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Detailed Surface Thermal Design of the Mars 2020 Rover
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A new Mars rover, the Mars 2020 rover, designed by NASA’s Jet Propulsion Laboratory
is scheduled to launch in July 2020. While the Mars 2020 rover is based closely on the Mars
Science Laboratory rover, the design evolved to accommodate eight new science instruments
and a new Sampling and Caching Subsystem (SCS) to collect samples for possible future
return to Earth. Beyond the instruments and SCS, the Mars 2020 rover has several other new
payloads, including additional cameras to capture Entry, Descent, and Landing (EDL). A
small coaxial-rotor helicopter has also been proposed. The detailed thermal design of the Mars
2020 rover is complete. This paper describes the evolution of the thermal design from the
preliminary design to the detailed design.
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Adaptive Caching Assembly
Allowable Flight Temperature
Alpha Proton X-Ray Spectrometer (MSL instrument)
Cache Camera
Core Break Lockout
Chemistry and Camera instrument (MSL instrument)
Data Bus Coupler
Detailed Design Review
Digital Electronics Assembly
Degrees of Freedom
Engineering Camera (MSL and MER)
Enhanced Engineering Camera (Mars 2020)
Entry, Descent and Landing
European Space Agency
Environmental Requirements Document
Gas Dust Removal Tool
Hazard Avoidance Camera
High Gain Antenna
Heat Rejection System
High Voltage Multiplier Module
Inertial Measurement Unit
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Mars 2020
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Mastcam-Z
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PDR
PIXL
PRT
PWB
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RAMP
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REMS
RFTL
RIMFAX
RIMU
RIPA
RLGA
RMCA
RPA
RPAM
RPFA
RSM
RUHF
RWEB
SCBU
SCMU
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SDE
SDST
SHA
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Sol
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SuperCam
TRN
UHF
UV
VAMP
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INstrument for landing-Roving laser Retroreflector Investigations
In-Situ Resource Utilization
Jet Propulsion Laboratory
Infrared
Landing Camera
Laser Induced Breakdown Spectroscopy
Laser Power Supply
Solar Longitude
Local True Solar Time
Mars 2020 Project
Mars Hand Lens Imager (MSL instrument)
Mast Camera with Zoom capability
Mars Environmental Dynamics Analyzer
Mars Exploration Rovers
Multi-Mission Radioisotope Thermoelectric Generator
Mars Oxygen ISRU Experiment
Mars Science Laboratory
National Aeronautics and Space Administration
Navigation Camera
Preliminary Design Review
Planetary Instrument for X-ray Lithochemistry
Platinum Resistance Thermometer
Printed Wire Board
Robotic Arm
Rover Avionics Mounting Panel
Rover Battery Assembly Unit
Rover Compute Element
Rover Environmental Monitoring System (MSL instrument)
Radio Frequency Transmission Lines
Radar Imager for Mars' Subsurface Exploration
Rover Inertial Measurement Unit
Rover Integrated Pump Assembly
Rover Low Gain Antenna
Rover Motor Controller Assembly
Rover Power Assembly
Rover Power and Analog Module
Rover Pyro Firing Assembly
Remote Sensing Mast
Rover Ultra-High Frequency
Remote Warm Electronics Box
SuperCam Body Unit
SuperCam Mast Unit
Sampling and Caching Subsystem
Scanner Demodulation Electronics for SHERLOC
Small Deep Space Transponder
Sample Handling Assembly
Scanning Habitable Environments with Raman & Luminescence for Organics and Chemicals
Day on Mars (duration is 24.66 Earth hours)
Solid State Power Amplifier
Enhanced Version of the MSL ChemCam Instrument
Terrain Relative Navigation
Ultra-High Frequency
Ultraviolet
Vertical Avionics Mounting Panel
Vision Compute Element
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WATSON
WSA-2

= Wide Angle Topographic Sensor for Operations and eNgineering
= Wheel and Steering Actuator

I.

