.3 is a combination of a bar chart and parallel coordinate plot. The bars represent the
normalized global sensitivities of each subsystem level 1 attribute with respect to the system value,
and the parallel coordinate plot shows how changes in these attributes affect the value function.
Both plots describe sensitivities; one through the mathematical relationships that exist in the
background equations (total derivatives) and one through the analytical results of the value
function. Using these plots together affords the designer a more holistic understanding of the
sensitivities of the value function to each attribute. It is clearly apparent from the derivative bar
charts, that attributes associated with the Power and Launch vehicle subsystems have large
normalized global derivatives. From the parallel coordinate plot, it can be seen that these attributes
also have low value variability. Therefore, the value function is relatively sensitive to changes in
the Power and Launch vehicle subsystems. Whereas, the signal-to-noise ratios (SNRgown and
SNRyp) have low normalized global sensitivity values and large value variability in the parallel
coordinate plot. Therefore, the value function is relatively insensitive to changes in the signal-to-
noise ratios after a certain range. From this figure it is seen that the attributes that have higher
value impacts at subsystem level 1 are Cpower and Crv. The plots in Fig. 6.3 tell us there is potential

for higher value change, by focusing on these significant attributes, in an understandable way.

www.manaraa.com



94

2.281

1.884

peojAed 3s0)
UMOQ UNS [
punoi9iso)
13M04150) 4
By foudu]
150D
uois|ndoug \
150D
$2Av1s0)
|BWIay1 350 |5
S3INPNIS
150D
A1150)

Figure 6.3. (Top) Total sensitivities of SL1 attributes with respect to Value (Bottom)
Parallel Coordinate Plot of SL1 Attributes

The visual design structure matrix (VDSM) is an interactive DSM that allows the designer
to select which subsystem relationships they would like to analyze. Figure 6.4 shows a sample

VDSM with four subsystem attributes: Array Size, Propellant Mass, Transponder Mass, and
Payload Power. The total derivative of each attribute with respect to value (Z—Z) , change the size

of each box. The propellant mass has the greatest effect on the total value, and the transponder
mass and payload power have the lowest effects. This is due to the background cost function which
is greatly affected by the mass of the propellant. The lines that connect each attribute box represent
their local derivatives. These lines change thickness based on the strength of the local coupling.

The placement of the line, above or below the box, represents the direction of the local coupling.
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For example, the thick line between array size and payload power corresponds to a strong local
derivative. Within the value space, the output of the payload power has a strong effect on the array

size, but a small effect on the propellant mass.

Array Size
dV =0.042

Propellant
Mass
dv =0.081

Transponder

Global Derivatives
Size

Local Derivatives
Thickness

Figure 6.4. VDSM of four subsystem attributes

The VDSM provides a tool for a designer to analyze all of the couplings within a system.
The interactive nature of the VDSM allows the designer to target specific subsystems or disciplines
and enhance their understanding of the sensitivities. This will allow designers to make decisions
on suspension/elimination of couplings to reduce computational cost [37, 38]. Suspension of
couplings using visualization is left for future work. This chapter has focused on enabling
consistency in design decision-making associated with communication of system preference and
consistency in physics by proposing a Value-Based Systems Engineering (VBSE) framework
thereby tackling research question 2 by providing a framework for system optimization in a

hierarchically decomposed environment. The next chapter will focus on quantifying the
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uncertainties present, propagating them throughout the system and finally will explore how a

consistency in preferences towards risk can be achieved using the VBSE framework.
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CHAPTER 7

CONSISTENCY IN RISK PREFERENCES
The design process associated with Large-Scale Complex Engineered Systems (LSCES) involves
a number of individuals making decisions at all the levels of the hierarchy in an organization.
Previous chapters addressed consistency issues in communicating stakeholder’s preference(s) in
decision-making by ensuring consistency in physics of the system using the VValue-Based Systems
Engineering (VBSE) framework thereby addressing research questions 1 and 2. The focus of this
chapter is to address research question 3 on enabling consistency in both risk and value preferences
throughout the system, when uncertainties are present, using the VBSE framework. As mentioned
before in the background section, it is straightforward to choose between designs when the
alternatives are deterministic. It becomes challenging when uncertainties are involved as the
attitude of individual designers towards uncertainty or risk becomes an important aspect. As the
design of LSCES involves hundreds to thousands of decision makers, it is therefore very critical
to capture and communicate the risk preferences of the stakeholder to result in a desired design.
The failure to communicate risk preferences will result in designers using their own preference
towards uncertain designs, resulting in a system design that is not preferred by the stakeholder.
This chapter will first demonstrate the effect of risk bias on uncertain design alternatives and then
will explore the VBSE framework in enabling consistency in both value and risk preferences
throughout the system by bringing together Value-Driven Design (VDD), Multidisciplinary
Design Optimization (MDO) and Decision Analysis (DA). As seen in the previous chapters and
the background section, VDD ensures consistency in communication of system value preferences,
MDO enables consistency in physics across the system and DA provides a framework for decision-

making under uncertainty. The ultimate goal of this chapter is to exploit the complimentary nature
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of these three areas to achieve a holistic framework that will enable consistency in decision-
making. The higher fidelity satellite system, described in Chapter IV will be used as a test case

here to demonstrate the importance of capturing and communicating risk preferences.

Impact of Risk Bias on Decision-Making

Four different design alternatives with varying degrees of uncertainties associated with
continuous design variables, for the satellite example described in Chapter 1V, are considered here
to demonstrate the impact of risk preferences on design with uncertainties. Design alternative 1
has less uncertainty associated with it compared to alternatives 2-4, however design alternatives
2-4 have regions in the distribution that may yield higher valued outcomes. The uncertainties in
the design variables are propagated using Monte-Carlo sampling method [52, 53], with a sample
size of 100000. Figure 7.1 shows the probability distribution of Net Present Value, in dollars,
associated with each of the design alternatives after being propagated throughout the system. It
can be seen from Fig. 7.1 that design alternative 1 is less risky (narrower distribution) compared

to others.

Alternative 1
Alternative 2
&1 Alternative 3
Alternative 4

Prob. density
w N

N
T

a5

- 1 i i el 1 e 1
.0 1 1:15 1.2 125 143 1.35 14
Value in $ (measurement)

Figure 7.1: Probability Distributions of Design
Alternatives on Value
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Table 7.2 represents four different cases of utility functions representing varying risk
preferences. These are some of the commonly used utility functions in literature [13, 108, 109].
Utility functions specific to an individual can be modeled by conducting numerous lotteries on the
individual. Readers are referred to [71] for experimental methods to elicit risk preferences.
Modeling a completely new utility function is out of the scope of this research. For demonstration
purposes, existing utility functions are used here and the corresponding parameters of the utility
functions are modified to result in a desired risk preference. For example, for the utility function
listed as case 3 in Table 7.2, the risk parameters “a = —0.2” and “a = 0.5” represent higher and
lower degrees of risk aversion. This can also be seen in Fig. 7.2a and Fig. 7.2b, where the curvature
changes according to the risk preference. The utility curve becomes flatter, closer to risk neutral
preference (which will be a straight line across the curve), with lower degrees of risk aversion as

seen in the figure. Convex curves represent a risk-loving attitude.

Utils

L
0 05 1 15 2 25 3 a5
Value ($) x 108

Figure 7.2a: Less Risk Averse Utility Function
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Figure 7.2b. Higher risk averse utility function

As people are usually risk averse, utility functions that are only risk averse are considered
here. These four cases represent different degrees of risk aversion, as people tend to differ in their
risk attitude. For example, a stakeholder compared to a designer at a lower level may be less risk
averse in his preferences. Cases 1-2 represent utility functions with constant absolute risk aversion,
i.e., the risk attitude will remain the same with change in wealth (value). The parameter ‘a’ is
varied in cases 1-2 to result in varying degrees of constant absolute risk aversion. Case 1 represents
a lower risk aversion, whereas case 2 represents higher risk aversion. Cases 3-4 represent utility
functions with decreasing degree of absolute risk aversion. The individual with decreasing degree
of absolute risk aversion will become less risk averse with increase in wealth (value). This can be
seen in Table 7.1. Table 7.1 demonstrates the effect of decreasing absolute risk aversion on the
selection of design alternatives. Alternatives 1 and 2 associated with Fig. 7.1 are considered here.
As mentioned before, alternative 1 is less risky but has lower expected outcome, whereas
alternative 2 is more risky and has higher expected outcome. One of the discrete design variables

(Number of transponders, N) of the design alternatives is changed to yield a higher expected
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outcome, such that there is no change in the probability distribution itself, but just in the expected
outcome. As can be seen in Table 7.1, two different cases of expected outcome (~127 M$ and
~251 MS$) are used to demonstrate the difference in varying degree of absolute risk aversion. For
the case with lower expected outcome (~127 M$), the chosen design alternative is 1 for both
constant and decreasing absolute risk aversion, whereas for the case with higher expected outcome
(~251 MS$), the design alternatives chosen for constant absolute risk aversion and decreasing
absolute risk aversion are 1 and 2 respectively. The reason for this change in design alternative
associated with “decreasing degree of absolute risk aversion” utility function is due to the decrease
in risk aversion with increase in wealth (value). It is also clear by comparing the certainty
equivalents of the two utility functions in Table 7.1, associated with the higher expected outcome
design alternatives, that the designers with a decreasing degree of absolute risk aversion would
pay more (~254 M$) for alternative 2 as compared to design alternative 1 (~251 M$). Even though
design alternative 2 is riskier comparatively, the designers still prefer it because of their decreasing

degree of absolute risk aversion with increase in wealth.
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Table 7.1 Decreasing degree of absolute risk aversion

