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Abstract: NASA continually strives to improve cost estimation for the highly advanced technology flown on planetary

as well as earth orbiting space missions. Over the years it has been proven that parametric cost models are a desired
way to obtain accurate estimates. Still there is room for improvement. This paper will discuss two of the latest and
best methods for obtaining accurate cost estimates using best-of-breed model-based cost engineering techniques.

This paper / presentation will address two relatively new methods to improve the accuracy of space missions cost
estimates: TruePlanning Hardware Equipment Types and a relatively new Space Missions Catalog, with emphasis on
the later. Both methods include a variety (up to 119) space specific equipment types, and the Space Missions catalog
also includes novel specific models for electric propulsion, ion thrusters, lasers, parachutes, radar altimeters, and
thermal protection. This paper / presentation will include two case studies (one earth orbiting and one planetary
mission) featuring many of the above equipment types and unique cost models. A validation study of the results of
these case studies will also be included.

Case Study Descriptions (Two Case Studies):

Two hypothetical robotic space missions were developed to demonstrate the capabilities of the
TruePlanning suite of estimating tools. A space-based telescope case study was developed to highlight
the process of applying TruePlanning to near Earth missions and an autonomous Mars helicopter case
study was developed to highlight planetary missions with multiple flight elements.

The first case study, referred to as LUVOT (LEO UV Optical Telescope) is a 500kg Explorer class ultraviolet
space-based telescope with a development schedule of 4.5 years. The flight system consists of a 100kg
payload that contains a cluster of four telescopes (aperture <25cm) with CCD detectors tuned to cover
different ranges in the electromagnetic spectrum and a 400kg commercial low-cost spacecraft bus. The
telescope payload includes significant structural elements constructed of composite materials, several
light-weighted mirrors using advanced materials, an electronics assembly and a filter wheel. The
spacecraft bus utilizes standard aluminum honeycomb structural elements, has passive thermal control,
is solar powered with articulated arrays and has no propulsion system. In addition, the bus is 3-axis
controlled, has a Rad750 based processing unit with onboard storage and communicates with the
ground using a X-band SSPA. Figure 1 provides a high-level Master Equipment List (MEL) for LUVOT and
an artist’s rendering of the LUVOT flight system. The complete MEL used to estimate the LUVOT system
is provided in Appendix A.

FLIGHT
HARDWARE
# OF UNITS MASSES OTHER COMPONENT INFORMATION

Unit Mass,
Current Best EMs & Other characteristicsiissues (volume,

Estimate | Fight  Flight  Proto- | Total Mass, |Description (Vendor, Part #, Heritage power, other component.specific
Subsystem/Component (CBE) Units  Spares  types CBE  |Basis) items)

LUVOT Spacecraft Flight Element #1 389.4
Structure 130.0
Primary Structure 90.0 1 0 0 900 |Standard design Aluminum
Heaters, Thermistors 20 1 0 0 2.0  |Standard materials, new design
Star Tracker 50 2 0 1 10.0 |Modified COTS part
Spacecraft Component n
UVOT Telescope Optical
Assembly Paylpad Element #1 | 96.10
Primary mirror 0.01 10 0 1 0.12  |Lightweighted design, Adv Matl  25cm diameter
Detectors, CCDs 9.00 4 0 1 36.00 |CCDMart Part #2021
Filter wheel mechanism 40.00 1 1 1 40.00 |Minor mod from past design

Payioad Component n

Figure 1: Sample MEL for LUVOT (Complete MEL Provided in Appendix A)



The planetary case study (Marscopter) is a medium sized helicopter designed to fly autonomously across
the Martian landscape. Marscopter is a New Frontiers or flagship class space mission that has a mass of
1,700kg and a development schedule of 6 years. The Marscopter flight system consists of three distinct
flight elements; the entry system, the cruise stage and the helicopter. The 1,000kg entry system
provides protection during Mars entry and consists of a mini “Sky Crane” to lower the payload to the
surface and a thermal protection system that shields the payload during descent into the Martian
atmosphere. This system utilizes a Rad750 based control computer and aluminum structural elements.
The cruise stage for this space mission is a typical interplanetary support spacecraft that has a mass of
200kg. It has a biprop propulsion system, passive thermal control and standard aluminum- honeycomb
structural materials. The helicopter payload is 600kg and is powered by batteries during flight but uses
solar arrays to recharge between excursions on the surface. Multiple excursions can be conducted
within the lifetime of the helicopter which is driven by battery charge/discharge cycles. The helicopter is
mostly constructed of composite materials, has a Rad750 based electronics system and relies on X-band
communications equipment. The helicopter carries a science payload made up of individual instruments
consisting of a mapping spectrometer, meteorological suite and a visible camera. Figure 2 shows an
artist’s rendering of the three flight elements that make up the Marscopter flight system along with a
summary level MEL. A more detailed MEL for this case study can be found in Appendix A.

Cruise Stage

Entry System (EDL) Helicopter
FLIGHT
HARDWARE
# OF UNITS MASSES OTHER COMPONENT INFORMATION
Unit
Mass,
Current
Best EMs &
Estimate |Flight Flight Proto-| Total Mass, Other characteristics/issues (volume, power, other
Subsystem/Component (CBE) |Units Spares types CBE Description (Vendor, Part #, Heritage Basis) component-specific items)
Helicopter Flight Element #1 | 515,20
Multi-Layer Insulation, Coatings, etc 1000 | 1 0 0 100 Custom design, standard materials/processes
Battery 20000 1 1 1 200.0 |Standard cells w/ new configuration 400 Amp-hr Li-ion
RADT50 Single Board Computer 050 | 1 0 1 05 COTS part w/ application-specific software Rad750-based
Helicopter Component n___
EDL Flight Element #2 | 940.00
Mini Sky Crane Primary Structure 15000] 1 0 0 1500 |[Scaled-down heritage design Aluminum
Heatshield TPS 30000 1 0 0 300.0 |Scaled-down heritage design
Backshell Structure 5000 | 1 0 0 50.0 Scaled-down heritage design Aluminum
EDL Componentn.. ..
Cruise Stage Flight Element #3 | 170.60
Mechansims 15.00 | 1 0 0 15.0 COTS devices
Fuel Tank 800 | 4 0 0 320 Mono-prop fuel tank Titanium
Cruise Stage Componentn
Mapping Spectrometer Payload Element #1| 70.50
Primary Mirror 400 | 1 0 1 4.00 Modified past design
Power Supplies 2.00 1 0 1 2.00 Modified past design
Spectrometer Component n___
Visible Camera Payload Element #2| 7.90
Primary Optic 2.00 1 0 1 200 Modified past design
Detector, CCD 040 | 1 0 1 0.40 CCDMart Part # 1963
Visible Camera Componentn....
Meteorological Suite Paylopd Element #3| 9.50
Wind Sensor 050 | 2 0 1 1.00 Modified past design
Harnessing 1.00 | 1 0 1 1.00 Custom harness, new design
Meterorofoglcaf Suite Comgonent ...

Figure 2: Sample MEL for the Marscopter case study (Complete MEL Provided in Appendix A)



The TruePlanning Space Hardware Equipment Types and Resulting Cost
Models
Equipment Types

As an extension of a study that PRICE (now known as Unison) accomplished several years ago for NASA,
we developed a significant set of ‘unmanned hardware equipment types’ to specifically support the
estimation of unmanned space missions of all types and applications.

The derivation of these equipment types was based on two extensive sets of data:

Spacecraft data from the US Air Force Unmanned Spacecraft Cost Model (USCM), supplemented with
some newer data from the Air Force

Payload / Instrument data from a set of 13 NASA historical earth-orbiting and planetary missions.

The original study was published in 2016. This included 119 hardware equipment types, as shown in

Figure 3.
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Figure 3a. Spacecraft / Bus Equipment Types
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Figure 3b. Payload / Instrument Equipment Types

One of the advantages of estimating unmanned space missions using the hardware equipment type
method is that this is merely an extension of the legacy hardware / system estimating method in
TruePlanning software application. If one is already a user of the Unison TruePlanning hardware /system
models, estimating unmanned space missions is merely an extension of the hardware estimating
method you are already familiar with. This method is also extensible to missions other than NASA
missions, and to a lesser extent, manned missions as well. It also lends itself the ability to include, and
integrate software into the hardware estimate.

An example of the Hardware Equipment Type Calculator is shown below in Figure 4 depicting an
example of a Payload / Instrument / Optics assembly for an Earth-Orbiting Mission. As can be seen at
the bottom of the figure, the equipment type calculator derives all of the necessary inputs for
TruePlanning based on a few inputs provided by the estimator at the top of the figure / calculator.



| &R
Equipment Type
The Equipment Type describes typical equipments that are commonly developed and produced

|| when you select an Equipment Type from the available values, values are automatically calculated for Operating Specification, Total Weight, Weight of Structure, Volume, Manufacturing Complexity
for Structure, and Manufacturing Complexity for Electronics based on industry standard values from PRICE System's cost research on equipmenttypes. These values may be changed by the userif
their organizational specific database indicates better values.