Introduction

N July of 2020, the Mars 2020 rover, a new Mars rover designed and built by NASA’s Jet Propulsion Laboratory,
will launch atop a United Launch Alliance Atlas V and begin its seven-month journey to Mars. When the Mars
2020 rover arrives at Mars in February of 2021, the rover will make its fiery seven-minute descent to one of three
candidate landing sites: Columbia Hills, Jezero Crater or North East Syrtis. Once safely on the surface of Mars, the
Mars 2020 rover will explore the geology of the site, evaluate the habitability, and search for signs of ancient Martian
life. To complete this in-situ science investigation, the Mars 2020 rover is equipped with eight science instruments
tailored to meet the mission’s science objectives. Beyond in-situ science, this rover will also use a Sampling and
Caching Subsystem (SCS) to collect samples of rock and regolith to potentially be returned to Earth by a future sample
return mission for further investigation. Despite many changes to the Mars 2020 rover, to accommodate a new
instrument suite and the SCS, the design maintains key heritage and is really an evolution of the Mars Science
Laboratory (MSL) rover. Fortunately, the thermal architecture remains the same as that of MSL and care was taken
to ensure that the thermal design of the Mars 2020 rover lived within the capability of the inherited design. To reduce
the cost and complexity of the mission, the Mars 2020 project adopted a “Build-to-Print” philosophy wherever
possible. Much has been written previously about the thermal design of the MSL rover and its thermal performance
on the surface of Mars1-16.
The Mars 2020 project passed its Critical Design Review (CDR) in February of 2017. The thermal subsystem
passed a CDR in November of 2016 covering the detailed thermal design of all rover subsystems aside from the SCS
and the Enhanced Engineering Cameras (EECAMs). As the SCS and EECAMs were completely new hardware for
Mars 2020, the development cycles for these lagged behind the rest of the rover and reviews of their detailed thermal
design were phased later. For SCS, the thermal design for the robotic arm and coring drill passed its Detailed Design
Review (DDR) in February of 2017 and a DDR for the thermal design of the remaining SCS hardware was held and
passed in April 2017. The DDR for the thermal design of the EECAMs was also held and passed in April 2017. This
paper discusses the detailed thermal design of the Mars 2020 rover.