Co-
efficient
. of Expected | Certainty Chosen
Ut'“.t y absolute Cases Alternative [outcome in ${Equivalent Exp_e(_:ted design
function - - Utility .
risk (Mean) in$ alternative
aversion
(Ra)
Lower exp. 1 127.23e+6 |125.92e+6| -66.71e-45
uw) = outcome 1
iy alternatives 2 127.41e+6 [121.52e+6| -3.51e-42
a
(Constant | 2=9¢e-7 :
absolute risk Higher exp. 1 251.73e+6 |249.49e+6| -33.52e-93
i outcome 1
aversion) Altorratives 2 251.87e+6 |242.58e+6| -16.86-90
1 Lower exp. 1 127.23e+6 |127.26e+6| -0.119681
UW)==-v* outcome 1
ecresting alternatives 2 127.41e+6 [127.23e+6| -0.119688
degree of = —02
absolute risk Lower exp. 1 251.73e+6 |251.96e+6 -0.1044
; outcome 2
aversion) alternatives 2 251.87e+6 |254.39e+6| -0.1042

Table 7.2 has the ranking of the design alternatives based on expected utility associated
with each of the four utility functions. It can be seen from the table that the rank ordering has
changed between cases 1 (higher risk aversion) and 2 (lower risk aversion) due to a change in risk
preference. The risk preference is changed by manipulating the parameter “a”, which reflects the
constant degree of risk aversion associated with cases 1 and 2. As case 1 represents individuals
with higher risk aversion compared to case 2, design alternative 1 was chosen as it is less risky
compared to other alternatives. Case 2 represents comparatively lesser risk averse individuals,
which resulted in design alternative 2 being chosen. Cases 3 and 4 represent higher risk averse

individuals. Also for case 3, the parameter ‘@’ can be changed to represent desired risk aversion.
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Table 7.2. Impact of Risk Bias

Co-
Utility - |efficient .
function Ut”.' of Design Cer_t ainty Expected Expecteo_l Cho_sen
Cases function |absolute 2 |Equivalent L Outcome in design
. ranking - utility .
uv) parameter nslg in$ $ (Mean) | alternative
aversion
(Ra)
Case 1 1 125.92e+6 | -66.71e-45 | 127.23e+6
(constant 3 1 _av| @=9e-7 N/A 2 121.52e+6 | -3.511e-42 | 127.41e+6 1
absolute risk| ~ 3 € (higher risk 4 118.15e+6 | -72.94e-42 | 125.70e+6
aversion) aversion) 3 117.33e+6 | -152.8e-42 | 126.42e+6
Case 2 1 2 126.70e+6 -31.41 127.23e+6
(constant |——e~aV| a=1le-7 N/A 1 126.25e+6 -32.87 127.41e+6 5
absolute risk| ¢ (lower risk 4 125.96e+6 -33.83 125.70e+6
aversion) aversion) 3 125.17e+6| -36.61 | 126.42e+6
Case 3 1 1 127.26e+6 | -0.119681 | 127.23e+6
(decreasing | —v¢« — _o2 (1-a) 2 127.23e+6 | -0.119688 | 127.41e+6 1
absolute risk| @ « ' v 4 |125.49e+6| -0.120018 | 125.70e+6
aversion) 3 125.44e+6 | -0.119837 | 126.42e+6
Case 4 1 127.26e+6| 18.6618 | 127.23e+6
decreasin 2 127.22e+6| 18.6615 127.41e+6
A Wy | A W 4 |12549e+6| 18.6478 | 125.70e+6 !
aversion) 3 126.44e+6 | 18.6553 126.42e+6

It can be seen from this simple demonstration that there is a need to capture risk preferences
carefully in decision-making when uncertainties are present. This example emphasizes the
necessity for having a rigorous mathematical foundation for decision-making to reflect the
preferences of an individual towards risk. It is also crucial to have consistent risk preferences in a
hierarchically decomposed system in order to result in a system actually desired by the stakeholder.
The focus of the next section will be on communication of risk preferences using the VBSE

framework.
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Value-Based Systems Engineering Framework (VBSE) with Uncertainties

In the previous section, we found that with varying risk preferences under uncertainty, the
designers tend to choose completely different designs. When this is expanded to the hierarchically
decomposed satellite system, there will be inconsistency in the design due to people at different
levels of hierarchy. The focus of this section will be on using the VBSE framework to optimize
the satellite system when uncertainties are present by enabling consistency in risk preferences in
addition to achieving consistency in physics and communication of preferences (as discussed in
Chapter 6). In Chapter 6, the decomposed value functions were used to communicate system
preference, whereas in this section, utility functions will be used to communicate both the risk and
system preference. Designers/managers at each level will have their own risk preference towards
uncertain designs. It will be demonstrated using the satellite example that the final design obtained
using the VBSE framework will be completely different if designers at different tiers tend to use
their own utility functions instead of a consistent utility function that captures both risk and value
preference of the stakeholder.

A modified VBSE framework that enables communication of both value and risk
preferences using utility functions is shown in Fig. 7.3. The framework works in a similar manner
to the deterministic case (Chapter 6). The key difference here is on the updating of design variables.
The design variables are updated at each level based on the change in expected utility (AE (U))
associated with each level, instead of change in value (AV), to result in an increase in overall
expected utility. Similar to the previous section, only the uncertainties associated with the
continuous design variables are considered and other uncertainties like satellite system model

uncertainties are left for future work. The uncertainties are modelled using probability
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distributions. For simplicity, the probability distributions considered here are triangular. Future

work will be considering other probability distributions like normal, lognormal, Poisson, etc.
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Figure 7.3: Value-based Systems Engineering
Framework

The distributions associated with design variables at subsystem level 2 (SL2) and
subsystem level 3 (SL3) are set in such a way that the upper and lower bounds change with respect
to the design variable value to account for machining tolerances and transmitter power

accountability. For example, in the case of design variable Ds (diameter of satellite transmitting
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antenna), the distribution is set to be narrower when the diameter is lower (say around 0.5 meters)
and the distribution is set to be broader (say around 3 meters) to reflect machining tolerance of
antenna, i.e., the higher the diameter, the higher the machining tolerance. This can be seen in Fig.
7.4. These distributions are then propagated using Monte-Carlo sampling at each level of the
hierarchy as shown in Fig. 7.3. The design variables are changed by 5% of their old values if the
error is less than or equal to 3% and are changed by 1% as shown if the error is greater than 3% in

Eq. 7.1. The number of design cycles performed are 30.

0.05 X X4 error < 0.03 (7.1)

AX = { 0.01X X,y  error > 0.03

where:

Expected Utilityygsg — Actual Expected Utility)

= abs (
error = abs Actual Expected Utility

12r

0.5m
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=]
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Figure 7.4. Distributions associated with Dst
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Table 7.3 shows the designs associated with two different utility functions with varying degrees
of risk aversion. The framework is initialized with the same initial design as in the deterministic
case (Table 6.4). The uncertainties in the design are propagated using Monte-Carlo method with a
sample size of 10000. Case 1 in the Table 7.3 represents a utility function with decreasing degree
of risk aversion (case 4 in Table 7.2). It is assumed that all the designers at one particular level
have the same risk preference for simplicity. Modeling the risk preference of designers associated
with each subsystem is left for future work. Cases 1.a and 1.b in Table 7.3 represent scenarios with
the same risk preference at all the three levels of the hierarchy, where the risk parameter ‘a ’ has
the same value, with case 1.a being more risk averse compared to 1.b. This means that the risk
preferences of the designers at all the levels are consistent with the stakeholder. Case 1.c in the
table represents a scenario where the designers tend to decide on their own risk preference. It can
be seen from Table 7.3 that each of these cases (Case 1.a — 1.c) have completely different designs
due to the variation in risk preferences. In case 1.a, designers at levels SL2 and SL3 tend to pick
designs with lower uncertainty, as they are more risk averse compared to case 1.b, where the risk
aversion is very low. As discussed before, the uncertainty associated with the design variables
increase with increase in their values as shown in Fig. 7.4. Since only the uncertainties associated
with the diameters and transmitter powers (shown in red in Table 7.3) were modeled that way,
there is a vast difference in values associated with those design variables. In case 1.c, the designers
at each level make decisions based on their own risk preference as seen in Table 7.3, where there
is a huge discrepancy in the final design compared to case 1.b. Similarly case 2 in Table 7.3
represents a scenario where the designers at SL1 and other levels have completely different utility
functions, i.e., SL1 has a utility function associated with case 2 from Table 7.2, whereas SL2 and

SL3 have utility functions associated with case 4 in Table 7.2. As designers at the lower levels are
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usually more risk averse compared to a higher-level manager, they tend to choose designs that are

not desired by the stakeholder as seen in Table 7.3.

Table 7.3. VBSE framework with uncertainties

Case la: Case 1.b: Caselc: Case 2
A aSLl - _0005 aSL1 - 2 aSLl - 2 asL1 = 16'7
RISk paramEterS CZSLZ == _0005 aSLZ = 2 CZSLZ = _0005 OlSLZ = 075
a5L3 = _0005 aSL3 = 2 aSLg = _05 aSL?) = 075
Satellite 85.5°W 100°W 90°W 90°W
longitude
Ground 94 .5°W 100°W 90°W 110°W
longitude
SL1 Ground 34.2°N 40°N 36°N 36°N
latitude
Ground 86.6°W 75°W 82.5°W 82.5°W
long. rec
Ground lat. 34.2°N 40°N 36°N 36°N
rec
SLo Pst 7.8 W 42,75 W 6.79 W 6.12 W
Pqt 300 W 4275 W 300 W 300 W
fdown 55.55 GHz 50 GHz 55 GHz 55 GHz
Dst 0.81m 445 m 0.97m 0.95m
SL3 Dsr 0.65m 4.45m 0.80m 0.78 m
Dgt 2.45m 13.36 m 293 m 2.87m
fup 55.55 GHz 50 GHz 55 GHz 55 GHz
Dgr 2.45m 13.36 m 293 m 2.87m

The primary focus of this section has been on exploring how both risk and value
preferences can be communicated using a utility function in a Value-Based Systems Engineering
framework. Table 7.3 shows how design decisions vary when the risk preferences are inconsistent
in a hierarchically decomposed environment where it is crucial to make decisions aligned with the
stakeholder’s preference(s). This chapter has addressed research question 3, which focuses on
overcoming consistency issues, associated with both value and risk preferences, in design
decision-making in a complex system with uncertainties. This is achieved by capturing both the
risk and value preferences using a utility function and decomposing it using the VBSE framework,

which enables consistent design decision-making by providing a way for system optimization.
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CHAPTER 8

SUMMARY, CONCLUSION AND FUTURE WORK

Summary and Conclusion

Keeping in mind all the consistency issues that are faced while implementing a systems
engineering process, an effort is being made to bring together all the components of the new design
science of Large-Scale Complex Engineered Systems (LSCES), namely MDO, VDD and DA, that
result in a better design by aiming at minimizing the schedule delays, cost overruns and
maximizing the true preference. This is achieved using the proposed Value-Based Systems
Engineering (VBSE) framework that enables design decision-making that is consistent with both
the value and risk preferences of the stakeholder. This research has shown how different objective
function formulations yield completely different designs and thereby has emphasized the
importance of capturing the true preference(s) of the stakeholder using a value function. In addition
to that, this research has also shown why communication of system preferences is important and
how system preferences can be communicated using value functions. The issue of physics-based
consistency in the context of value function decomposition has also been addressed to enable more
realistic and informed design decision-making using the VBSE framework. The research has also
investigated the effect of risk bias on the system design when uncertainties are present and has
validated that a proper communication of both risk and value preferences is needed in an uncertain

environment.