Show Descriptions

Section Name Input Field Units Description

Operating Environment Operating environment of the equipment Dictates Operating Specification. Operating Specification is
the variable that describes the end user's requirements stemming from the planned operating
environment Itis a measure of the portability, reliability. structuring. testing and documentation required
for acceptable contract performance.

| Unmanned Space - Earth Orbiting | %

Function Payload | ¥ Function of the equipment (sub-category)
i Equipment Type Optics(Complex Assembly) — fl{;::eogigﬂigrgslrg.w&ch equipmenttype has built-in recommendations based on historical averages
|| Total Weight Total weight of the equipment to be divided proportionally among Weight of Structure and Weight of
2.0000 kg | ™| Electronics.
Heritage Structure Minimal Mod | % Minimal Modifications is used to capture minimal design modifications to an existing component
|| Operating Specification 2.000
Total Weight 20000 kg
Weight of Structure 20000 kg
‘Weight of Electronics 0.0000 kg
Volume 31211
Manufacturing Complexity for Structure 9.700
Manufacturing Complexity for Electronics 0.000
| | Percent of New Structure 60.00 %
Percent of New Electronics 60.00 %
Engineering Complexity 0.600

0K Cancel

F/'gur_e 4. The TruePlanning Hardware Equi,z;r-neﬁt Type Calculator depicting an Earth Orbitfng Optics Assembly

Cost Models / Results

As described in Section |, two notional case studies were modeled for this paper using both the
Hardware Equipment Types as well as the Space Missions Catalog. The results of the Hardware
Equipment Types will be presented in this section, and the results of the Space Missions Catalog will be
presented in the following Section IlI.

Figure 5 is a snapshot of the Product Breakdown Structure (PBS) for the (LUVOT) mission. Figure 5a
shows a portion of the Payload / Instrument PBS, while Figure 5b shows a portion of the Spacecraft /
Bus. Note that System / Assembly Cost Objects are included to estimate NASA WBS Elements 1-3 and 10,
as well as WBS 5 and 6.
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Figure 5a. Snapshot of a portion of the LUVOT Payload / Instrument PBS
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Figure 5b. Snapshot of a portion of the LUVOT Spacecraft / Bus PBS

A snapshot of the TruePlanning Hardware Equipment Type Results by NASA WBS is shown in Figure 6. As
shown in the figure, the total design and development is approximately $110 million, and the total flight
unit cost is approximately $71M, for a total project cost of approximately $182M. This includes
approximately $114.5M for the Spacecraft bus, and $49.5M for the Payload / Instruments.



L= % 5097 | <custom> -

Cost $181.784.997 100.00% Labor Requirement: 989,222 37 hours
Project Cost $181.784.997 Project Labor Requirement: 989,222 37 hours
Phase Set A - Worksheet Set :Spacevdtwl._aunch Opns: -
Costs : LUVOT Mission - [System Folder] Total Development Production
Currency in USD ($) (as spent)
1 MNASAStd WBS 181.784.997
2 1Project Management 3.278.356 2528510 749,846
3 2 Systems Engineering 3.541.348 2432228 1.109.119
4 3 Safety & Mission Assurance 730.989 509,240 221,749
5 bPayload(s) 49.509.281 23846671 25662610
B 6 Spacecraft 114,592 444 11.833.079 4,335.281
7 6.1 Structures & Mechanisms 10.072.484 7.325.461 2747022
8 6.2 Thermal Control / Temperature Control 2.208.725 1689179 519,546
9 6.7 Guidance, Navigation & Control (GNC) 13.099.498 6.248.675 6.650.824
10 6.9 Communications [ TeleCommunications 16.960.457 8912420 B8.048.036
11 6.10 Command and Data Handling (C&DH) 19.299.751 13,625,662 5.674.089
12 6.11 Solar Electric Power (SEP) | Power & Distribution 36.783.169 21,800,688 14,982,481
13 10 Systems Integration & Testing 10.132.579 9887113 245 466
14 Total Applied 181.784.997 110.638.929 71.146.069
15 Total 181.784.997 110.638.929 71.146.069

Figure 6. LUVOT Mission Space Equipment Type Results by NASA WBS

TruePlanning was also used to estimate the cost of the Marscopter Mission as discussed in Section I.
Figure 7a represent a snapshot of the Hardware Equipment Type PBS for the Marscopter Spacecraft, and
Figure 7b represents the PBS for a portion of the Marscopter Payloads / Mapping Spectrometer
Instrument.



Product Breakdown Structure

Simple | Detailed

o & ~
1 --C3 éMarscopterMission L
2 -5 1-3 Marscopter Mission
3 - Hﬁ 10 Marscopter ATLO
4 + |l|ij'1 05 Marscopter Payload System
62 - “ﬁ 06 Marscopter Spacecraft Bus System
63 - ﬁ Spacecraft Bus AJI&T
64 = Ej WBS 6 Spacecraft Subsystems
65 - Ej MARSCOPTER FLIGHT SYSTEM
66 - E] Structures and Mechanisms
67 - ﬁ Structures and Mechanisms Assembly
68 i Primary Structure
69 = Secondary Structure
70 o HGA Support Structure
71 ,..1 Solar Array Substrate/Structure
72 o] HV Electronics Chassis/Frame
73 B Landing Leg Lock
74 ] Visible Camera Gimbal
75 i Mapping Spectrometer Cover
76 = Solar Array Deployment Device
77 S | Thermal Contral
78 - Hﬁ Thermal Control Assembly
79 o] MLI, Paints, Coatings
80 oy Heaters, RHUs, Thermostats

Figure 7a. Marscopter Spacecraft / bus Product Breakdown Structur:e .in TruePlanning

The results of the Hardware Equipment Type Marscopter Mission cost estimate are shown in Figure 8,
by NASA standard WBS. Note that the Marscopter Mission is much more complex than the LUVOT
mission, incorporating EDL as well as a Cruise Stage, and multiple instruments, so both the Payload /
Instrument costs, as well as the Spacecraft costs are significantly higher than the earth-orbiting LUVOT.
As shown in the figure, the total design and development for the Marscopter Mission is approximately
$739 million, and the total flight unit cost is approximately $285M, for a total project cost of




approximately $1.023B. This includes approximately $714M for the Spacecrafts, and $157M for the
Payload / Instruments.
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Figure 7b. Marscopter Product Breakdown Structure for the Pay/oad Mapping Spectrometer Instrument in TruePlanning
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Cost $1.023.394.149 100.00% Labor Requirement: 5.590.899.34 hours
Project Cost $1.023,394.149 Project Labor Requirement: 5,590.899.34 hours
Phase Set A * Worksheet Set Space v4wLlaunch Opns -
Costs : Marscopter Mission - [System Folder] Total Development Production
Currency in USD (%) (as spent)
1 MNASA Std WBS 1.023.394.149
2 1Project Management 19.805.099 16,723,940 3,081,160
3 2 Systems Engineering 35.133.715 30,545,106 4,588,610
4 3 Safety & Mission Assurance 4.630.652 3,566,100 1.064.551
5 5Payload(s) 156.919.061 115.419.363 41,499,698
6 6 Spacecraft 713.865.692 102,592,551 27674.786
7 6.1 Structures & Mechanisms 280.851.228 172434610 108.416.617
8 6.2 Thermal Control / Temperature Control 8.516.586 7202154 1,314,433
9 6.6 Propulsion [ Electric Propulsion (EPS) 49.291.083 28,198,942 21092141
10 6.7 Guidance, Navigation & Control (GNC) 58.572.339 36,110,545 22,461,794
11 6.9 Communications | TeleCommunications 47.867.195 28,099,998 19,767,197
12 6.10 Command and Data Handling (C&DH) 27.202.016 21,081,468 6.120.,548
13 6.11 Solar Electric Power (SEP) / Power & Distribution 111.297.908 84 769,587 26,528,320
14 10 Systems Integration & Testing 93.039.930 92,075,722 964,208
15 Total Applied 1.023.394.149 738.820.086 284 574.062
16 Total 1.023.394.149 738.820.086 284574062

Figure 8. Marscopter Mission Space Equipment Type Results by NASA WBS

Note that individual Subsystem / Component cost (and labor) reports (not shown here) are also
available in TruePlanning.