I

A. Description of the Mars 2020 Rover External Hardware
Looking at the Mars 2020 rover it is clear that the design is based on the MSL rover, but the rover is the area of
the Mars 2020 project with the most changes required to accommodate new payloads. Relative to the MSL rover, the
Mars 2020 rover is slightly larger and heavier. The Mars 2020 rover features a chassis that has been stretched 50 mm
longer than MSL’s to 1903 mm and has also shifted the Multi-Mission Radioisotope Thermal Generator (MMRTG)
farther back by 69 mm. The rover mass has grown from the 899 kg as flown on MSL to about 1001 kg on Mars 2020.
The rover and externally-mounted engineering hardware is shown in Figure 1. Aside from the new SCS, much of
the external engineering hardware remains the same or very similar to what was flown on MSL. Compared to MSL,
the Remote Sensing Mast (RSM) on Mars 2020 uses the same actuators and mechanisms, has the same Remote Warm
Electronics Box (RWEB), uses same number of flex cables, and uses a structure that has only been modified slightly
from MSL to accommodate interface changes with the hardware hosted on the RSM. The additional sensors for the
Mars Environment Dynamics Analyzer (MEDA) instrument mounted along the mast and the reduction from four
Navigation Cameras (NavCams) on MSL to two for Mars 2020, on top of the mast, are the most noticeable changes
to the RSM. The top of the mast also carries two instruments from MSL updated with new capabilities for Mars 2020,
Mastcam Zoom (Mastcam-Z) and Supercam, but the interfaces and accommodations for these instruments are nearly
identical to MSL.
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Figure 1. Mars 2020 rover and external engineering hardware: a) isometric view, b) bottom view
It is worth noting for Mars 2020, newly-developed EECAMs with high resolution, color imagers replaced the MSL
and MER heritage Engineering Cameras (ECAM) for the NavCam, Hazard Avoidance Cameras (HazCam) and Cache
Camera (CacheCam). From the accommodation standpoint, a significant difference with the EECAM is that the
electronics, detector, and optics are contained in a single camera assembly whereas the MSL ECAMS had separate
camera head and electronics boxes connected by a flex cable. In the front of the Mars 2020 rover, four HazCams will
be flown as was done on MSL. Departing from heritage, the rear of the Mars 2020 rover will only carry two HazCams
rather than the four flown on MSL.
While much of the mobility system remains an MSL build-to-print design, there are a few notable changes. The
Mars 2020 mobility system now uses the same actuator assembly for all six-drive actuators and four steer actuators.
On MSL, actuators with higher load capacity were used for driving the front and rear corner wheels, but with some
minor design changes, Mars 2020 is able to use the same actuator for all ten mobility use cases. More wheel damage
on MSL than expected drove Mars 2020 to an extensive wheel test program and redesign to make the wheels more
robust while minimizing the mass added. Compared to MSL, the resulting wheel design is 64 mm narrower at 331 mm
wide, 24 mm taller at 509 mm diameter, 0.9 mm thicker skin at 1.65 mm thick, and 2.6 kg heavier at 9.4 kg.
For Mars 2020, the majority of the firing for launch locks and pyro releases during EDL (Entry, Descent, and
landing) and post-landing will still be initiated by Rover Pyro Firing Assembly (RPFA), but a few of the non-pyro
releases for new hardware will be initiated instead by the Rover Power and Analog Module (RPAM). Other than
some minor changes to the routing of the Radio Frequency Transmission Lines (RFTL), the external
telecommunications hardware remains the same as MSL with the Rover Low Gain Antenna (RLGA) and High Gain
Antenna (HGA) used for X-band Direct-to-Earth communications and the Rover UHF antenna (RUHF) used for
communications with Mars Orbiters.
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Just like the MSL rover, the Mars 2020 rover will be powered by an MMRTG, which supplies ~ 110 W of electrical
power and based on current fueling estimates will dissipate about 1830 W of thermal waste heat during the surface
phase of the mission. Near the MMRTG, in the aft
of the rover, the additions of an aft crossbeam to
stiffen the chassis between the two aft mobility
restraints and the antenna for the Radar Imager for
Mars' Subsurface Exploration (RIMFAX)
instrument are the most noticeable changes.
The SCS, shown in Figure 2, is the most
complex, new, external engineering hardware
added to the vehicle with 17 new actuators. While
the five Degrees of Freedom (DOF) Robotic Arm
(RA) and the turret, mounted at the end of the RA,
appear similar to those flown on MSL, both are
completely new designs. With a new coring drill,
a Gas Dust Removal Tool (gDRT), and two new
instruments, the turret has grown from ~ 0.5 m
diameter for MSL to ~ 0.75 m for Mars 2020 and
from ~ 20 kg for MSL to ~ 41 kg for Mars 2020.
The coring drill is designed to collect samples in
tubes as the first step towards a potential sample
return mission. The gDRT will use blasts of
nitrogen gas to blow dust off abraded rock surfaces
(40mm wide, 16mm depth) made by the corer to
allow the turret-mounted instruments to take
measurements of exposed rock. The growth of the
turret and tighter positioning requirements were
some of the factors driving the need for a more
capable RA for the Mars 2020 rover.
Figure 2. SCS hardware on rover.
After a sample is collected in a tube, the RA will
be used to move the sample tube to the front of the rover where it will dock with the bit carousel, part of the ACA,
located on the front of the rover under the Top Deck, and the process of sealing the sample will begin. Within the
ACA there are numerous stations with different functions in the sample collection and sealing process. The bit
carousel is used to store the bits and transfer empty sample tubes from interior of the ACA to the exterior-mounted
corer, and transfer tubes with samples back from the exterior-mounted corer back into the interior of the ACA. Inside
the ACA, a three-DOF robotic arm called the Sample Handling Assembly (SHA) is used to move sample tubes, seals
and other hardware to and from each station within the ACA. A sealing station uses two actuators and mechanisms
to plastically deform a seal and hermetically seal samples inside the sample tube. To hold all the seals prior to sealing,
there are seal dispenser stations and likewise to hold tubes there is a tube storage area. A vision assessment station
uses an EECAM (CacheCam) to verify all steps in the sealing process. Prior to sealing, every sample will have its
volume estimated both using a volume assessment station and visually using the CacheCam. Later, when many
samples have been collected and sealed, the rover will drive to a depot location and use the SHA and tube drop-off
station to deposit the tubes in piles on the surface of Mars for collection by a potential sample return mission.
Some of the new external hardware on the Mars 2020 rover will only be used during EDL or very early in the
mission. The Landing Camera (LCAM) on the front left corner of the rover will be used during EDL with a new
Terrain Relative Navigation (TRN) system to help improve the accuracy of the landing location. The EDL up-look
camera on the top of the RPFA Enclosure will film the descent stage from the rover’s perspective during EDL and the
EDL down-look camera will film the Mars surface from the rover’s perspective. Along with the EDL cameras, a
microphone was added on a connector bracket to capture the sounds of EDL and Mars surface operations. A small,
coaxial-rotor helicopter is under consideration and, if approved by NASA, will be carried to Mars on the belly of the
Mars 2020 rover and be deployed to the surface of Mars within the first 90 sols of the mission.
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B. Mars 2020 Science Instruments
Within the suite of eight instruments carried on the Mars 2020 rover, four are entirely new developments, three
are significantly enhanced versions of instruments flown on the MSL rover, and one is nearly Build-to-Print to
hardware being flown on recent ESA missions. See Figure 3 for the locations of all the instrument hardware on the
rover.