Future Work
Due to the variety of fields involved, there exist vast opportunities for future work. Future work

concerning value function formulation will be on exploring the value formulation for a space
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exploration government satellite. This will focus on capturing attributes in a value function that
are responsible for the overall effective success of the mission with low cost. In addition to that,
translating requirements to value will be a huge part of future work to enable practical application
in industries, as industries struggle to recognize the difference between multi-objective functions
and value functions (author’s view). As mentioned in the previous chapters, the VBSE framework
is just a first step in incorporating VDD principles in systems engineering. There exist plenty of
opportunities in enhancing the framework to make it widely applicable. One of the focuses in the
future will be on the incorporation of discrete design choices in the VBSE framework. The other
major focus concerning the VBSE framework with uncertainties will be on the investigation of
belief updating. It was assumed in this research that the higher level managers completely replace
their beliefs on lower level attributes. However, in reality, the higher level managers have an initial
belief on the lower level attribute based on experience or prior knowledge. These beliefs will then
be updated based on where the information is coming from and type of information. For example,
if the manager gets a new information based on an experimental test that is not so rigorous, his
beliefs on the initial information will not be updated to a large extent. Belief updating can be done
using Bayesian theorem.

Future work will also involve modeling different uncertainties associated with the satellite
model. Only uncertainties associated with the design variables were modeled in this research.
Future work will explore other uncertainties like model-based, operational environment, etc. This
research used the Monte-Carlo Sampling method for propagating uncertainties. This method is
computationally expensive and therefore a lower order model with not much sacrifice in accuracy
would be very handy. Response Surfaces will be modelled in the future to create lower order

models that have similar behavioral response as the actual system.
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APPENDIX A

LOWER FIDELITY SATELLITE MODEL

Appendix A will discuss each of the satellite system subsystems, associated with the

lower fidelity model, as well as define the equations used in each of the subsystem’s analysis.

Variable Definitions

The variables used for the VDD/MDO value function calculations are shown in the

following table. Referenced refers to [89].

Variables and Description Type Value

Parameters

A Rain attenuation in dB Calculated | ----

Abus Surface area of the Spacecraft bus Calculated | ----

Acr Cross sectional area of the bus in m? Calculated | ----

Asat trans Surface area of satellite transmitting Calculated | ----
antenna

Asat rec Surface area of satellite receiving Calculated | ----
antenna

Apsa Projected area of the insulated layers of | Calculated | ----
Solar array

Ap sat trans Projected area of the insulated layers of | Calculated | ----
Satellite transmitting antenna

Ap sat rec Projected area of the insulated layers of | Calculated | ----
Satellite receiving antenna

Ap bus Projected area of the insulated layers of | Calculated | ----
Spacecraft bus

Aradiator battery Area of radiator for battery Calculated | ----

Aradiator RW Area of radiator for reaction wheel Calculated | ----

Aradiator,proptank Area of radiator for propellant tank Calculated | ----

As Surface area of the satellite Calculated | ----

BM Bending moment Calculated | ----

Cabcs Cost of ADCS Calculated | ----

Cyant Cost of ground antennae Calculated | ----

Cgtransmitter Cost of ground transmitter Calculated | ----

Cground support Cost of ground support and operations | Calculated | ----

Cintegration,test,assembly | Cost of integration, test and assembly | Calculated | ----
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Cw Cost of launch vehicle Calculated | ----

Cpayload Cost of payload Calculated | ----

Cpower Cost of power system Calculated | ----

Cpropulsion Cost of propulsion system Calculated | ----

Cstructures Cost of structures Calculated | ----

Cihermal Cost of thermal system Calculated | ----

DOD Depth of discharge Referenced | 0.8

E Young’s modulus Referenced | 71.7 GPa

FOSuitimate Ultimate factor of safety Referenced | 1.6

FOSyield Yield factor of safety Referenced | 1.4

Fs Solar flux Constant | 1367 W/m?

Fu Ultimate tensile strength Referenced | 572 MPa

Fty Yield tensile strength Referenced | 503 MPa

Fultimate Ultimate load Calculated | ----

Gground,rec Ground receiving antenna gain Calculated | ----

Gground,trans Ground transmitting antenna gain Calculated | ----

Gsatrec Satellite receiving antenna gain Calculated | ----

Gsat trans Satellite transmitting antenna gain Calculated | ----

H Discharging efficiency Assumed 94%

Isp Specific Impulse of the propulsion Assumed 300s
system in seconds

Isp,lv Specific Impulse of launch vehicle in | Assumed 300s
seconds

Ix Mass moment of inertia of the Calculated | ----
spacecraft along the x-axis in kg-m?

ly Mass moment of inertia of the Calculated | ----
spacecraft along the y-axis in kg-m?

Iz Mass moment of inertia of the Calculated | ----
spacecraft along the z-axis in kg-m?

Ky Boltzmann constant Constant 1.3807 x 10723

m?kg / s°K

La Transmission path loss 0.890

Laxial Axial load factor Referenced | 6

Lem Bending moment load factor Referenced | 3

Ly Lateral load factor Referenced | 3

Lir Line loss between receiver & antenna | Assumed 0.89

Lt Line loss between transmitter & Assumed 0.89
antenna

Ls.down Space loss (downlink) Calculated | ----

Ls.up Space loss (uplink) Calculated | ----

Mg Burnout mass considered in propulsion | Calculated | ----
system in kg

Mag, v Burnout mass considered in the launch | Calculated | ----
vehicle in kg

Mary Dry mass of the spacecraft in kg Calculated | ----
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Mins Mass of insulator Calculated | ----
Moropeliant,lv Mass of propellant needed to get to Calculated | ----
GTO from launch station in kg
Mradiator Mass of radiator in kg Calculated | ----
Msensors Mass of attitude sensors in kg Referenced | 3 kg
Mistructures Mass of the bus including the masses Calculated | ----
of only the subsystems inside the bus in
kg
MS Margin of Safety Calculated | ----
Msic Spacecraft Mass in kg Calculated | ----
Po Power required by all the subsystems Calculated | ----
in W
Paxial Axial load Calculated | ----
Per Critical buckling load Calculated | ----
Peq Equivalent load Calculated | ----
Pheater,battery Power required by heater for battery Calculated | ----
Pheater,RW Power required by heater for reaction Calculated | ----
wheel
Pheater,proptank Power required by heater for propellant | Calculated | ----
tank
Prw Power needed by RW motor Calculated | ----
Psa Required solar array output in W Calculated | ----
Psensors Power needed by sensors Assumed 10W
Pst Satellite transmitter power Assumed 30 W
PF Packing factor Referenced | 0.9
Qint Internal heat generated Assumed 400 W
R Desired data rate Assumed 8 Mbps
Rm Mass ratio Calculated | ----
r Radius of the orbit Calculated | ----
Re Radius of earth Constant 6374.4 km
Riv Mass ratio for launch vehicle Calculated | ----
SNRcomposite Composite Signal to Noise ratio Calculated | ----
SNRgown Signal to Noise ratio (downlink) Calculated | ----
SNRyp Signal to Noise ratio (uplink) Calculated | ----
Tb Total disturbance torque Calculated | ----
Te Maximum eclipse time Referenced | 1.2 hours
Ty Gravity-gradient torque Calculated | ----
Thus max Maximum operating temperature of Referenced | 50°C
spacecraft bus
Thatt max Maximum operating temperature of Referenced | 15°C
battery
TrRw,max Maximum operating temperature of Referenced | 50°C
reaction wheel
Tsensors, max Maximum operating temperature of Referenced | 30°C

attitude sensors
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T proptank,max Maximum operating temperature of the | Referenced | 40°C
propellant tank

Tsat trans,max Maximum operating temperature of the | Referenced | 100°C
transmitting antenna

Tsat rec,max Maximum operating temperature of Referenced | 100°C
receiving antenna

Tsamax Maximum operating temperature of the | Referenced | 110°C
Solar array

Thatt,min Minimum operating temperature of Referenced | 0°C
battery

TrRwW,min Minimum operating temperature of Referenced | -10°C
reaction wheel

Tsensors,min Minimum operating temperature of Referenced | 0°C
attitude sensors

T proptank,min Minimum operating temperature of Referenced | 15°C
propellant tank

Tantenna,min Minimum operating temperature of Referenced | -100°C
both the antennae (receiving and
transmitting)