The Space Missions Catalog and Resulting Cost Models

The Space Missions Catalog

Nearly 35 years ago, a new approach for estimating NASA planetary spacecraft was developed in
support of the upcoming Discovery Program. This new approach leveraged an extensive amount of
historical planetary data going back to the early 1970’s and utilized the framework of the PRICE H
Estimating Suite. This NASA tailored cost model was later expanded to include Earth science missions
and additional refinements were made to capture science instruments and approaches used by more
recent missions. The overall approach of the model was to focus on perceived cost drivers versus non-



causal options. In the early 2010’s, the model was migrated from PRICE H to the TruePlanning
framework where it became known as the TruePlanning Space Missions (TPSM) Catalog. Over its history,
the TPSM model has been used to support numerous instrument and mission evaluations and Standing
Review Boards (SRBs), demonstrating its accuracy and applicability throughout all mission development
phases and across the NASA portfolio.

TPSM produces an estimate that covers the development phases of a project (Phases B-D) and maps it
to the NASA standard WBS structure. The payload and spacecraft flight hardware estimates are built up
from component level estimates that rely on inputs such as; schedule durations, heritage, technology
levels, quantities (flight, spares, prototypes, models, etc.), parts class (S, B, etc.) and mass. TPSM also
estimates the cost of Instrument Assembly & Test (I&T), launch operations, and project support
functions (management, systems engineering, etc.).

In addition to running TPSM within the TruePlanning environment, a recently developed Excel interface
tool known as TPXL offers users the ability to run TPSM using a more streamlined approach directly from
a customizable Excel interface. The process outlined here for each of the case studies will highlight the
TPSM estimating procedure utilizing TPXL.

The first step in developing an estimate requires that all payload and spacecraft components are
assigned a subsystem and component type as shown in Figure 9.

Subsystem | Subsystem | Subsystem

Component | Component | Component
STRUCTURE & MECHANISMS (JGUIDANCE, NAVIGATION, & CONTROL JJ ENTRY & DESCENT
Star Tracker Themal Protection System *
Parachute *

Primary Structure
Secondary Structure
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Solar Array Substrate/Structure
HGA Structure

Sun Sensor
Reaction Wheel
Torque Rod

Gimbals Optical Bench

Electronics Boxes IMU-Gyro Optics
Mechanisms Actuators Gratings
Motor/Actuator Radar Altimeter * Filter Wheel

Booms Optics Filters/Misc

|ROBOTIC ARM Transponder \
Robotic Arm - Limb Transmitter Laser *
Robotic Arm - Joint/Actuator Amplifier Sensors-Detectors

Misc RF Electronics CCD Detectors

|
|
|
|
|
|
|
|
|
|
|
|
|
|
HGA | Magnetometer
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|

THERMAL CONTROL
MLI, Paints, Coatings

MGA/LGA TOF Spectrometer

Heaters, RHUs, Thermostats Waveguide/Comm Cabling ESA sensor
Radiators/Louvers Photodiode
Heat Pipes COMMAND & DATA HANDLING Bolometer

Cryocooler Command/Data Processing lon Source

Solid State Memory Gamma Sensor
PROPULSION
Propulsion Lines/Valves/Fittings
Pressure Regulator
Tanks
Thrusters

Neutron Sensor
Dust Detector
Power Management and Distribution Readout Electronics
Solar Cells/Electrical
Pyrotechnics
Batteries
ELECTRIC PROPULSION
lon Thruster *
Power Processing Unit *

Harness

* Modeled using custom TPSM relationships

Figure 9: TPSM Subsystem and Component Types

Once all of the components have been categorized, the technical and programmatic details are assigned
as appropriate. Five milestone dates are used for each flight element to define the four project phases;



design, fabrication, I&T and launch operations. Technical details such as; quantities, heritage, mass and
technology levels are also assigned. Figure 10 provides a high-level look at how these parameters were
assigned for the LUVOT case study in the TPXL environment. The complete set of parameters used to
estimate both case studies are provided in Appendix B.

FLIGHT

Technical Details from MEL HARDWARE Heritage, Technology and Component Classifications
#OF UNITS MASSES TPSM COST MODEL INPUTS
Unit Mass, h |
Current Best| EMs & New or
Estimate | Flight Flight Proto- | Total Mass, Advanced Other
SubsystemiComponent (CBE) Units Spares types CBE Heritage Tech Subsystem Type Component Type Type
LUVOT Spacecraft 389.4
Structure 130.0
Primary Structure 90.0 1 0 0 90.0 Minor Mod Structure and Mechanisms Primary Structure 1
Heaters, Thermistors 20 1 0 0 20 New Thermal Control Heaters, RHUs, Thermostats 3
Star Tracker 50 2 0 1 100 Minor Mod Guidance, Navigation and Control Star Tracker 2

Spacecraft Component n....
UVOT Telescope Optical

Assembly 96.10

Primary mirror 0.01 10 0 1 0.12 Major Mod Optics Optics 3
Detectors, CCDs 9.00 4 0 1 36.00 Copy Sensor Systems Charge Coupled Device Detectors 2
Filter wheel mechanism 40.00 1 1 1 40.00 Minor Mod Structure and Mechanisms Mechanisms 2

Payload Component n....

On-Orbit
Project Schedule Milestones Deliver to Ship to Chect-Out
Phase B start POR ' CDR System I&T  Launch Site Launch (L+30d)
LUVOT Spacecraft 1/2/2022  11/17/2022  10/2/2023 10/1/2024 4/2/2026 8/1/2026  8/31/2026
UVOT Telescope Optical Assembly 1/2/2022 11/17/2022 10/2/2023 10/1/2024 4/2/2026 8/1/2026 8/31/2026
h Parts ] ] A ] ]
Other Techn'lcal and Class  Internati Contract #of
Programmatic Inputs Platform  (5,51,B,B onal ("Y" Contracti Monitor = Flight
("ECQ" or"P"}) 1,B2,D) or"N") ngFee Burden Units  MNotes Mission Class
LUVOT Spacecraft P B N 1 Class ¢/D
UVOT Telescope Optical Assembly P S1 N 1 Class /D

Figure 10: Sample Technical and Programmatic Inputs for the LUVOT Case Study (Complete Input Set in Appendix B for Both Case
Studies)

TPSM Cost Model Results Using TPXL solution

The TPXL solution automatically provides estimate results neatly in the NASA WBS standard format and
provides a breakdown of the estimate into each of the four phases of the project lifecycle; design,
fabrication, integration, test and assembly and launch operations and on-orbit checkout. The estimate
results produced by TPXL can easily be imported to other software packages so that additional analyses
can be performed (e.g. JCL, etc.). Figure 11 gives the TPXL output table for the LUVOT case study. In
addition to this output table, TPXL also generates a TP file that contains the details used to build the
estimate as shown in Figure 12. This is useful for documenting results and can be used to perform
additional analyses withing the TP environment. Figure 13 and Figure 14 provide the estimate results for
the Marscopter case study.



Case Study 1: LUVOT
RYSK DES FAB
1 PM 2,303 11,131
SE 2861 | 3277
MA 1,960 3,517
SciTm 389 2,454
Pyld 14,814 19,357
UVOT Telescope Assembly 1,374 1,509
Detectors/Electronics 4,019 9,472
Filter Wheel Assembly 1,968 4,329
Structure, Mechanical, & Thermal 2,625 2,064
UVOT Electronics Box 4,250 1,939
Harness 579 45
Instr PM/SE/MA
__Instr I&T/GSE
s/C 35,761 23,647 11,766
LUVOT S/C 35,761 23,647 11,766
S/C PM/SE/MA
~ S/CI&T/GSE | | |
MOS/GDS 490 2,959 3,080 631
18T 3566 7008 | 793 674 | 19,184

TOTAL 62,145 73,350 35,211 6,012 | 176,718

Figure 11: TPXL Output Table (RYSk) for the LUVOT Case Study (In NASA Standard WBS Format by Phase)
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25 E?  xBand Transponder 19 Material 11,744,439 2755919
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Figure 12: TruePlanning File Automatically Generated by TPXL for the LUVOT Case Study



Case Study 2: Marscopter

RYSK DES

FAB

1&T LOCO

TOTAL

1, PM
SE

26,759
2
29,081

79,069

| &
21,849

9,171
6,842

1,827
-
1,781

| 116,826
59,553

22,773
1,562

‘MA
SciTm

24,982
3,687

15,793
4,751

3,045
1,148

66,593
11,148

Pyld
Mapping Spectrometer
Visible Camera
Meteorological Suite
Instr PM/SE/MA
Instr I&T/GSE