Figure 3. Instrument hardware locations on the rover (INRRI not pictured).
SuperCam, an enhanced version of the MSL ChemCam instrument, maintains ChemCam’s Laser Induced
Breakdown Spectroscopy (LIBS) capability while adding Raman, Visible and IR spectroscopy capabilities. With
these enhancements, SuperCam will be able to provide imaging, chemical composition analysis, and mineralogy as
well as detect the presence of organic compounds in rocks and regolith from a distance. The Supercam Mast Unit
(SCMU) resides within the RWEB on the top of the RSM, while the Supercam Body Unit (SCBU) resides inside the
rover chassis on the Rover Avionics Mounting Panel (RAMP). Within the SCMU, a new microphone was added to
obtain the sounds of the LIBS laser interacting with Mars rocks and regolith.
Below the camera mounting plate on the RSM, the Mastcam-Z cameras provide panoramic and stereoscopic
imaging capabilities and are similar to the Mastcam cameras flown on MSL, but they have been augmented with the
ability to zoom (changing focal length, field of view and magnification). Also new with Mastcam-Z is an additional
calibration target, which is mounted to the side of the RPFA enclosure.
Like the MSL REMS instrument from which it evolved, the MEDA instrument is a weather station with a
collection of sensors mounted on the rover chassis and RSM. MEDA will provide measurements of atmospheric
temperature, upward and downward thermal infrared (IR), ground temperature, wind speed and direction, atmospheric
pressure, and relative humidity.
At the end of the RA, mounted to the turret, are the PIXL and SHERLOC instruments. SHERLOC is an ultraviolet
(UV) Raman spectrometer that will provide fine-scale imaging and will use a UV laser to determine fine-scale
mineralogy and detect organic compounds. Within the SHERLOC instrument resides the microscopic imager
WATSON, which is a build-to-print version of the MAHLI camera that flew on MSL. PIXL, similar to the APXS
instrument that flew on MSL, is an X-ray fluorescence spectrometer that will provide fine-scale detection and analysis
of chemical elements within the rocks and soil. Both PIXL and SHERLOC will fly calibration targets mounted on or
near the robotic arm.
RIMFAX is a ground-penetrating radar instrument that uses an antenna mounted on the MMRTG support structure
to take centimeter-scale measurements of the geological structure of the subsurface.
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Mounted inside the rover on the RAMP, the MOXIE instrument is a technology investigation for in-situ resource
utilization (ISRU). MOXIE is intended to demonstrate the technology needed to convert CO2 from the Martian
atmosphere into O2. This technology would be vital for astronaut life support for a manned mission to Mars and for
the hybrid rocket engine envisioned for use in a Mars Ascent Vehicle.
After the preliminary design of the rover was completed, a decision was made to add an additional small instrument
(not part of the Mars 2020 primary science
investigation) to the aft crossbeam called INRRI.
INRRI is a compact, lightweight corner cube retro
reflector, which will allow Mars orbiters to perform
laser-ranging measurements. The INRRI being flown
on the Mars 2020 rover is nearly identical to the
versions flown on ESA’s Schiaparelli lander and the
one that will fly on ESA’s Exomars rover.
C. Internal Hardware
The internal configuration of the rover is comprised
of two separate enclosures: a large, fully-enclosed
region in the rear and a smaller partially-enclosed
region in the front with the ACA, as shown in Figure 4.
The rear enclosure is thermally-controlled by the
rover Heat Rejection System (HRS) and houses any
avionics and instrument electronics that would
otherwise require survival heaters to survive the
Figure 4. Rover Chassis Enclosed Regions.
extremes of the Martian environment. The hardware
within the larger enclosure is supported by primary structures known as the Rover Avionics Mounting Panel (RAMP)
and Vertical Avionics Mounting Panels (VAMPs). Compared to the pre-PDR design written about previously17, the
internal configuration of the Mars 2020 rover has changed significantly, as seen in in Figure 5. The shape of the
RAMP changed to accommodate changes to the ACA, and the location of nearly every piece of hardware mounted to
the RAMP has changed to achieve a better mass balance and reduce the required balance mass. Aside from INRRI,
all of the instruments have hardware on either the RAMP or VAMPs. The MOXIE instrument, the SCBU, and
electronics for PIXL, SHERLOC, MEDA, and Mastcam-Z are bolted to the RAMP. RIMFAX’s electronics are bolted
to the –Y VAMP just above one UHF radio and, if the helicopter is added, the helicopter’s electronics will reside on
the +Y VAMP above the redundant UHF radio.