Tsamin Minimum operating temperature of the | Referenced | -150°C
Solar array

To Total orbital period Constant 24 hours

Trw Reaction wheel torque needed Calculated | ----

Ts Maximum sunlit time Calculated | ----

T's,down System noise temperature (downlink) Referenced | 424 K

Tsp Torque due to solar radiation Calculated | ----

Tsup System noise temperature (uplink) Referenced | 614 K

Vbus Volume of the satellite bus in m? Calculated | ----

Vsub Sum of volume of all subsystems Calculated | ----
inside the bus in m*

bsa Width of solar array Calculated | ----

C Velocity of light Constant 2.9978 x 108m/s

deg Degradation Assumed 0.3

eff.en Cell efficiency Assumed 14%

frata Natural frequency along axial Referenced | 25 Hz
direction

frat | Natural frequency along lateral Referenced | 15 Hz
direction

e Acceleration due to gravity on the Constant 9.81 m/s?
surface of earth

ho Orbital altitude Constant 35786 m

he Charging efficiency 92%

h Total angular momentum needed Calculated | ----
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ho Angular momentum needed to counter | Calculated | ----
disturbance torques

hp Angular momentum needed for Calculated | ----
pointing accuracy

i Sun incidence angle Referenced | 23.5°

Isa Length of solar array Calculated | ----

q Surface sensitivity of the satellite Referenced | 0.6

r Distance from the center of earth to the | Calculated | ----
satellite in m

temp Temperature effect Calculated | ----

to Operating temperature of solar panels | Referenced | 60°C

tground,trans Thickness of ground transmitting Assumed 0.1m
antenna in m

tground,rec Thickness of ground receiving antenna | Assumed 0.1m
inm

tref Reference temperature Referenced | 28°C

tsa Thickness of solar array 0.03m

treq,1 Thickness required for ultimate Calculated | ----
strength

treq,2 Thickness required for yield strength Calculated | ----

tsat,rec Thickness of satellite receiving antenna | Assumed 0.03m

tsat,trans Thickness of satellite transmitting Assumed 0.03m
antenna

ty Thickness to meet the axial natural Calculated | ----
frequency requirement

t2 Thickness to meet the lateral natural Calculated | ----
frequency requirement

a absorptivity of the insulating material Calculated | ----

« Ratio between absorptivity and Referenced | 0.5

€ emissivity of the insulating material

AV Change in velocity needed to get to Assumed 2000 m/s
Geo-stationary orbit from Geo transfer
orbit (GTO) and to make orbital and
attitude corrections

AViEo Delta-V required to get to Geo transfer | Assumed 10000 m/s
orbit (GTO) from launch station

€ emissivity of the insulating material Calculated | ----

Y Parameter 1 for calculating buckling Calculated | ----
stress

Erad emissivity of the radiator Assumed 0.8

Neround,rec Ground receiving antenna efficiency Assumed 60%
Ground transmitting antenna efficiency | Assumed 60%

nground,trans
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Nsat trans Satellite transmitting antenna Assumed 60%
efficiency
Nsat rec Satellite receiving antenna efficiency Assumed 60%
0 Maximum deviation from the vertical | Assumed 1°
04 Pointing accuracy needed Assumed 0.1°
Adown Downlink wavelength in m Calculated | ----
Aup Uplink wavelength in m Calculated | ----
u Gravitational constant of earth Constant | 3.986 x 10**m3/
SZ
P Density of the material used for Referenced | 2810 kg/m?®
satellite bus
PBattery Density of the battery Referenced | 3500 kg/m?
OrRW Density of reaction wheel material Referenced | 2800 kg/m?
Pprop Density of the propellant Referenced | 1021 kg/m?®
Pground,rec Density of ground receiving antenna in | Referenced 2800 kg
kg m3
Pground,trans Density of ground transmitting antenna | Referenced 2800 kg
in kg m3
Psat rec Density of satellite receiving antenna in | Referenced kg
’ kg 2800 3
Psat trans Density of satellite transmitting Referenced kg
' antenna in kg 2800 m3
O trans Density of satellite transponders Referenced 2700 kg
m?3
c Stefan Boltzmann constant Constant 5.67051
X 1078Wm—2K~*
Ocr Buckling stress Calculated | ----
@ Parameter 2 for calculating buckling Calculated | ----
stress
Payload

The payload for a communications satellite contains transponders and antennas. The

function of a transponder is to serve as a communication channel between the uplink and the

downlink antennas. Antennas receive and transmit signals. The analysis equations of the

payload are given as follows.

Downlink:
C

Adown = frown
w
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2

(T[ X Dsat,trans))

Gsat,trans = Msat trans ( 2
down

2

(T[ X Dground,rec))

Gground,rec = nground,rec ( A
down

Ls,down = (;) i

4xmxhxfgown

E:b _ l:)st X Ll,t X Gsat,trans X LS,down X La X Gground,rec X Ll,r

SNR own: = =
N0 Kb X Ts,down X R
Uplink:

C
Aup = —

up

2
_ (T[ X Dground,trans)
Gground,trans = Nground,trans A
up
2
G _ (mXDsatrec)
satrec — Tlsatrec N
up

. 2
Lsup = (4><n><h><fup)

. Eb _ Pgt X Ll,t X Gground,trans X LS,up X La X Gsat,rec X Ll,r
YPUN, Kp X Tsup X R

SNRgownXSNRyp [89]
1+SNRgown+SNRyp

SNRcomposite =

A rain attenuation factor of (-A) is added to the Signal to Noise ratio in dB, for both
uplink and downlink, when the frequency of transmission increases beyond 10 GHz. This factor
is linearly dependent on the frequency. A simple empirical equation, given below, was derived

for (A) based on the plots from references [89, 97, 98].

A =10 x (6.8966 x 10712 x f + 0.9313) dB
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D 2
sat,trans
Msat,trans =nX det,tT’aTlS X tsat,trans X ( 2 )

2

DS(lt rec
Msat,rec =mX psat,rec X tSClt,T@C X ( 2 )

Py

M =3X
transponders 30

1v[payload = Msat,trans + Msat,rec + Mtransponders

Ppayload = (1.95 X P;) + 6.5 (linear approximation[89])
_ M transponders
Vtrans -
ptrans
Propulsion

The propulsion system consists of small thrusters that are used for station keeping. This
subsystem aids the satellite in maintaining the desired trajectory, controlling spin and
maintaining three-axis stability. The analysis equations of the propulsion system are given

below.

Mg = MS/C - Mpropellant

(rpee)
RM =e Isp8e

Mpropellant = (Ry X Mg) — Mg

Myropetiant X Margin factor

Vorop =
Pprop

Where:
Margin factor = 1.1
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Power

The power subsystem consists of batteries, solar panels and other power generating
sources. The power subsystem provides all the subsystems and the payload with power. The
design of this subsystem is governed by the power needed by the other subsystems. The analysis

equations of the power subsystem are given below.

Po = Papcs + l)Payload + Prhermal
Ts=T,—Tg
Pgp = P, + P (TE)( ! )
= X |—
sa = Fo+ Fo X\ e m,

Msa = 0.04 X Ps, (approximation [89])

Psa ]
{(1—deg)x(1-temp)}
Fsxcos(i)xeff g1 XPF

Array size = Where: temp = (to — tyer) X 0.005

. _ PoXTg _
Battery capacity = DODIXH W-hr
Battery capacity

MBattery = I3

Mpoywer = Mgy + MBattery

_ MBattery
VBattery - PBatt
attery

Attitude Determination and Control

The Attitude Determination and Control Subsystem (ADCS) consists of sensors such as
star trackers and solar trackers to track the attitude and orientation of the spacecraft. The ADCS
also contains components to control the attitude and orientation of the satellite such as
momentum wheels, gyros and thrusters. The analysis equations of the ADCS are given as

follows.
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r = (ho + Rg)

. 3x ux |l —Iy| x sin(20)
9= 2 xr3

The moment of inertia of the satellite was calculated based on the configuration in Fig. 4.

z
Satellite receiving antenna

Satellite bus

Solar panel

/

=1

x \
Satellite transmitting antenna

Fig. 4: Satellite configuration

Mstructures = propellant + Mbattery + Mthermal + Mbus

Moments of Inertia of the bus:

Mstructures X (3 X rsz + (rs - ts)z + Lsz)

Ixstructures - 1 2

Iystructures = Ixstructures

_ Mstructures X (7:92 + (rs - ts)z)
I Zstructures — 2

Moments of Inertia of Solar array:

bSA — ’Arra:size [89]

ls4 = 3 X bgy (assumption)

1 ) 2
Ixgy = IR X Mgy X (tsa” + lss™)
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1
lysa = IR X Mgy X (bSA2 + tsa?)

I250 = — X M X (bsa® + lsa®) + (15 + lsa)2 X M
Zsp = 12 SA SA SA (1s + Ls4)* X Mgy

Moments of Inertia of payload:

Transmitting antenna:

— 2 2
Ixsat,trans =X Msat,trans X (3 X Dsat,trans + tsat,trans )

12 )
tsat,trans LS)

+M x«———+—
sat,trans 2 2

Iysat,trans = Ixsat,trans

2

I Mgt trans Dgat trans
Zsat,trans — > X >

Receiving antenna:

2

_ Dsat,rec tsat,rec Ls 2
Ixsat,rec — Msat,rec X 2 + Msat,rec X 2 + ?

Iysat,rec =1 Xsat,rec

1
— 2 2
Izsat,rec - 12 X Msat,rec X (3 X Dsat,rec + tsat,rec )
Ix = Ixstructures + IxSA + Ixsat,trans + Ixsat,rec

Iy = IYStructures + IYSA + IYSat,trans + Iysat,rec

1z = 1Zgtryctures + 12sa + 1Zsqt trans T 1Zsatrec
Tsp = 0.3 X F (approximation [34])

Where:
F
F=?S><AS><(1+q)><cos(i)

As = (2 X Ls X rs) + (2 X 1SA X bSA) + (tsat,trans X Dsat,trans) + (tsat,rec X Dsat,rec)
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TD == TSP +Tg

Trw = Tp X Margin factor
Where:
Margin Factor = (1.3)[89]

Trw X 24 X 60 X 60
hdz(

.707
2 )xOO

_ Trw X 24 X 60 x 60 x 180
P 4 X 04 XT

h

Total angular momentum needed by RW:

h=hgq+ hy
Mpw = % (obtained from linear interpolation[89])

Total mass of ADCS:

Mapcs = Mrw + Mgensors

P _ (h+39.56)
RW ™ 3996

(linear interpolation[89])
Total power required by ADCS:

Papcs = Prw + Psensors

Mew

Vo, =
kW Prw

Thermal Control

The satellite will be exposed to high and low temperature extremes during its operational
lifetime. The operating temperature of most of the subsystems and the payload are not in this
range. A thermal shield must be provided for all the components of the satellite to function
properly. Thermal control of the satellite can be accomplished by using insulators, radiators and

heaters. The analysis equations of the thermal subsystem are given as follows. The operating
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temperature ranges of all the components were assumed. The emissivity was assumed the same
value for all the components.