49,627
26,208
5,609
17,810

23,362
13,226
2,702
7,434

15,000
7,625
1,617
5,759

2,776
1,380
333
1,063

90,765
48,439
10,261
32,066

0
0

s/C
Marscopter
EDL
Cruise Stage
S/C PM/SE/MA
S/C I&T/GSE

293,749
134,510
147,475

11,764

174,586
76,193
94,286

4,107

75,679
44,849
28,555

2,276

11,914
8,037
3,515

363

555,929

MOS/GDS
1&T

3,794
v
34,126

14,011

L4
41,749

2
56,785

15,564 2,896

v
4,118

| 36,265
136,777

TOTAL

461,470 383,295 199,586 29,506 1,073,857

Figure 13: TPXL Output Table (RYSk) for the Marscopter Case Study (In NASA Standard WBS Format by Phase)
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23 Bl Lending Radar Attimeter 17 TestEngine.. 18,768,867  4,175869 14,502,098
24 = Communications 18 Assembler 16,187,575 3,150,215 13,037,360
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27 I xband Power Amplifer 21 Toolingand.. 2,001,475 1328923 672,553

Figure 14: TruePlanning File Automatically Generated by TPXL for the Marscopter Case Study



Validation Study Results

Comparison of the Hardware Equipment Type and Space Missions Approaches / Results

To support validation, both Hardware Space Equipment Type and Space Missions Catalog were built by
different people using the same mission system descriptions and MELs. The results of the different
models were then compared. Figure 15 shows a comparison of the Space Equipment Type and Space
Missions models for both missions. As seen on Figure 15, the results of both estimating methods
compared favorably, with less than a 30% difference for the Spacecraft in the worst case LUVOT mission,
and less than a 32% difference for the Payload in the worst case Marscopter mission, with an overall
worst-case difference of less than 5% for the Marscopter mission. It should be noted that the Space
Mission model had an advantage for the Marscopter Mission, due to the inclusion of a Parachute and
Landing Radar Altimeter for which the Space Missions Catalog has devoted cost objects, whereas there
is no current space equipment type for those components in the Space Equipment Type Calculator.

LUVOT Estimate Comparison, RYSM Marscopter Estimate Comparison, RYSM
$200 $1,200
$180
$160 $1,000
5140 $800
$120
$100 $600
$80
$60 $400
= |
520
. % B ==
S/C +I&T Payload Total S/C +1&T Payload Total
m Space Equipment Types  ® Space Missions m Space Equipment Types  m Space Missions

Figure 15. Comparison of Space Equipment Types and Space Missions models for the Spacecraft and Payload costs for both
missions

Application Considerations

It can be noted that of the two possible approaches for estimating space missions presented in this
paper, that if one is doing an estimate for NASA, or supporting a NASA project, especially for a planetary
mission, that of the two approaches, the Space Mission catalog is probably the best choice, both
because it does better job of estimating to the NASA Std. WBS, as well as NASA Mission Classes and
includes planetary specific cost objects. Whereas, if one is estimating Earth Orbiting missions for
Customers such as the Department of Defense, services / agencies, that the Space Equipment Type
method may prove more useful and flexible, based on its ability to map to any WBS, including MIL-STD-
881, for which mappings already exist, or any other Customer or Project WBS, in addition to the strong
historical DoD Spacecraft Bus calibrations and validation behind this estimating method, and the ability
to include and integrate software into any estimate. Nonetheless, both methods are generally capable
of estimating any space mission as evidenced by the case studies presented in this paper, and can
certainly be used as cross-checks for the other, or any other estimating method.



Validation Study Results (forthcoming)
As of this writing, additional validation studies of both estimating approaches presented in this paper
are planned for later this year, as Unison is currently in the process of regaining the required NASA

CADRe database access necessary to complete a though validation for NASA missions, as was done
previously.



Appendix A: Case Study MELs

LUVOT:
Unit Mass,
Current
Best EMs & Other characteristics/issues
Estimate Flight Flight Proto- | Total Mass, Description (Vendor, Part #, Heritage  (volume, power, other
Subsystem/Component (CBE) Units Spares types CBE Basis) component-specific items)
TOTAL 485.5
UVOT Spacecraft 389.4
Structure
Primary Structure 90.0 1 0 Q 90.0 |Standard design Aluminum
Secondary Structure 25.0 1 0 0 25.0 |Standard design Aluminum
Gimbal 15.0 1 0 0 15.0 |Modified from past program
Thermal 0
Multi-Layer Insulation, Coatings 5.0 1 0 0 5.0 Standard materials, new design
Heaters, Thermistors 2.0 1 0 0 2.0  |Standard materials, new design
Radiator 3.0 1 0 0 3.0 Minor mod of past design Composite
ACS
Coarse Sun Sensor 0.0 10 0 1 0.1
Inertial Reference Unit 20 3 0 1 6.0 COTS part
Magnetometer 0.5 2 0 1 1.0 COTS part
Magnetic Torque Red 1.5 3 0 1 4.5 [COTS part
Star Tracker 5.0 2 0 1 10.0 |Modified COTS part
Reaction wheels 9.0 4 0 1 36.0 |Modified standard design
Power
Solar Array, Cells/Electrical 7.0 2 0 0 14.0 |COTS cells, custom wiring High efficiency, Multi-junction
Solar Array, Substrate/Structure 15.0 2 0 0 30.0 |Modified past design Composite
Solar Array Drives 5.0 2 0 0 10.0 |Modified past design
Battery 40.0 1 1 1 40.0 |Standard cells w/ new configuration  Li-lon, 80 Amp-hrs
Power Distribution Unit 20.0 1 0 1 20.0 |Meodified past design
CDH
Backplane 1.0 1 0 1 1.0 COTS part
Single Board Computer 0.8 1 0 1 0.8  |COTS part w/ custom software Rad750-based
UL/DL Board 0.5 1 0 1 0.5 Modified past design
Bus Control I/F Board 0.8 1 0 1 0.8  |Modified past design
ACS Electronics Board 0.8 1 0 1 0.8 Modified past design
Gimbal Drive Board 0.5 1 0 1 0.5 Modified past design
General Purpose Board 0.5 1 0 1 0.5 Modified past design
Power Control Unit 1.0 1 0 1 1.0 Modified past design
Solid State Recorder 5.0 1 0 1 5.0 |cOTS part
Chassis 8.0 1 0 0 8.0 Modified past design
Communications
X-band Transponder 3.0 2 0 1 6.0 COTS part
Solid State Power Amplifier 3.0 4 0 1 12.0 |COTS part
Antennas 1.0 4 0 1 4.0 Modified past design
Misc RF Electronics 2.0 1 0 1 2.0  |standard design, modified COTS
Waveguides/misc 5.0 1 0 1 5.0 |Standard design, modified COTS
Harness 30.0 1 0 0 30.0 Custom harness, modified design




Unit Mass,

Current
Best EMs & Other characteristics/issues
Estimate Flight Flight Proto- | Total Mass, Description (Vendor, Part #, Heritage  (volume, power, other
Subsystem/Component (CBE) Units Spares types CBE Basis) component-specific items)
UV Optical Telescope 96.1
Telescope Optical Assembly
Primary mirror 1.3 4 0 1 5.0 Lightweighted design, Adv Mat'l 25cm diameter
Primary mirror mounts 0.5 4 0 1 2.0 Modified past design Titanium
Secondary mirror 0.8 4 0 1 3.0 Lightweighted design, Adv Mat'l 12em diameter
Secondary mirror mounts 0.3 4 0 1 1.0 Modified past design Titanium
Detectors & Electronics
Detectors, CCDs 1.0 4 4 4 4.0 CCDMart Part # 2021
Readout Electronics 1.0 4 1 1 4.0 Meodified Past Design
Focal Plane Asembly Housing 1.5 4 1 1 6.0 Aluminum
Filter Wheel Assembly
Entrance filters assembly 0.5 4 1 1 20 Minor mod from past design
Filter wheel mechanism 0.8 4 1 1 3.0 Minor mod from past design
shutter 0.5 4 1 1 2.0 Minor mod from past design
baffles 0.5 4 1 1 2.0 Minor mod from past design
secondary mirror 0.5 4 1 1 2.0 Minor mod from past design
focus mechanism 0.3 4 1 1 1.0 Minor mod from past design
image motion compensation actuators | 2.0 4 1 1 8.0  |Minor mod from past design
Structure, Mechanical, Thermal
door Assembly 0.8 4 1 1 3.0 Minor mod from past design
door hinge assembly 0.5 4 1 1 2.0 Minor mod from past design
aperture selector 0.5 1 1 1 0.5 COTS part
Telescope Tube 4.0 4 1 1 16.0  |New design Composite
0.8 4 1 1 3.0 Standard parts/processes, custom
spider structure design
0.4 4 1 1 16 Standard parts/processes, custom
heaters design
0.5 4 1 1 2.0 Standard parts/processes, custom
telescope harnessing design
kinematic mounts 0.8 12 3 3 9.0 Minor mod from past design Aluminum
Electronics Box
Control Electronics 0.5 1 0 1 05 COTS part w/ custom software Rad750-based
Power Management 1.0 1 0 1 1.0 Modified past design
power switching card 1.0 1 0 1 1.0 Modified past design
PCI backplane 0.5 1 0 1 0.5 COTS part
housing 7.0 1 0 1 7.0 Aluminum
Harnessing 4.0 1 0 1 4.0 Custom harness, new design