Figure 5. Comparison of Pre-PDR RAMP & VAMP Layout to Post-CDR Layout (from Belly looking up).
The avionics and other engineering hardware on the RAMP/VAMPs are the same as on MSL aside from the Vision
Compute Element (VCE) added as part of the TRN system and the EDL Camera Electronics added to work with the
new EDL up-look and down-look cameras. The heritage electronics boxes mounted to the RAMP include the RCEs
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(Flight computers), RPA (Power), RPAMs (Switching and Analog inputs), RMCA (Motor controls), SSPA (X-band
amplifier), SDST (transponder), and the RIMUs (inertial measurement units). The rover’s two lithium-ion batteries
are also mounted on the RAMP within the Rover Battery Assembly Unit (RBAU). From a thermal perspective, one
of the most important pieces of hardware mounted to the RAMP is the Rover Integrated Pump Assembly (RIPA),
which is used to circulate the Freon in the HRS.

II.

Mars 2020 Thermal Design Drivers

The two largest drivers in determining the temperatures of external and internal hardware are the external Mars
environments and the hardware power dissipations on the rover.
After the preliminary design of the rover was completed, some relief was given for the assumed thermal
environment. Per the Level 1 mission requirements, the rover must be capable of operating in a latitude range from
30 °S to 30 °N and the Environmental Requirements Document (ERD) specifies the most extreme thermal
environments within that latitude range. However, the thermal environments at the eight candidate landing sites,
selected prior to the third Landing Site Workshop, were less extreme than those specified in the ERD. Of the eight
candidate landing sites at that time, Holden Crater has the most extreme hot and cold environments. To avoid overdriving the design, the project changed the design environments to be the Holden Crater winter (Ls=91°) and summer
(Ls=259°). The cold design environment changed the most, with minimum ground temperatures increasing 20 °C
from -123 °C to -103 C. It is worth noting that after most of the thermal design was complete, in February of 2017
the third Landing Site Workshop was held and the candidate landing sites were narrowed down to Columbia Hills,
North East Syrtis and Jezero Crater. Of the remaining candidate landing sites, Columbia Hills has the most extreme
thermal environment, but since the Columbia Hills was not significantly more benign than Holden Crater (around 2 °C
warmer minimum ground temperature in winter and around 5 °C cooler maximum ground temperature in summer)
the thermal environments used for design were not updated. A comparison of the original hot and cold ERD
environments to the Holden Crater and Columbia Hills’ environments are provided in Figures 6 and 7, respectively.