It was assumed that only the components which are directly exposed to sunlight required
insulators or thermal finishes (Solar array, Transmitting antenna, Receiving antenna and
Spacecraft bus) , whereas the other important internal components required heaters and radiators
to operate in the extreme temperature range. The internal components considered were Battery,

Reaction wheel and Propellant tank.

Insulators:

Solar array:
o X TSA_max4 X Array size

Ap,SA = o
Fg X T

Transmitting antenna:
4
o X Tsat trans,max X Asat trans

o
Fo X =
ST e

Ap,sat trans =

Where:

Dsat trans 2
Asat trans = <2 X1 X (T) )

Dsat,trans
+ (2 XX (T) X tsat,trans)

Receiving antenna:
4
o X Tsat rec,max X Asat rec

(0
X —
Fg -

Ap,sat rec —

Where:

Dsat,rec 2 Dsat,rec
Asat rec = 2 X T X T + 2 X T X 2 X tsat,rec

Spacecraft bus:
4
o X Tbus,max X Abus

Ap,bus -

(04
F¢ X T
Where:
Apys = CXxmTx1r2)+ 2 Xm X1, X L)
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Ml’ns = 0.73 X (Ap,SA + Ap,sat trans + Ap,sat rec + Ap,bus)

Radiator:
Battery:
A i — Qint
radiator,battery €rad XGbeatt‘masz
Reaction Wheel (RW):
A . — Qint
radiator,RW Erad XUXTRW,max4
Propellant tank:
Qint

A . =
radiator,proptank 4
prop €rad X0 XTproptank,max

Mradiator =33 X (Aradiator,battery + Aradiator,RW + Aradiator,proptank)

Heater:

Battery:

— 4
Pheater,battery = Ergqg X0 X Aradiator,battery X Tbatt,min

Reaction Wheel (RW):

— 4
Pheater,RW = &rad X o X Aradiator,RW X TRW,min

Propellant tank:
— 4
Pheater,proptank = Erqqa X0 X Aradiator,proptank X Tproptank,min

Mhpeater = 0
Structures
The satellite bus establishes the basic geometry of the satellite, which provides a physical
presence for all the subsystems to be located. The structure and configuration of the bus plays a
major role in the overall design of the satellite. The bus acts as a chassis for circuitry, computers,
gyroscopes, etc. A cylindrical bus is considered in the lower fidelity model. The analysis

equations for the structures subsystem are given as follows.
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Estimation of length and radius of the bus:

Vpus = Margin factor X Vg,
Where:

Margin factor = 1.2

Vsub = Vprop + Vtrans + VBattery + VRW
Ls :
rg = 3 (assumption)

— Vbus
T X (15)?

V. 1/3
Ls — [(9 x bus) l
T

S

Structure sizing for rigidity to meet the natural frequency requirements:

_ (frat,a/0.25)*XMg/cXLg
L=
2nrgE

(fnat,1/0.56)2XMg;cXLs>

th =
2 nrs3xXE

Structure sizing for tensile strength:

Payiar = 9.81 X MS/C X Layial

L
BM = 9.81 X Mg/¢ X ?S X Lgu

2 X BM

Peq = Paxial +
s

Fultimate = Peq X FOSyitimate

Thickness required:

1:“ultimate
Fou X 2T X 1)

treq,1 =
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) _ Peq X FOSyield
req2 Fry X (210 X 1)

Thickness:

ts = max(tlr o, treq,lf treq,z)
Sizing for Stability (Compressive Strength):

E X t,

o = 0.6 X y X

Where:

Yy =1-0901% (1— e %)
1 |rg

16 |t

S

(p:

Por = Agr X Oy
Where:
Aoy =2 XTI X715 Xt
The bus must be capable of withstanding the applied load, i.e. ., Poq . If Por < Fyypimate, then
the structure is not adequate. Thickness should be changed in order to make the structure

adequate. Structure adequacy means that the Margin of Safety (MS) of the structure should be

positive. MS can be obtained by the following equation.

P
MS = —F— —1

F ultimate

The thickness of the structure should be changed until the MS value reaches positive value or the

desired limit.

Mass of the bus:

Mbus = pXmX Ls X (Tsz - (Ts - ts)z)

www.manaraa.com



133

Launch Vehicle

The launch vehicle subsystem consists of an apparatus that delivers the satellite to a
desired orbit. The selection of the launch vehicle, not addressed in the lower fidelity model, is
greatly influenced by the altitude of the orbit, type of orbit (i.e., GEO, Molniya or Sun-
synchronous), and the mass and dimensions of the spacecraft. The higher fidelity model deals

with launch selection.

Mg, = MS/C

AVLEO
Rlv =e (Isp,lv)Xge

Mass of propellant needed to get to GTO:

Myropetiantiv = [(Riw X Mp,p) — Mp | X Margin factor ~ Where: Margin factor = 1.2

Cost Model
MS/C = Mpropellant + lv[thermal + lVISA + MBattery + Mbus + MADCS + Mpayload
Cpayload =353.3 X Mpayload

Crp = (10000 X Ms/¢) + (100 X My openiant,iv)

Cpower = (=926 + 396(Msa + Mparcery) ) + (~210631 + 213527 X Array Size®0%6°)

Battery Capacity\%7>*
y50 P y) ) + 100 X €

+ <375 + 494 (

Cthermar = (246 +4.2 X Mthermalz) + (—183 + 181 X PThermaLO'zz)
Capcs = 1358 + (8.58 X Mypcs”) + 341 + (2651 x 6705)

Cstructures = 157 X (Mbusogg)

Cpropuision = 65.6 + (2.91 x Mg, %°1)

Where:
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Mdry = MS/C - Mpropellant

Cintegration,test,assembly

=989 + 0.215
X (Cpayload + Cpower + Cpropulsion + CADCS + Cthermal + Cstructures
+ Claunch vehicle)

_ 2
Cg,ant =10 x (pground,trans X tground,trans X Dground,trans + pground,rec X tground,rec
2
X Dground,rec )

Cg,transmitter =10 x Pgt

Cground support — 9.262 % (Cpayload + Cpower + Cpropulsion + CADCS + Cthermal +
0.642
Cstructures + Claunch vehicle)

Total Cost = 1.308 X (Cpayload + Cpower + Cpropulsion + CADCS + Cthermal + Cstructures +

Claunch vehicle + Cintegration,test,assembly + Cground support)
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APPENDIX B

HIGHER FIDELITY SATELLITE MODEL

Appendix B will discuss each of the satellite system subsystems, associated with the higher fidelity

model, as well as define the equations used in each of the subsystem’s analysis. The following

table identifies the attributes and design variable associated with each of the subsystems in Fig 3.4.

Tiers Attributes Design variables
SYSTEM (Geo Communication Satellite) Total cost, Single satellite or satellite
Revenue constellation?

Subsystem
level 1

(SS1) Payload

Cpayload, SN Rq

N,Type of HPA, Satellite
longitude

(SS2) Ground Station

Cground, SN Rup

Ground longituderec, Ground
latituderec Ground longitudetrans,
Ground latitudeyans

(SS3) Power Chpower Type of power source
- Cenginerkgs Type of liquid propulsion
(SS4) Propulsion Coroputsion system(mono/bi)
(SS5) ADCS Cabcs Type of controller
(SS6) Thermal Chhermal Type of passive thermal control

(SS7) Structures

Cstructures

Configuration of bus

Launch site, Type of launch

aunch vehicle LV vehicle
(SS8) L h vehicl C hicl
(SS1) Satellite Transponders Muans, Ppayioas, Pst
Vtrans
Payload . Antenna type (Parabolic/Helical
Y (SS2) Satellite antennae Casatants Msat ant ypangtenna)
(SS1) Ground transponder Coy,transmitter Pgt
Ground Antenna type (Parabolic/Helical
station (SS2) Ground antennae Cg,antennae antenna)
(SS1) Solar Array Csa, Array size, SA_material
Msa
Subsystem Power Cgan, Battery
level 2 (SS2) Battery mass, Battery Battery type
capacity, Viar
Mpropellanty
Propulsion | (SS1) Propellant Vpropellant, Propellant
CEngine, Cpropellant
.. a a a a
Thermal (SS1) Surface Finish Cthermalfinish (E>SA ) (ﬂsat'tmns ) (;)Samec ) (;)1
. P , Cradiator,
(SS2) Radiator and Heater C‘:::;i' M:ZI'::;’ Eradpartery’ Eradrw Eradyroptank
Structures | (SS1) Bus Chus/kg, Bus material
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(SS1)
Satellite
transmitting
antenna
Satellite (SS2)
antennae Satellite
receiving
antenna
(SS1)
Ground
transmitting
Ground antenna
antennae (SS2)
Ground
receiving
antenna
(SS1)

Propulsion | Propellant Propellant
i i tanlf foOptank,Cproptank

Gst, Mst fdown, Dst

Gsr, My Dsr

Subsystem

level 3 Mgt,th Dgt, fup

Mg, Ggr Dyr

Meroptani Propellant tank material

Payload (SL1, SS1):

G = Satong — Groundong

180 / / (cos(G) % cos(Ground,,;) — 0.1512)

Elevation = — X | atan /|/|

<\/(1 _ ((Cos(a))z X (cos(Groundzat))2)>>

Gy = Sationg — Groundong r

Elevation, = @ % /atan/ (COS(Gr) X COS(Groundlaw) - 0.1512) \l\l
" <\/<1 — ((cos(Gr))z X (cos(Groundlatlr))2>>)//

((Pst) X Ly X Gtgge X Lg X (sin(Elevationr))2 X Lg X GTgroyna X Llr>
Eb =
No.down (kb X TSqown X R)

SNRgown = 10 X 1Oglo(EbNo,down)