Marscopter:

Whnit Maki, OFer
Current Total Miss chanacienstcs/issues
Best EMis & wal {volume, power, otfer
Estimate | Flight Flight Proto- Tetsl  Contingen Contingens component-apeaiic
CBE) Units Spares types | Mass, CBE o ¥ + (Verdor, Part 8, Hesitage Basis) fems]
TOTAL 2,228.9
FLIGHT SYSTEM 1,625.8
Mars Helicopter/Lander 515.2
Structura’Mechanical
Primary Structure 3as0
4.0 1 4.0
Top Deck Cuslom design, standard matenals/pocesses Compasile
o a
Battom Desck 4,0 1 [v] 1] 4.0 Cusiom desagn, slandard mabeiala’pocesses Compasie
Struts 30 -3 o a 18.0 ‘Cuslom design, slandard matenalsiprooesses ‘Compasite
Landing Legs 30 3 ] ] 9.0 Cuslom design, slardard matenalalprocesses Compasite
Secondary Structures. 24.0
BrackatsMaunts 18.0 [+] Q 18.0 Cuglom detagn, Slarndand mabeiala/processes Composite
Fastaners 6.0 o a 6.0 ‘Custom design, standard mateialsipocesses Titanium
Mechanisms 30.0
Landing Leg Lock 4.0 3 [} a 120 Cuslom design, standard matenials’processes Aluminum
Visible Camera Gimbal 6.0 1 [+] 1] 8.0 Cuslem desagn, slardard mateials prosesses Al
Mapping Spectromater Cover 6.0 1 o a 6.0 ‘Cusiom design, slandard matenalsiprocesses Aluminum
Solar Asray Deployment Device 30 2 o 0 6.0 Cusiom design, slandard materials/processes Aduminum
Thermal Contred
:zlhlmr Insulation, Coatings, 10.0 1 o . 10.0 Cuslom design, slandard materalsiprocesses
Heabers <11} 1 ] ] 3.0 Cuslom design, slardard materals’processes
Powwer
Salar Arrays 62.5
SA Calls/Electrical 208 2 [} ] 41.7 COTS calls, cusiom wiring :‘EE’“""‘"*—I- P
SA SubatrateMschanical 104 2 [} 1} 208 Misdifidl past design Compasile
Ealtery 200.0 1 1 | 2000 Standard cells wi new configuration 400 Amg-hir Lision
Pawer Supplies B0 1 ] 1 8.0 Cuslom desagn, chamges for HY operation
Power Management & Distribution 80 1 o 1 8.0 Cuslom design, changes for HY operation
High Vellage Bax 16.0
HY Power Conversien System 8.0 1 o 1 9.0 ‘Cusiom design, changes for HY operation
HV Chassis/Frama 70 1 (V] 1 70 Cuslom design, siardard mabenalsipooesses Aluminum
Hamesses 300 1 [1] 1] 300 Cuslom hamess, modified desagn
Guidance, Navigation, & Contral
Irartial Measuremant Linit 5.0 2 1] 1 100 Modified COTS part
Larufing Aimstes 10.0 2 1 1 20.0 Cuglom detign, changes fof Unkque Application
Command & Data Handling
RADTS0 Single Board Computer 05 1 [v] il 0.5 CIOTS part wi applicabion-specific software RadT50-based
Paylcad Inedace Card 05 1 o 1 05 Modifed past design
Crber Cards 035 4 ] 4 2.0 Medifitd past desigrs
Communications
X-band Deep Space Transpondar 4.0 2 [+] 1 B0 COTS: part
Salid 51a%e Power Amplifier 30 2 [1] 1 6.0 COTS part
High Gain Antenna 12.0
HGA Dish 80 1 [+] 1 a0 Modified past design
HGA Suppost Structune 4.0 1 ] 1 40 Modified past design Compasite
Lows Gain Arlannss 0.4 3 [} 1 12 COTS part
Misc RF Elctronics 1.0 1 [} 1 1.0 Modified design, siandand materals/processes
Wiaveguides 25 1 [1] 1 25 Modified design, standasd matenals/processes
Hellcopter
Ruolos 10 4 0 1 4.0 Cuslom lighbweight design Advanced compasile
Relors Suppart Structure 0.5 a o 1 2.0 ‘Cuslem housings Titanium
Matar 4.0 4 1 1 16.0 Cuslom molor, New desgn M hechrology
Matar Controliar 3.0
Maotar Controler Elecironics 20 1 0 i 20 ‘Cuslom cards with herilageimodified devices RadT50-based
Motor Controller Chassis/Box 1.0 1 1] 1 1.0 Aduminum




Current

Total Mass characteristica/issues
Best EMs & wi (volume, power, other
Estimate | Flight Flight Proto- Totsl  Contingen Contingenc component-specific
pubaystem'Component {CBE) Units Spares types  Mass, CBE oy % y Description (Vendor, Part 8, Heritage Basis) items)
[EDL Assembly 940.0
Structures & Mechanisms
Mini Sky Crane Primary Structure 150.0 1 [/} 0 150.0 Scaled-gown hesilage design Aluminum
g::jyf"”‘ Secondary 50.0 1 0 0 50.0 Scaled.down heritage design Aluminum
Heatshield Structure 75.0 1 0 0 75.0 Scaled-down heritage design Aluminum
Heatshield TPS 300.0 1 ] 0 300.0 Scaled-gown heritage design
Backshell Structure 50.0 1 0 0 50.0 Scaled-down heritage design Auminum
Backshell TPS 150.0 1 0 0 150.0 Scaled-gown heritage design
Parachute (w/ mortar) 75.0 1 1 1 75.0 Scaled-doan heritage design
Propulsion
Thrusters 20 12 ] 0 240 Muitipie landing thrustes clusters, COTS
Propellant Tanks 25.0 2 0 0 50.0 Muitiple custom tanks (for balance) Titanium
Propulsion Lines/Valves/Filters 10.0 1 0 0 100 Modified design, P
Avionics
Inectial Measurement Unit 50 1 0 1 50 Modiied COTS device
Single Board Computer 1.0 1 [/} 1 1.0 COTS part w/ custom software Rad750-basad
Cruise Stage 1706
Structures & Mechanisms
Primary Structure 75.0 1 o o 750 Scaled hesitage design :::g" honsyoonl
Secondary Structure 10.0 1 0 0 10.0 Scaled heritage design
Mechansims 15.0 1 0 0 15.0 COTS devices
Balance Mass 50 1 0 0 5.0 Aluminum
Thermal Control
MLI, Coatngs 8.00 1 ] 0 8.0 Modified design P
Temperature Sensors 0.20 10 ] 0 20 Modifed design. P
Propulsion
Fuel Tank 8.00 - 0 0 320 Mano-prop fuel tank Titanium
TCM Thrusters 0.60 - 0 0 24 COTS items
ACS Theusters 040 8 0 0 32 COTS tems
Valves/Filters 3.00 1 ] 0 30 Modified design, (-
Pressure Transducer 025 2 ('] 0 05 Modibed design. P
TCM Theuster Brackets 0.13 B 0 0 05 Modified design P
ACS Theuster Brackets 0.25 8 0 0 20 Modified design, P
Brackets Tubes Fittings ete 12.00 1 0 0 12.0 Modified design. P
Current Total Mass charatieristicalissues
Best EMis & wi ivelume, pawer, cther
Estimate | Flight Fllght Prato- Total  Contingen Continganc component-apecific
Subsystem/Companent {CBE) Units Spares types  |Mass, CBE ey % ¥ Description (Vendar, Part 8, Heritage Basis) Huma)
PAYLOAD 87.9
Mapping Spectrometer T0.5
Spectrometer Assembly
Optical alemants 50 1 o 1 5.0 Oplics wse advanced malenals/coatings w/ heritage
Graling 20 1 o 1 20 Modified past design
Filters 20 1 a 1 20 Maodified past design
Saensor, CCD 0.5 4 o 1 20 CCOMart Part # 1969
Telescope Assembly |
Main Body 10.0 1 ] 1 | 100 Custom design, herlage processes/materials Composite
Eaffles 5.0 1 o 1 | 5.0 Madified past design
Primary Mirror 4.0 o 1 40 Madified past design
Scan Mirror |
Scan Mirror Qptics 2.0 1 o 1 | 20 Modified past design Standard ophbcs
Scan Mirmor Actuator 1.0 1 0 1 1.0 Madified past design
Talescope Secondary Structure 5.0 1 o 1 | 5.0 Cuslorm designs. hefitage processes/malenals Compagite
Scan Platform |
Scan Platfoom Siructure 5.0 1 o 1 | 5.0 Custom design, henlage processes/materials Composite
Scan Platform Motor 50 1 o 1 | 5.0 Madified past design
) Madified past design Standard
Scan Platform edectronics 25 1 o i | 25 MICHOEOCESSar
Scan Platform cabling 1.0 1 i 1 1.0 Modified past design
Thermal Control |
Multi-Layer Insulation/Coatings 40 1 '] 1 | 4.0 Standard matesials, new design
Radiator 2.0 1 1] 1 | 20 Custem design, hemage processes/materials Composite
Temperature Sensors 1.0 1 1] 1 | 1.0 Standard materials, new design
Command & Data Handling |
Read-Out Electronics 1.0 1 o 1 | 1.0 Madified COTS item with cusiom software
Solid-state Memory 1.0 1 o 1 | 1.0 COTS item
CDH Chassis 20 1 o 1 | 2.0 Madified past design Aluminum
Power |
Power Supplies 2.0 1 o 1 | 20 Modified past design
Power Management & Distribution 20 1 1] 1 20 Muodified past design
Harnessing 4.0 1 o 1 4.0 Custam hamess, new Sesign
Visible Camera [ 79
Housing 4.0 1 o 1 4.0 Custom design, herlage processes/materials Composite
Primary Oplic 2.0 1 o 1 2.0 Maodified past design
Secondary Optics 0.5 1 a 1 0.5 Maodified past design
Detector, CCD 04 1 o 1 0.4 CCOMart Part # 1963
Readout electronics 0.5 1 o 1 05 COTS item with custom programming
Visible Camera Internal Hamessing 0.5 1 o 1 0s Modified past design
Meteorological Suite 8.5
Sensors
Temperature Sensor 0.5 2 o 1 1.0 Madified past design
Wind Sensor 0.5 2 '] 1 1.0 Madified past design
Pressure Sensor 0.5 2 o 1 1.0 Modified past disign
Selsmometer 0.5 2 o 1 1.0 Custonm design with new technology
Electronics
Readout Electronics 1.0 ] 1 | 1.0 Medifhed past design
Power Conditioning 1.5 o i | 15 Madified past design
Powier |
Power Conditioning 20 1 o 1 | 20 Maodified past design
Hamessing 1.0 1 0 1 1.0 Custam hamess. new design