Figure 6. Comparison of Holden Crater and Columbia Hills Summer environments to ERD hot environment:
a) Ground Temperature, b) Atmosphere Temperature, c) Sky Temperature, and d) Incident Ground Solar
Flux on a Fixed Horizontal Plate.
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Figure 7. Comparison of Holden Crater and Columbia Hills Winter environments to ERD cold environment:
a) Ground Temperature, b) Atmosphere Temperature, c) Sky Temperature, and d) Incident Ground Solar
Flux on a Fixed Horizontal Plate.
Since RAMP-mounted and VAMP-mounted hardware are coupled to the HRS, their dissipations drive both the
hot and cold cases and as such are tracked by the project and updated monthly. The three power dissipation profiles
used for CDR analyses are shown in Figure 8. The driving profile for the hot case is a science scenario, which uses
~ 1976 W-hr, with the bulk of the energy being used in the peak of the day when the environment is the hottest. The
sleep power profile, where the rover only wakes for telecom passes and uses only 1302 W-hr energy, was most
strenuous for the cold case. The MOXIE instrument dissipates so much power (~ 270 W) and uses so much energy
(~ 1000 W-hr) that on days when MOXIE operates it will be the primary activity; in the hottest environments, MOXIE
can only be operated during the cooler hours of the Sol avoid overheating. Since very little else will operate on days
when MOXIE operates, additional power profiles were produced just to capture MOXIE’s operation. Aside from the
RAMP-mounted and VAMP-mounted hardware, the dissipation of the MMRTG is also very important in the heat
balance of the rover because it provides heat to keep the rover warm in the cold case and extra heat that must be
rejected by the HRS in the hot case. To bound the analysis cases, the end-of-life MMRTG dissipation of 1778 W is
used for cold cases while the 1976 W the MMRTG dissipates at the beginning of the surface mission is used for hot
cases.
Beyond the driving thermal environments and thermal dissipations, the rover thermal analysis also accounts for
variations in dust coverage on rover external surfaces and Mars wind speed to generate bounding predictions. The
rover is required to be designed for wind speeds from 0 to 15 m/s. For hot cases, natural convection (0 m/s wind) is
used to minimize heat loss via convection and generate the hottest model predictions. Hot cases also used the
maximum dust coverage as that results in the highest absorbed solar insolation, since dust has a solar absorptivity of
0.7 and the dust deposition increases the effective solar absorptance of any low absorptivity surface on the rover.
For cold cases, beginning-of-life optical properties are used, as this results in the lowest absorbed solar insolation.
For warmup heating of external hardware, in some cases solar insolation is neglected, to simulate shadowing, since
not all possible rover orientations and shadowing scenarios are modeled. For internal hardware that relies on heat from
9
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the MMRTG, the 15 m/s wind (forced convection on exterior surfaces) is used, as it results in less heat being picked
up from the MMRTG by the HRS. With external hardware both free (0 m/s wind) and forced (15 m/s wind) cases
are analyzed because the sky is a colder heat-sink than the atmosphere and hardware with good view factors to the
sky can see lower temperatures in the no-wind cases.

Figure 8. RAMP Dissipation Profiles used for CDR Analysis: a) Science Profile, b) Sleep Profile, and MOXIE
Profile

III.