Mpayload = Mtransponders + Msat,ant

Cost — { 500 X M¢ransponders: if SSA
transponders — 11000 X MtransponderS' if TWTA
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COStpayload = COStsat,ant + COSttransponders

Payload (SL2, SS1) — Satellite Transponders

If SSA
NxP,  Py<10
_ 0.5 X N X Pg, Py, > 10 and Py < 35
Mirans =) N x (0.04 x P, +0.6), P, > 35 and P, < 60
N x (0.125 X Py + 45), Py > 60

Ppayload == N X (293 X PSt + 12)
If TWTA
Mipans = N X (0.1111 x P, + 0.88888)

Ppayload = N X (0.85 X Pg; + 12.5)

_ Mirans

Vtrans - 2 700

Payload (SL2, SS2) — Satellite Antenna

Msat,ant = Mpayload,r + Mpayload,t

Cost B { 400 X Mgat ants if parabolic antenna
OStsatant = 12000 x Mgat ane» if helical antenna

Payload (SL3, SS1) — Satellite transmitting antenna

c 2
L -
s.down <4 X T X h X fdown)

X Dsat,trans)
)
Adown

fdown)
C )

77solt,trams (

Gsat,trans =

k6'2 X 12 X Dgat trans- X 10 X 0.05 X (

2

D
2800 X 7 X tsqt trans X (%) )

2800 X N X (T[ X Dsat,trans + S) X tsat,trans'

Mpayload,trans -

if parabolic antenna

if helical antenna

if parabolic antenna

if helical antenna
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4 {10 X (6.8966 X 10712 x f +0.9313),  if f > 10 x 10°
B 1, iff<10x10°

Payload (SL3, SS2) — Satellite receiving antenna

2
( T X Dsat,rec . .
Nsat.rec — ) if parabolic antenna
Gsat,rec = P f 3
k6'2 X 12 X Dgqrrec” X 10 X 0.05 X (%) , if helical antenna
Dsat,rec 2 . .
M _ 2800 X 1T X tggtrec X |——) if parabolic antenna
payload,rec = ’ 2
2800 X N X (7 X Dggtrec +S) X tsatrecs if helical antenna

Ground (SL1, SS1):

Pgt X L X Gtgmund X Lgyp X Lg X GTgqr X Ly
kb X Tsyp X Ry,

SNR,, =

COStgroundstation,trans

10 X (Costgrouna,trans + COStground trans,ant) if 66 < Ground,oy, < 80 and 25 < Ground,; < 35
8 X (Costgrouna,trans T COStground trans,ant) if 66 < Ground, oy < 80 and 35 < Groundq; < 50
2 X (Costgrouna,trans + COStground trans,ant)s if 80 < Ground,ony < 90 and 25 < Ground: < 35
1.5 X (Costyround,trans + COStground,irans,ant)s if 80 < Groundng < 90 and 35 < Ground,q; < 50
~)25x (Costground,trans + COStground trans,ant)s if 90 < Ground;png < 110 and 25 < Ground,,; < 35
(Costgrouna,trans + COStground,trans,ant)s if 90 < Ground;ng < 110 and 35 < Ground;,; < 50
11 X (Costground,trans + COStground,trans,ant)s if 110 < Ground,pny < 125 and 25 < Ground,,; < 35
2 X (Costyground,trans T COStground trans,ant)s if 110 < Ground,ony < 125 and 35 < Ground;,; < 50

COStgroundstation,rec

10 X (Costground,rec,ant)s if 66 < Ground;ongrec < 80 and 25 < Ground4srec < 35
8 X (Costyround,rec,ant) if 66 < Ground;yngrec < 80 and 35 < Ground4srec < 50
2 X (Costyground,rec,ant) if 80 < Groundpngrec < 90 and 25 < Groundgsrec < 35
1.5 X (Costgrouna,recant)s if 80 < Groundongrec < 90 and 35 < Ground,g¢ rec < 50
~)25x (Costground,recant)s if 90 < Groundpng rec < 110 and 25 < Groundge rec < 35
(Costground,recant)s if 90 < Groundpng rec < 110 and 35 < Groundgt rec < 50
11 X (Costgrouna,recant)s if 110 < Groundongrec < 125 and 25 < Ground,g¢ rec < 35
\ 2 X (Costyround,recant)s if 110 < Groundongrec < 125 and 35 < Ground,g¢ rec < 50

COStground,ant = COStground,trans,ant + COStground,reC,ant
COStgroundstation = COStgroundstation,trans + COStgroundstation,rec
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Ground (SL2, SS1) — Ground transponders

COStground,trans =10 X Pgt

Ground (SL2, SS2) — Ground antenna

c {10 X Mground,trans if parabolic antenna
ost = , .
groundtrans,ant 50 X Mgrounatranss  if helical antenna
c {10 X Mground,recs if parabolic antenna
ost = . .
ground,rec,ant 50 X Mgrounarecr  if helical antenna

Ground (SL3, SS1) — Ground transmitting antenna

Loup = ‘ 2
SUP T \4AXTXh X fy,

2
A
f X Dground,trans . i
Nground trans 1 , if parabolic antenna
— up
Gground,trans - f 3
u , ,
Ik6-2 X % X Dground,trans2 X 10 x 0.1 X <Tp) ) if helical antenna

M ground,trans

Dground,trans)2
2 )
2800 X 10 X (7 X Dgroyna,trans + 0.1) X tground if helical antenna

2800 X 1 X tgrouna X ( if parabolic antenna

A {10 x (6.8966 x 107'% x f,, + 0.93103),  if f > 10 x 10°
P 1, if f<10x10°

Ground (SL3, SS2) — Ground receiving antenna

(

T X Dground,rec 2 . .,
Nground,rec ( 1 > , if parabolic antenna
Gground,rec = f 3
l6.2 X % X Dgrounarec. X 10 X 0.1 X (E) ) if helical antenna
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D 2
M _ 2800 X 7 X tgrouna X (M> , if parabolic antenna
ground,rec — 2
2800 X 10 X (7 X Dgrounarec + 0.1) X tground if helical antenna

Propulsion (SL1, SS1)
MB = Mpayload + MSA + Batterymass + MADCS + Mthermal + Mbus

Cost _ {1000, if Mono — propellant system
OStengineperkg = 12000,  if Bi — propellant system

COStpropulsion = COStengine + COStpropellant + COStpropellanttank

Propulsion (SL2, SS1) — Propellant

Mpropulsion = Mpropellant + Mpropellanttank + Englnemass

Mpropellant X Marginpropellant

Vpropellant =
ppropellant

COStengine = COStengineperkg X Enginemass

Mpropellant = (R X Mg — Mg)

R. = ex ( AVtotal )
M= P \Usp x ge)

If Mono-propellant

248 X 7 X Mpropellant

0453 , if hydrazine
COStpropellant = y
4.50 x Mpropellant
0453 , if hydrogen peroxide

_ {1021, if hydrazine
Ppropellant = 1440, if hydrogen peroxide

[ = {220, if hydrazine
SP7 160, if hydrogen peroxide

Enai _ {10, if hydrazine
ngMemass =120,  if hydrogen peroxide
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If liquid propellant
(248 X 4.5 X My, opeliant

VT , if LOand LH
248 X 6.6 X M.
propellant ’ if N204and MMH
Costyropeliant = 3 0453
prop 2.48 X 20 X Mpyoperiant if F, and N, H
0.453 ’ 2 o
2.48 X 100 x Mpropellant .
\ TR , if OF, and B,Hg

358,  if LOand LH
_ 1190,  if N,0,and MMH
Ppropettant =)1310,  if F, and N, H,
1010, if OF, and B,Hg

4553,  if LOand LH
i _ )3415,  if Ny0,and MMH
SP=1430.1,  if F, and N,H,
455.6,  if OF, and B,H,

168, if LOand LH
25, if N,O,and MMH
50, if F, and N,H,
150, if OF, and B,Hgq

Enginegss =

dp — \3/(6 X Vpropellant)
T

(Mpropellant * Marginpropellant)

ppropellant

Vpropellant =

2 dp\°
Ipropellant = g X Mpropellant X (7)

Propulsion (SL3, SS1) — Propellant tank

8 dp +0.01\° /dp\’
IPTOP.tank = E X 1T X TOpropellanttank X (T) - (7)

2700, if Aluminum

Ppropetlant,tank = § 7860, if Steel
2000, if Composite
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dp = %/(6 X Vpropellanttank)
P Vs

T
Vpropellanttank = g X ((dp + 0-01)3 — dp3)

Mpropellanttank = Vpropellanttank * ropropellanttank

100 X My, opetianttank if aluminum
Costyropelianttank = 10 X Mpropetianttanic if steel
500 x Mpropellanttank: if ComPOSite

Power (SL1, SS1)

Py = Ppayload + Papcs + Prnermai

Cost _ {CostSA + Costgatt if solar array and battery
OStrower = 50 x 10°, if nuclear

Power (SL2, SS1)

Py X TE

Battery capacity = —————
DOD X Hy gt

Battery capacity

Batt =
artery mass Energy density

Battery mass

batt =
Pbatt

1000 x Energy density X Battery mass, if Batteryis Ni — Cd

Cost_batt =< 1500 X Energy density X Battery mass, if Ni — H,
1200 X Energy density X Battery mass, if Li —ion

0.5, if Ni —Cd
DOD =< 0.7, if Ni — H,
0.25, if Li —ion

40, ifNi—cd

Energy density =4 60, if Ni — H,
130, if Li —ion
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1250, if Ni —Cd
PBattery = 3500, if Ni —H,
2307.6, if Li —ion

Power (SL2, SS1)

P, =Py+P xTEx -
SAT 0T 0T TS THx h

Psa
((1 — degradation)(1 — tempeffect))
Solar flux X cosd(a) X cell ef ficiency X packing factor

Array size =

Mgy = Psamaterial X tsa X Array size

5 X Pgy, if Solar array material is Silocon (Si)
Costgy =4 20 X Pgy, if Gallium Aresenide (GaAs)
250 X Pgy, if multijunction

0.148, if Si
cellefficiency =< 0.185, if GaAs
0.22, if multijunction

2329,  if Si

5520.8, if multijunction

Thermal (SL1, SS1)