Appendix B: Case Study TPXL Inputs

LUVOT:

PAYLOAD TOTAL
SPACECRAFT TOTAL

96.1
389.4

FLIGHT SYSTEM TOTAL

485.5

#OF UNITS HARDWAR = TPSM COST MODEL INPUTS
Unit Mass, hi
Current Best EMs & New or
Estimate Flight Flight Proto- | Total Mass, Advanced
SubsystemiComponent (CBE) Units Spares types CBE Heritage Tech Subsys Comp Type
LUVOT Spacecraft 389.4
Structure 130.0
Primary Structure 900 1 0 0 90.0 Minor Mod Structure and Mechanisms Primary Structure 1
Secondary Structure 250 1 0 0 250 Minor Mod Structure and Mechanisms Secondary Sfructure 1
Gimbal 15.0 1 0 0 15.0 Minor Mod Structure and Mechanisms Gimbals 1
Thermal 10.0
Multi-Layer Insulation, Coatings 5.0 1 0 0 5.0 New Thermal Control MLI, Paints, Coatings 1
Heaters, Thermistors 20 1 0 0 20 New Thermal Conrol Heaters, RHUs, Thermostats 3
Radiator 30 1 0 0 30 Minor Mod Thermal Control Radiators/Louvers 4
ACS 57.6
Coarse Sun Sensor 0.0 10 0 1 01 Copy Guidance, Navigafion and Cont Sun Sensor 2
Inertial Reference Unit 20 3 0 1 6.0 Copy Guidance, Navigation and Cont IMU-Gyro 1
Magnetometer 0.5 2 0 1 1.0 Copy Sensor Systems Magnetometer 1
Magnetic Torque Rod 15 3 0 1 45 Copy Guidance, Navigation and Cont Torgue Rod 1
Star Tracker 5.0 2 0 1 10.0 Minor Mod Guidance, Navigation and Cont Star Tracker 2
Reaction wheels 90 4 0 1 36.0 Minor Mod Guidance, Navigation and Cont Reaction Wheel 1
Power 114.0
Solar Array, Cells/Electrical 70 2 0 0 14.0 Minor Mod Power Solar Cells/Electrical 3
Solar Array, Substrate/Structure 15.0 2 0 0 30.0 Minor Mod Structure and Mechanisms Solar Array Substrate/Structure 4
Solar Array Drives 50 2 0 0 10.0 Minor Mod Guidance, Navigation and Cont Actuators 1
Battery 400 1 1 1 40.0 Minor Mod Power Batteries 1 3
Power Distribution Unit 200 1 0 1 20.0 Minor Mod Power Power Management and Distribution 2
CDH [ 188
Backplane 1.0 1 0 1 1.0 Copy Command and Data Handlinc ~ Command/Data Processing 8 1
Single Board Computer 08 1 0 1 08 Minor Mod Command and Data Handlinc  Command/Data Processing 1 3
UL/DL Board 0.5 1 0 1 05 Minor Mod Command and Data Handling ~ Command/Data Processing 2 2
Bus Conrol I/F Board 08 1 0 1 08 Minor Mod Command and Data Handlinc  Command/Data Processing 3 2
ACS Electronics Board 0.8 1 0 1 08 Minor Mod Command and Data Handling  Command/Data Processing 4 2
Gimbal Drive Board 05 1 0 1 05 Minor Mod Command and Data Handling  Command/Data Processing 5 2
General Purpose Board 0.5 1 0 1 05 Minor Mod Command and Data Handling  Command/Data Processing 6 2
Power Control Unit 1.0 1 0 1 10 Minor Mod Command and Data Handling ~ Command/Data Processing 7 2
Solid State Recorder 50 1 0 1 50 Copy Command and Data Handlinc Solid State Memory 1 3
Chassis 8.0 1 0 0 8.0 Minor Mod Structure and Mechanisms Elecironics Boxes 1
Communications [ 290
X-band Transponder 30 2 0 1 60 Copy Communications Transponder 1 3
Solid State Power Amplifier 3.0 4 0 1 12.0 Copy Communications Amplifier 1 3
Antennas 1.0 4 0 1 40 Minor Mod Communications edium Gain Antenna/Low Gain Anteni 3
Misc RF Electronics 20 1 0 1 20 Minor Mod Communications Miscellaneous RF Electronics 3
Waveguides/misc 50 1 0 1 50 Minor Mad Communications Waveguides - Comm Cabling 3
Harness 300 1 0 0 30.0 Major Mod Power Power Harness/Cabling 1

Phase B start

PDR '

Deliver to

CDR System 1&

Ship to Launch
T Site

On-Orbit Chect-

Launch Out (L+30d)

Project

LUVOT Spacecraft

UVOT Telescope Optical
Detectors/Electronics
Filter Wheel Assembly
Structure, Mechanical, &
UVOT Electronics Box
Harness

1/2/2022

1/2/2022

1/2/2022
1/2/2022
1/2/2022
1/2/2022
1/2/2022
1/2/2022

11/17/2022
11/17/2022

11/17/2022
11/17/2022
11/17/2022
11/17/2022
11/17/2022
11/17/2022

10/2/2023
10/2/2023

10/2/2023
10/2/2023
10/2/2023
10/2/2023
10/2/2023
10/2/2023

10/1/2024
10/1/2024

10/1/2024
10/1/2024
10/1/2024
10/1/2024
10/1/2024
10/1/2024

4f2/2026
4f2/2026

4f2/2026
4f2/2026
4f2/2026
4/2/2026
4f2/2026
4f2/2026

8/1/2026 8/31/2026

8/1/2026 8/31/2026
8/1/2026
8/1/2026
8/1/2026
8/1/2026
8/1/2026
8/1/2026

8/31/2026
8/31/2026
8/31/2026
8/31/2026
8/31/2026
8/31/2026




#OF UNITS HARDWAR | TPSM COST MODEL INPUTS
Unit Mass, b Al h
Current Best EMs &
Estimate Flight Flight ~ Proto- | Total Mass, New or

Subsystem/Component (CBE) Units Spares types CBE Heritage Advanced Tech Subsys Comp Type
UVOT Telescope Optical