COStthermalfinish + COStradiator + COStheater» if thermal finiSh

Cost = { J J
thermal CoStpeatpipe T COStragiator + Cost_heater, if heatpipe

COStheatpipe =5x 106

Mthermal = Mradiator + Mthermalfinish
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Thermal (SL2, SS1) — Thermal finish

0.12, if Thermal finish is Aluminized teflon
oc _ ) 0.56, if Thermal finish is Kapton
epsSA™ 10,275, if Thermal finish is Al coated black kapton
0.37, if Thermal finish is Beta cloth

0.27, if Aluminized teflon
) 0.19, if Kapton
Psa=10.095, if Al coated black kapton
0.237, if Beta cloth

o X (Tgy + 273)* X Array size
S ><OcepsSA

Apsa =

Mthermalfinish,SA = Psa X ApSA X tsurfacefinish

(10 X Mipermaifinishsas if Aluminized teflon

50 x MthermalfinishSA: if Kapton
I 30 X Mpermaifinishsar if Al coated black kapton
k4‘0 X MthermalfinishSA' if Beta cloth

COStthermalfinishSA =

0.12, if Aluminized teflon
) 0.56, if Kapton
epstrans,antenna™ ) () 275, if Al coated black kapton
0.37, if Beta cloth

(0.4

0.27, if Aluminized teflon
_ ) 0.19, if Kapton
Ptrans,antenna = 0 095, if Al coated black kapton
0.237, if Beta cloth

D 2
sat,trans
—) X tsaterans X Dsaterans

Dsat trans
Aantenna,trans =2m X ( + 21 X ('—)

4
o X (Tantenna + 273) X Aantenna,trans

S X ocepstrans,antenna

Apantenna, trans —

Mthermalfinish,trans,ant = Ptrans,antenna X Apantenna,trans X tsurfacefinish
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(10 X Mthermalfinish,trans,ant'
_ 50 x Mthermalfinish,trans,ant'

COStthermalfinish,trans,ant TI130x M o
L thermalfinish,trans,ant’

40 x Mthermalfinish,trans,ant'

0.12, if Aluminized teflon
« _ ) 0.56, if Kapton
epsrecantenna™ ) () 275 if Al coated black kapton
0.37, if Beta cloth
0.27, if Aluminized teflon
) 0.19, if Kapton
Precantenna = 0,095, if Al coated black kapton
0.237, if Beta cloth

if Aluminized teflon

if Kapton

if Al coated black kapton
if Beta cloth

D g D
Agntennarec = 2T X (%) + 21 X (%) X tsatirans X Dsatyec

o X (Tantenna + 273)4 X Aantenna,rec

S X ocepsrec,antenna

Apantenna,rec =

Mthermalfinish,rec,ant = Prec,antenna X Apantenna,rec X tsurfacefinish

(10 x Mthermalfinish,rec,ant:

Cost _ 50 x Mthermalfinish,rec,ant:
thermalfinish,rec,ant —

f 30 X Mthermalfinish,rec,ant:

40 X Mthermalfinish,rec,ant'

If bus configuration is cylindrical

0.12, if Aluminized teflon

o _ ) 0.56, if Kapton

epsbus™ ) () 275, if Al coated black kapton
0.37, if Beta cloth
0.27, if Aluminized teflon
) 0.19, if Kapton
Pous =10.095,  if Al coated black kapton
0.237, if Beta cloth

if Aluminized teflon

if Kapton

if Al coated black kapton
if Beta cloth
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— 2
Abus - ZT[ X rstructures + 277: X rstructures X Lstructures

o X (Tbus + 273)4 X Abus
\) ><ocepsbus

Appys =

Mthermalfinish,bus = Pbus X Apbus X tsurfacefinish

10 x Mthermalfinish,bus'
Cost _ 50 x Mthermalfinish,bus'

thermalfinish,bus —
f 30 X Mthermalfinish,bus'

k4‘0 X Mthermalfinish,bus'
If bus configuration is rectanqular

0.12, if Aluminized teflon
« _ ) 0.56, if Kapton
epsbus™ ) (0,275,  if Al coated black kapton
0.37, if Beta cloth

0.27, if Aluminized teflon
) 0.19, if Kapton
Pous =10.095,  if Al coated black kapton
0.237, if Beta cloth

Apys = 2 X ws? + 4 X hs X ws

0 X (Thys + 273)* X Apys
S ><c><epsbus

ApPpys =

Mthermalfinish,bus = Ppus X Apbus X tsurfacefinish

(10 x Mthermalfinish,bus'

Cost _ 50 x Mthermalfinish,bus'
thermalfinish,bus —

f 30 X Mthermalfinish,bus'

40 X Mthermalfinish,bus'

if Aluminized teflon

if Kapton

if Al coated black kapton
if Beta cloth

if Aluminized teflon

if Kapton

if Al coated black kapton
if Beta cloth

Mthermalfinish = Mthermalfinish,SA + Mthermalfinishantenna,trans + Mthermalfinishantenna,rec

+ Mthermalfinish,bus

COStthermalfinish

= COStthermalfinish,SA + COStthermalfinish,transantenna

+ COStthermalfinish,recantenna + COStthermalfinish,bus
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Thermal (SL2, SS2) — Heater and Radiator

_ {0.78, if Radiator material is 5 mil Aluminized Teflon
®PSvatt =10.92,  if Radiator material is White paint (Z93)

Qint

4
o X €PSpatt X (Tbattery + 273)

Aradiatorbattery =

— 4
Pheaterbattery = ePSpaet X 0 X Aradiatorbattery X (Tbatterymin + 273)

COStheaterbattery = 20X Pheaterbattery

c 0.27 X Arqdgiatorbattery X 10, if 5mil aluminized teflon
OStradiatorbattery = { 200 X Aragiatorbattery,  if White paint (Z93)

_ {0.78, if Radiator material is 5 mil Aluminized Teflon
®PSrw =10.92,  if Radiator material is White paint (293)

Qint
o X epSgw X (Try + 273)*

Aradiatorrw =

— 4
PheaterRW = ePSrw X 0o X AradiatorRW X (TRWmin + 273)

Costpeaterrw = 20 X Pregterrw

0.27 X Arqdiatorrw X 10, if 5mil aluminized teflon

Costragiatorrw = { 200 X Arqdiatorrw» if white paint (Z93)

_ {0.78, if Radiator material is 5 mil Aluminized Teflon
ePSprop,tank = 10 92, if Radiator material is White paint (Z93)

Qint

o X epsprop,tank X (Ttank + 273)4

Aradiatortank =

— 4
Pheatertank - epsprop,tank X o X Aradiatortank X (Ttankmin + 273)

Costpeatertank = 20 X Pregtertank

Cost _ {0.27 X Aradiatortank X 10, if 5mil aluminized teflon
OStradiatortank = 200 X A, qgiatortanis  Lf White paint (293)

Mradiator = 3.3 X (Aradiatorbattery + AradiatorRW + Aradiatortank)
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Pthermal = Pheaterbattery + PheaterRW + Pheatertank

COStradiator = COStradiatorbattery + COStradiatorRW + COStradiatortank

COStheater = COStheaterbattery + COStheaterRW + COStheatertank

ADCS (SL1, SS1)

Ipropulsion = Ipropellant + IPropTank

To calculate Ml of Solar Array

Array Size

be, =
SA 6

ls4 = 3 x bgy

Legy = (%) * (MZSA) * (tSZA + (lSTA)Z>

oy = (15) * (552) « (& + )

To calculate Ml of Payload

» Bus configuration: Cylindrical
1
Ly

2

" tpayload Lstructures _
2 2 Y Transant

2

I _ Mpayloadt " DSatTrans
ZTransAnt ~ 2 2

1 MSA lSA 2 lSA 2 MSA
IzSA (E) * ( 2 ) * (bgA + (7) + (rstructures + T) * (T

— 2 2
TransAnt (E) * payload * (3 * DSatTrans + tpayload) + Mpayloadt

2
I _ Mpayloadr " DSatRec +M " tpayload + Lstructures
XRecAnt — payload..

2 2 2
1 DSatRec g
IZRecAnt = (E) * Mpayloadr * <3 * ( 2 ) + tz%ayload
Ix = Ixstructures +2x IXSA + IxTransAnt + IxRecAnt + IPTOPUISL'O”

) " YRecAnt
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I, =1 +2x*1, +1 +1 +1 .
y Ystructures Ysa Y TransAnt YRecAnt propulsion
I, = IZstructures t2x IZSA + IZTransAnt + IZRecAnt + Ipropulsion

As = Lstructures * 2 Tstructures + 2lSAbSA + tpayload * DSatTrans + tpayload * DSatRec

F = (%) * As(1 + q) cos(a)

Ty = 0.3F

» Bus configuration: Rectangular

_1 t hs\*
= 2 2 payload
Lerransane = (12) * Mpayloaa, * (3 * Déatrrans + thaytoaa) + Mpayioaa, * (T ?)