11.00
Assembly
Primary mirror 125 4 0 1 5.00 Major Mod Optics Optics 3
Primary mirror mounts 0.50 4 0 1 2.00 Minor Mod Optics Optical Bench 3
Secondary mirror 0.75 4 0 1 3.00 Major Mod Optics Optics 3
Secondary mirror mounts 0.25 4 0 1 1.00 Minor Mod Optics Optical Bench 3
Detectors/Electronics 14.00
Detectors, CCDs 1.00 4 4 4.00 Copy Sensor Systemsirge Coupled Device Deteci 2
Readout Electronics 1.00 4 1 1 4.00 Minor Mod Sensor Systems  Read Out Electronics 2
Focal Plane Asembly Housing 150 4 1 1 6.00 New Structure and Mechar Electronics Boxes 1
Filter Wheel Assembly 20.00
Entrance filters assembly 0.50 4 1 1 2.00 Minor Mod Optics Optic Filters/iMiscellaneous 2
Filter wheel mechanism 0.75 4 1 1 3.00 Minor Mod Structure and Mechar Mechanisms 2
shutter 0.50 4 1 1 2.00 Minor Mod Optics Optic Filters/iMiscellaneous 2
baffles 0.50 4 1 1 2.00 Minor Mod Optics Optic Filters/iMiscellaneous 2
secondary mirror 0.50 4 1 1 2.00 Minor Mod Optics Optics 2
focus mechanism 0.25 4 1 1 1.00 Minor Mod Guidance, Navigation anc Actuators 1
image motion compensation actuators 2.00 4 1 1 8.00 Minor Mad Guidance, Navigation anc Actuators 1
Structure, Mechanical, & 37.10
Thermal
door Assembly 0.75 4 1 1 3.00 Minor Mod Structure and Mechar Mechanisms 2
door hinge assembly 0.50 4 1 1 2.00 Minor Mod Structure and Mechar Mechanisms 2
aperture selector 0.50 1 1 1 0.50 Copy Optics Optic Filters/iMiscellaneous 2
Telescope Tube 4.00 4 1 1 16.00 New Optics Optical Bench 4
spider structure 075 4 1 1 3.00 Major Mod Structure and Mechar Mechanisms 2
heaters 0.40 4 1 1 1.60 Major Mod Thermal ControlHeaters, RHUs, Thermostats 3
telescope harmnessing 050 4 1 1 200 Major Mod Power Power Harness/Cabling 1
kinematic mounts 075 12 3 3 9.00 Minor Mod Structure and Mechar ~ Secondary Structure 1
UVOT Electronics Box 10.00
Control Electronics 0.50 1 0 1 0.50 Minor Mod Command and Data HCommand/Data Processing 3
Power Management 1.00 1 0 1 1.00 Minor Mod Power ‘er Management and Distribi 2
power switching card 1.00 1 0 1 1.00 Minor Mod Command and Data HC.ommand/Data Processing. 2
PCl backplane 0.50 1 0 1 0.50 Copy Command and Data HCommand/Data Processing 1
housing 7.00 1 0 1 7.00 Minor Mod Structure and Mechar Electronics Boxes 1
Harness 4.00
Harnessing 400 1 0 1 400 New Power Power Harness/Cabling 1

bl ] . b ]
Parts Class Internatio Contract

Platform  (5,51,8,B1, nal ("Y" or Contractin  Monitor  # of Flight
("EQ" or "P") B2,D) "W") g Fee Burden Units  Notes Mission Class
LUWVOT Spacecraft P B M 1 Class C/D

UVOT Telescope Optical Assemb 51 Class C/D
Detectors/Electranics s1
Filter Wheel Assembly 51
Structure, Mechanical, & Therm 51
UNVOT Electronics Box 51
Harness 51




Marscopter:

PAYLOAD TOTAL 87.90
SPACECRAFT TOTAL fipiaas
FLIGHT SYSTEM TOTAL I
#OF UNITS HARDWARE = TPSM COST MODEL INPUTS
Unit Mass, ¥
Current Best EMs & New or
Estimate | Flight Flight  Proto- | Total Mass, Advanced
SubsystemiComponent (CBE) Units Spares types CBE Heritage Tech Subsys Comp Type
Marscopter 515.20
Structure/Mechanical
Primary Structure
Top Deck 4.00 1 0 0 4.0 New Structure and Mechanisms Primary Structure 4
Bottom Deck 4.00 1 0 0 4.0 New Structure and Mechanisms Primary Structure 4
Struts 3.00 6 0 0 18.0 New Structure and Mechanisms Primary Structure 4
Landing Legs 3.00 3 0 0 90 New Structure and Mechanisms Primary Structure 4
Secondary Structures
Brackets/Mounts 18.00 1 0 0 18.0 New Structure and Mechanisms Secondary Sfructure 4
Fasteners 6.00 1 0 0 6.0 New Structure and Mechanisms Secondary Structure 4
Mechanisms
Landing Leg Lock 400 3 0 0 12.0 New Structure and Mechanisms Mechanisms 1
Visible Camera Gimbal 6.00 1 0 0 6.0 New Structure and Mechanisms Mechanisms 2
Mapping Spectrometer Cover 6.00 1 0 0 6.0 New Structure and Mechanisms Mechanisms 1
Solar Array Deployment Device 3.00 2 0 0 6.0 New Structure and Mechanisms Mechanisms 2
Thermal Control
Multi-Layer Insulation, Coatings, etc 10.00 1 0 0 10.0 Minor Mod Thermal Control MLI, Paints, Coatings 1
Heaters 3.00 1 0 0 30 Minor Mod Thermal Control Heaters, RHUs, Thermostats 3
Power
Solar Arrays
SA Cells/Electrical 20.83 2 0 0 M7 Minor Mod Power Solar Cells/Electrical 3
SA Substrate/Mechanical 10.42 2 0 0 20.8 Minor Mod Structure and Mechanisms Solar Array Substrate/Structure 4
Battery 200.00 1 1 1 200.0 Major Mod Power Batteries 1 3
Power Supplies 8.00 1 0 1 8.0 Major Mod New Power Power Management and Distribution 3
Power Management & Distribution 8.00 1 0 1 8.0 Major Mod New Power Power Management and Distribution 3
High Voltage Box
HV Power Conversion System 9.00 1 0 1 90 New New Power Power Management and Distribution 3
HV Chassis/Frame 7.00 1 0 1 70 Minor Mod Structure and Mechanisms Electronics Boxes 1
Harnesses 30.00 1 0 0 30.0 Major Mod Power Power Hamess/Cabling 1
Guidance, Navigation, & Control
Inertial Measurement Unit 500 2 0 1 10.0 Minor Mod Guidance, Navigation and Cont IMU-Gyro 1
Landing Altimeter 10.00 2 1 1 200 New Guidance, Navigation and Cont Space Radar Altimeter 1
Command & Data Handling
RAD750 Single Board Computer 050 1 0 1 05 Minor Mod New Command and Data Handlinc ~ Command/Data Processing 1 3
Payload Interface Card 0.50 1 0 1 0.5 Minor Mod Command and Data Handlinc ~ Command/Data Processing 2 2
Cther Cards 0.50 4 0 4 20 Minor Mod Command and Data Handling  Command/Data Processing 3 2
Communications
X-band Deep Space Transponder 400 2 0 1 8.0 Minor Mod Communications Transponder 1 3
Solid State Power Amplifier 3.00 2 0 1 6.0 Minor Mod Communications Amplifier 1 3
High Gain Antenna
HGA Dish 8.00 1 0 1 8.0 Minor Mod Communications High Gain Antenna 3
HGA Support Structure 4.00 1 0 1 4.0 Minor Mod Structure and Mechanisms High Gain Antenna Structure 4
Low Gain Antennas 0.40 3 0 1 1.2 Minor Mod Communications edium Gain Antenna/Low Gain Anfeni 3
1.00 1 0 1 10 Minor Mod Communications Miscellaneous RF Electronics 3
Misc RF Electronics
250 1 0 1 25 Minor Mod Communications Waveguides - Comm Cabling 3
Waveguides
Helicopter
Rotors 1.00 4 0 1 4.0 New New Structure and Mechanisms Primary Structure 4
Rotors Support Structure 050 4 0 1 20 New Structure and Mechanisms Secondary Structure 3
Motor 4.00 4 1 1 16.0 New New Structure and Mechanisms Motor-Actuator 3
Motor Controller
Motor Controller Electronics 200 1 0 1 20 Major Mod Command and Data Handlinc ~ Command/Data Processing 1 3
Motor Controller Chassis/Box 1.00 1 0 1 1.0 Minor Mod Structure and Mechanisms Electronics Boxes 1




EDL 940.00
Structures & Mechanisms
Mini Sky Crane Primary Structure 150.00 1 0 0 150.0 Major Mod Structure and Mechanisms Secondary Structure 1
Mini Sky Crane Secondary Structure 50.00 1 0 0 500 Major Mod Structure and Mechanisms Secondary Structure 1
Heatshield Structure 7500 1 0 0 750 Major Mod Structure and Mechanisms Secondary Structure 1
Heatshield TPS 300.00 1 0 0 300.0 Minor Mod Structure and Mechanisms TPS 1
Backshell Structure 5000 1 0 0 500 Major Mod Structure and Mechanisms Secondary Structure 1
Backshell TPS 150.00 1 0 0 150.0 Minor Mod Structure and Mechanisms TPs 1
Parachute (w/ mortar) 75.00 1 1 1 75.0 Major Mod Structure and Mechanisms Parachute 1
Propulsiocn
Thrusters 200 12 0 0 240 Copy Propulsion Thrusters 1
Propellant Tanks 2500 2 0 0 500 New Propulsion Tanks 1 3
Propulsion Lines\Vaives/Fitters 10.00 1 0 0 100 Major Mod Propulsion Propulsion - Lines/Valves/Fitings 3
Avionics
Inertial Measurement Unit 500 1 0 1 50 Minor Mod Guidance, Navigation and Cont IMU-Gyro 1
Single Board Computer 1.00 1 0 1 1.0 Minor Mod Command and Data Handlinc ~ Command/Data Processing 1 3
Cruise Stage 170.60
Structures & Mechanisms
Primary Structure 75.00 1 0 0 75.0 Minor Mod Structure and Mechanisms Primary Structure 1
Secondary Structure 10.00 1 0 0 10.0 Minar Mod Structure and Mechanisms Secondary Structure 1
Mechansims 15.00 1 0 0 150 Copy Structure and Mechanisms Mechanisms 1
Balance Mass 500 1 0 0 50 Minar Mod Structure and Mechanisms Secondary Structure 1
Thermal Control
8.00 1 0 0 8.0 Major Mod Thermal Control MLI, Paints, Coatings 1
MLI, Coatings
020 10 0 0 20 Major Mod Thermal Control Heaters, RHUs, Thermostats 3
Temperature Sensors
Propulsicn
Fuel Tank 8.00 4 0 0 320 Copy Propulsion Tanks 1 3
Trajectory Correction Maneuver thrusters 060 4 0 0 24 Copy Propulsion Thrusters 1 3
Attitude Control System thrusters 0.40 8 0 0 3.2 Copy Propulsion Thrusters 2 3
v 3.00 1 0 0 3.0 Major Mod Propulsion Propulsion - Lines/Valves/Fittings 3
alves/Filters
025 2 0 0 05 Major Mod Propulsion Pressure Regulator - Transducer 3
Pressure Transducer
0.13 4 0 0 0.5 Major Mod Structure and Mechanisms Secondary Structure 1
TCM Thruster Brackets
025 8 0 0 20 Major Mod Structure and Mechanisms Secondary Structure 1
ACS Thruster Brackets
12.00 1 0 0 120 Major Mod Propulsion Propulsion - Lines/Valves/Fittings 3
Brackets. Tubes, Fittings. etc

Deliverto  Ship to Launch On-Orbit Chect-
Phase B start FDR ' CDR Systermn 1&T Site Launch Out (L+30d)

Project 1/2/2022 4/3/2023 7/2/2024 1/1/2026 10/1/2027 1/31/2028 3/1/2028

Marscopter 1/2/2022 4/3/2023 5/17/2024  12/16/2025 10/1/2027 1/31/2028 3/1/2028
EDL 1/2/2022 4/3/2023 6/2/2024  12/16/2025 10/1/2027 1/31/2028 3/1/2028
Cruise Stage 1/2/2022 4/3/2023 5/2/2024  12/16/2025 10/1/2027 1/31/2028 3/1/2028

Mapping Spectrometer 1/2/2022 4/3/2023 4/2/2024 12/1/2025 10/1/2027 1/31/2028 3f1/2028
Visible Camera 1/2/2022 4/3/2023 4/2/2024 12/1/2025 10/1/2027 1/31/2028 3/1/2028
Meteorological Suite 1/2/2022 4/3/2023 4/2/2024 12/1/2025 10/1/2027 1/31/2028 3/1/2028

Parts Class Internatio Contract
Platform  [5,51,8,B1, nal ("Y" or Contractin  Monitor  # of Flight
{"EQ" or "P") B2,0) "N") g Fee Burden Units  Notes Mission Class
Marscopter P 51 N 1 Class A/B
EDL P 51 N 1
Cruise 5tage P 51 M 1

Mapping Spectrometer 51 Class A/B
Visible Camera 51
Meteorological Suite 51




# OF UNITS HARDWAR = TPSM COST MODEL INPUTS
Unit Mass, N N h
Current Best EMs &
Estimate Flight Flight Proto- | Total Mass, New or
SubsystemiComponent (CBE} Units Spares types CBE Heritage  Advanced Tech Subsys Comp Type
Mapping Spectrometer 70.50
Spectrometer Assembly
5.00 1 0 1 500 Major Mod Optics Optics 3
Optical elements
Grating 200 1 0 1 200 Minor Mod Optics Optic Filters/Miscellaneous 2
Filters 200 1 0 1 2.00 Minor Mod Optics Optic Filters/Miscellaneous 2
Sensor, CCD 0.50 4 0 1 2.00 Copy Sensor Systemsarge Coupled Device Detecl 3
Telescope Assembly
Wain Body 10.00 1 0 1 10.00 New Optics Optical Bench 4
Baffles 500 1 0 1 500 Minor Mod Optics Optic Filters/Miscellaneous 2
Primary Mirror 400 1 0 1 4.00 Minor Mod Optics Optics 3
Scan Mirror
Scan Mirror Optics 2.00 1 0 1 2.00 Minor Mod Optics Optics 2
Scan Mirror Actuator 1.00 1 0 1 1.00 Minor Mod Guidance, Navigation anc Actuators 1
Telescope Secondary Structure 5.00 1 0 1 5.00 New Structure and Mechar ~ Secondary Structure 4
Scan Platform
Scan Platform Structure 5.00 1 0 1 5.00 New Structure and Mechar Primary Structure 4
Scan Platform Motor 5.00 1 0 1 5.00 Minor Mod Structure and Mechar Motor-Actuator 2
2.50 Minor Mod Command and Data HCommand/Data Processing 2
1 0 1 250
Scan Platform electronics
Scan Platform cabling 1.00 1 0 1 1.00 Minor Mod Power Power Harness/Cabling 1
Thermal Control
Multi-Layer Insulation/Coatings 400 1 0 1 400 New Thermal Control ~ MLI, Paints, Coatings 1
Radiator 2.00 1 0 1 2.00 New Thermal Control Radiators/Louvers 4
Temperature Sensors 1.00 1 0 1 1.00 New Thermal ControlHeaters, RHUs, Thermostats 3
Command & Data Handling
Read-Out Electronics 1.00 1 0 1 1.00 Major Mod Sensor Systems  Read Out Electronics 3
Solid-state Memory 1.00 1 0 1 1.00 Copy Command and Data H:  Solid State Memory 1 3
CDH Chassis 200 1 0 1 2.00 Minor Mod Structure and Mechar Electronics Boxes 1
Power
Power Supplies 2.00 1 0 1 2.00 Major Mod Power ‘er Management and Distribi 2
Power Management & Distribution 2.00 1 0 1 2.00 Major Mod Power ‘er Management and Distribi 2
Harnessing 400 1 0 1 400 New Power Power Harness/Cabling 1
Visible Camera 7.90
Housing 400 1 0 1 400 New Optics Optical Bench 4
Primary Optic 200 1 0 1 2.00 Minor Mod Optics Optics 2
Secondary Optics 0.50 1 0 1 0.50 Minor Mod Optics Optics 2
Detector, CCD 0.40 1 0 1 0.40 Copy Sensor Systemsirge Coupled Device Detecl 2
Readout electronics 0.50 1 0 1 0.50 Minor Mod Sensor Systems  Read Out Electronics 2
Visible Camera Internal Harnessing 0.50 1 0 1 0.50 Minor Mod Power Power Harness/Cabling 1
Meteorological Suite 9.50
Sensors
Temperature Sensor 050 2 0 1 1.00 Minor Mod Sensar Systems Sensors/Detectars 1
Wind Sensor 0.50 2 0 1 1.00 Minor Mod Sensor Systems Sensors/Detectors 1
Pressure Sensor 0.50 2 0 1 1.00 Minor Mod Sensor Systems Sensors/Detectors 1
Seismometer 0.50 2 0 1 1.00 New New Sensor Systems Sensors/Detectors 2
Electronics
Readout Electronics 1.00 1 0 1 1.00 Minor Mod Sensor Systems  Read Out Electronics 2
Power Conditioning 1.50 1 0 1 1.50 Minor Mod Power ‘er Management and Distribi - 2
Power
Power Conditioning 2.00 1 0 1 2.00 Minor Mod Power ‘er Management and Distribi 2
Harnessing 1.00 1 0 1 1.00 New Power Power Hamess/Cabling 1