=]
Y TransAnt
2

_ Mpayloadt " Dsatrrans
TransAnt — 2 2

2
/ _ (Mpayioaa, Dsatrec’ M tpayloaa | hS\" _ I
XRecAnt ~ 2 * 2 + payload, * 2 + 2 ) 7 YRecant

1 Dsatrec\’
IzRecant = (E) * Mpayloadr * <3 * ( az ec) + tzgayload

I, =1

I

+ 2] +1

+ IxRecAnt + Ipropulsion

Xstructures XSA XTransAnt
I, =1 +2x%1, +1 +1 +1 .
y Ystructures Ysa Y Transant YRecAnt propulsion
IZ IZstructures +2 IZSA + IZTransAnt + IZRecAnt + IPTOPUISLOH

As = hs *ws + 2lSAbSA + tpayload * DSatTrans + tpayload * DSatRec

Fs
F = (?) * As(1 + q) cos(a)
Ty, = 0.3F

3u * abs(IZ - Iy) * sin(26)
Tg = 2R3

We then have, T, = T, + T,

e Controller: Reaction Wheel
TRW = 13Td

60
hd = Try * (24 * 60 * T) *0.707
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9. = 0.1*m
47180
hp = (Try * 24 * 60 * 60) /(4 * 6,)

Angular Momentumgy, = hd + hp

Angular Momentumpg,, + 44
RW = 222

Mgensors = 3

Muapcs = Mpw + Mgensors
_ Angular Momentumgy, + 39.56
Rw = 3.996
Mgy
Vrw = 2800
Peensors = 10

Papcs = Prw + Biensors

Costapcs = 464  Moped

e Controller: Hydrazine Thrusters

Tinruster = 1.3Tq

60
hd = Tipruster * (24 * 60 * T) * 0.707

9. = 01x*m
47180
hp = (Tthruster * 24 % 60 * 60)/(4 * ed)

Angular Momentumpyster = hd + hp

Angular Momentumpyyster

if bus = cylindrical

Tstructures
FF =1 Angualr Momentumpryser _ _
k WS if bus = rectangular
2
I, = 200
ge =9.81
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Porop = 1021

Mgensors = 3

Psensors = 10

ppe = 2800
_ 10000FF
PP I % ge
1.2M
prop
Vh=—""—
ppT'Op
6V,)3
3
dp = (_::)
p T

T
Vpe =2 * (dp + 0.01)3-4»

Mpe = Ve * ppt

Mypcs = (Mpt + Mprop) + Msensors
Pry =0

Mgy = My + Mprop

Papcs = Bsensors

Vew = pt

Angular Momentumgy, = 0

2.48 x 7 * Mprop
0.453

COStADCS =

Launch Vehicle (SL1, SS1)

Spacecraftyass

= Mpropulsion + Mthermal + MSA + Batteerass + Mbus + MADCS + Mpayload

V; = 3.08 * 103
28 if launch site = Cape Canaveral
0 =134 if launch site = Vandenberg AB
37 if launch site = Wallops,VA

. (0
6Vplanechange = 2V;sin (E)
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8,50 = 10000
Svorg = 2:46 * 103

. (9
6Vplanechange = 2V;sin (E)

MB[,; = Mpayload + MSA + MBattery + MADCS + Mthermal + Mbus + Mpropulsion

e Launch Vehicle: Atlas 5

Isp; = 311
Isp, = 450

( SviEo )
R, = e\IsP1+ge

1Wpropellant1 = (Rl * MBlv - MBlv) * 1.2

é‘VGTO+é‘Vplanechange
Ispz*ge

R2:e

IWpTOpellant2 = (R * Mg, — MBlv) * 1.2
Mpropellantl,, = Mpropellant1 + Ivlpropellant2

15000 * Spacecraftyqss + 100 * Mpropeiant
Cost;, = 12000 * Spacecraftqss + 100 * Mpmpe”antw
11000 * Spacecraft,qss + 100 * Mpropeuantw

e Launch vehicle: Delta 2

Isp; = 302
Isp, = 319
Isp; = 286

( SviEo )
R, = e\IsP1+ge

Mpropellant1 = (Rl * MBlv - MBlv) * 1.2

é‘VGTO-I'6Vplanechange
Ispaxge

R2:e

if launchsite = CC
if launchsite = VAB
if launchsite = VA
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1VI;m"opellant2 = (R; * MBlv - MBW) * 1.2

anlanechange
R3 = e Ispszxge

Mpropellant3 = (R3 * MBlv - MBlv) * 1.2

Mpropellantlv = propellant1 + 1\/Ipropellant2 + 1\/Ipropellant3
13000 * Spacecraft,qss + 100 * Mprope”antw

Cost;, = 11000 * Spacecraft,qss + 100 * Mprope”antw
10500 * Spacecraft,qss + 100 * Mpmpel,antw

e Launch vehicle: Falcon 9
Isp; = 311
Isp, = 342

( SviEo )
R, = e\Isp1*ge

Mpropellant1 = (Rl * MBlv - MBlv) *1.2

SVGTO'I'SVplanechange
R, =c¢e Ispaxge

Mpropellant2 = (R, * Mg, — MBlv) * 1.2

Mpropellantlv = propellant | + 1\/lpropellant2

12800 * Spacecraftyqss + 100 * Mpropellantw
Cost, = { 10500 * Spacecrafty,ss + 100 * Mpropellantw
10000 * Spacecraft,,qss + 100 * Mpmpe”antw

e Launch vehicle: Titan 4

Isp; = 302
Isp, = 316
Isp; = 444

if launchsite = CC
if launchsite = VAB
if launchsite = VA

if launchsite = CC
if launchsite = VAB
if launchsite = VA
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( SviEo )
R, = e\Ispi+ge

1\/Ipropellant1 = (Rl * MBlv - MBlv) x1.2

6VGTO+6Vplanechange

R,=e Ispy*ge
1\/1111‘opellant2 = (R; * Mg, — MBlv) *1.2

anlanechange
R3 = e Ispszxge

Mpropellant3 = (RB * MBlv - MBZU) * 1.2
Mpropellantlv = propellant | + prropellant2 + Mpropellant3

14000 * Spacecraft,ss + 100 * Mpmpellantlv if launchsite = CC
Cost, = { 11500 * Spacecraftyss + 100 * Mpmpellantlv if launchsite = VAB
10750 = Spacecraftyqss + 100 * Mpropellantlv if launchsite =VA

Structures (SL1, SS1)

e Bus configuration: Cylindrical

Vbu51 = 1-2(Vpropellanttank + VRW + Vbattery + Vtrans)
1

L _ 9 * Vbu51 3
structures —
T
_ Lstructures
Tstructures = 3

15 if launch vehicle = Atlas 5
35 if launch vehicle = Delta 2
25  if launch vehicle = Falcon 9
24 if launch vehicle = Titan 4

fnat, =
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10 if launch vehicle = Atlas 5
15 if launch vehicle = Delta 2
15  if launch vehicle = Falcon 9
10 if launch vehicle = Titan 4

fnat; =

MSC = MADCS + Mthermal + Mpropellant + Mbattery + MSA + Mpayload

2
nat
(f025a> * MSC * LStT'uCtures

1
2 * T * rstructures * E

2
nat
(%.561) * Msc Lgtructures

* E

t2=
T*r3

structures

Poxiar = Mgc * LF, x 9.81

Piaterar = Mgc * LF; % 9.81

Lstructures
BM = Pigterqr ¥ ————
2
2BM
¢ eq — Taxial +
structures

Fuii = Peq * FOSyti

t _ Fulti
req, —
1 F tu * 2% 0% Tstructures
_ Poq ¥ FOSyicia
treqz

2 % 0 * Vseryctures * Fry

tt = [treq1 treqztltz]
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t = max(tt)

b = (%6) N (rstru;tures)

y=1-0.901(1-e"?)

0.6yEt

Ocr =
Tstructures

A= 2% T * Tsppyctures * t

Por = Ax o0

— 2 2
Mpys = Pous * T * Lgtructures * (Métructures — (Tstructures — tstructures)”)

— 2 2
Vous = T * Logryctures * (Tstructures — (Mstructures — tstructures)”)

I

1
— 2 2 2
Xstructures (12> * Mbus * (3 * Tstructures T (rsructures - tstructures) + Lstructu‘r‘es)

— 2 2 2
Ystructures (E) * Mbus * (3 * Ystructures + (rsructures - tstructures) + Lst‘ructures)

1

— 2 2
Iz structures (ﬁ) * Mbus * (rstructures + (rstructures - tstructures) )

¢ Bus configuration: Rectangular

Vbu51 = 1-2(Vpropellanttank + VRW + Vbattery + Vtrans)

1
hs = (25 * Vbusl)§
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ws =—=ds

15 if launch vehicle = Atlas 5
35 if launch vehicle = Delta 2

fnatq = 25  if launch vehicle = Falcon 9
24 if launch vehicle = Titan 4
10 if launch vehicle = Atlas 5
15 if launch vehicle = Delta 2
fnat; =

15  if launch vehicle = Falcon 9
10 if launch vehicle = Titan 4

MSC = MACDS + Mthermal + Mpropellant + Mbattery + MSA + Mpayload

2
((5) <o+ 1s)
b= 4 xws =« E
2
() w1
t2 = T*ws3xE

Poxiar = Msc * LF; ¥ 9.81

Piaterar = Mg * LF; % 9.81

hs
BM = Piaterar * 23
Peq = Pyxial +ZB_M
ws
Fuii = Peq * FOSyti
Fulti

treq. = ——ot
"1 F x4 xws

Peq * FOSyield

t —
4 x ws * Fyy,

req2 -

tt = treql treqztltz
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t = max(tt)
4xm3*xE xws3 xt
For = hs?
P
MS=-—""-1
Fulti

M, = ppys * WS * ds * hs
wss = ws — 2t

dss = ds — 2t

M; = ppys * WSS * dss * hs

Myys = Ppus * hs * (Ws x ds — (ws — 2t) * (dss — 2t))

1
xstructures (E) (M (hS +W52) M(hS + wss ))

(M, (hs? + ds?) — M;(hs? + dss?))

1
ystructures (E)

i) * (M, (ds? + ws?) — M;(dss? + wss?))

Il
A

Z structures

Coststructures = COStbusperkg * Mpys

Structures (SL2, SS1) — Bus material

2850 if bus material = Aluminum

_ ) 7860 if bus material = Steel

Pous = 11770 if bus material = Magnesium
4430  if bus material = Titanium

72 % 10° if bus material = Aluminum
. 196 = 10° if bus material = Steel
45 % 10° if bus material = Magnesium
110 * 10° if bus material = Titanium
420 = 10° if bus material = Aluminum
_ ) 860x10° if bus material = Steel
71270 *10°  if bus material = Magnesium

1 900 = 10° if bus material = Titanium
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(320 % 10° if bus material = Aluminum

£ - ! 620 = 10° if bus material = Steel
Y 1165+ 10°  if bus material = Magnesium
l855 * 106 if bus material = Titanium

20 if bus material = Aluminum

Costy,, _ 10 ' if bus .material = SLteel

perkyg 40 if bus material = Magnesium

100  if bus material = Titanium
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