Description of Mars 2020 Thermal Design

Although there is some new hardware on the Mars 2020 rover, the overall thermal architecture and design approach
are unchanged relative to MSL. The thermal designs for the hardware on the rover fall into one of several zone types
(see Figure 9 for an overview of the zone types). The simplest zone can be described as uncontrolled hardware, where
thermal control is entirely passive and the hardware must survive the extremes of the environment. Typical Allowable
Flight Temperature (AFT) ranges for uncontrolled hardware is -128 °C to +50 °C, but this type of hardware may rely
on warmup heaters for operation if needed.
Hardware that cannot survive the extremes of the Martian environment must either be placed inside the rover and
rely on the Heat Rejection System (HRS) for thermal control, or rely on independent survival heater zones with set
points tailored to the specific hardware. Hardware with thermal control provided by the HRS have AFT ranges
of -40 °C to +50 °C.
The battery is a special case; although it is mounted to the RAMP the
-40 °C to + 50 °C range is not acceptable, so the battery is thermally-isolated from the RAMP and utilizes survival
heaters to narrow its AFT range to -20 °C to +30 °C for the surface phase of the mission.
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Figure 9. Overview of Thermal Zone Types on the Rover
During the surface phase of the mission, the MMRTG thermal control is entirely passive, like most external
hardware, but due to the MMRTG’s high thermal dissipation, its AFT range is elevated to be +65 °C to +200 °C. It
is worth noting that, early in the MSL mission, the MMRTG ran hotter than expected, so for Mars 2020 the maximum
AFT was increased from +191 °C to +200 °C. Relative to other external hardware, the heat exchangers on the rear of
the rover have an elevated AFT range of -90 °C to +100 °C, due to the heat received from the MMRTG. In the
following sections, some areas of the thermal design where more significant changes have taken place will be
discussed in more detail.
A. HRS-Controlled Hardware
As aforementioned, the HRS is used to control the temperatures of the internal rover hardware. The operation of
the HRS remains the same as that of MSL and has been discussed in detail in the past3-6,8,9, but the basics are described
below as a refresher.
The rover HRS is a mechanically-pumped fluid loop with Freon 11 as the working fluid. The HRS uses a series
of passively-activated control valves to direct fluid flow to move heat as needed. When the rover is cold, the fluid
flow is directed primarily through the hot plate heat exchangers mounted next to the MMRTG to pick up heat from
the MMRTG and move it to the RAMP and VAMPs, where it is used to keep the internal components warm.
Alternatively, when the rover is hot, most of the fluid flow is directed through the cold plate heat exchangers at the
rear of the rover and the top deck radiator to remove the heat dissipated by components on the RAMP and VAMPs
and reject it to the Martian environment. As a side note, neither the chassis nor radiators will be using the Aptek 2711
white paint previously used on MSL, as early in the project it was not available. Instead S13GP6NLO-1 white paint
will be used. Keeping HRS-controlled hardware warm during the Martian night requires minimizing parasitic heat
losses. Requirements for cabling conductance, CO2 insulation gap sizes, and structural conductances are used to keep
conductive heat losses at acceptable levels. To minimize radiative losses to the chassis, internally-mounted hardware
and internal rover chassis surfaces are all required to have low emissivity surface finishes.
Within the HRS, the largest changes since MSL were associated with the design of the RAMP and VAMPs. When
the thermal design of the rover was last discussed (prior PDR) it was known that the RAMP would be smaller than
that of MSL, but by PDR the RAMP configuration had already changed significantly from what was shown previously.
Unlike the odd fork-shaped RAMP that was shown in the pre-PDR design, the RAMP is again rectangular like MSL,
but shortened by ~ 318 mm relative to MSL’s RAMP to make space for the ACA at the front of the rover. A benefit
of the smaller footprint of the RAMP was less structural support posts between the top deck and RAMP (26 for Mars
2020 vs 34 for MSL) were needed so there is less parasitic heat loss through structure to the top deck when it’s cold.
As previously noted17, the heat exchanger plates now known as the VAMPs and the enclosures that house them were
grown significantly since MSL to make room for the UHF radios, RIMFAX electronics, and Helicopter Electronics.
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Due to the configuration changes on the RAMP, the fluid loop routing on the RAMP, shown in Figure 10, was
redesigned from scratch. Since the battery (RBAU) has the tightest temperature requirements of the HRS-controlled
hardware, the fluid loop was routed such that the battery is near the beginning of the loop, which means the battery
sees some of the warmest fluid when the rover is cold and the coldest fluid when the rover is hot. Relative to MSL,
there is less length of tubing used on the RAMP and VAMPs with 19.7 m for Mars 2020 versus 20.6 m for MSL.
Unlike MSL, all of the tubing used on the Mars 2020 RAMP and VAMPs is internally-finned tubing; on MSL
internally-finned tubing was only used on the RAMP. Finned tubing helps reduce the thermal resistance from the
fluid to the mounting interface, so it was added to the VAMPs to accommodate the high-dissipation UHF radios, now
mounted on the VAMPs in the rear of the rover.

Figure 10. RAMP Fluid Loop Routing.
As with MSL, the HRS uses saddled and capped tubes near the mounting interfaces of every electronics box on
the RAMP to pick up the heat and minimize the temperature difference from the mounting interfaces to the fluid. The
higher the dissipation of the electronics box, the more saddled tubing is required; the MOXIE instrument is the highestpowered assembly and requires the most saddled tubing. Even with the extra tubing, MOXIE is still restricted to only
operate during the coldest times of day. Additional features used on the RAMP, to help move heat from higher
dissipation boxes into the fluid, include local thickening of the RAMP and use of thermal interface materials between
the electronics boxes and the RAMP.
For Mars 2020, changes were made to the instrumentation of the RAMP and VAMPs. With many new heater
zones needed for the SCS and few available PRT channels, a decision was made to use AD590 temperature sensors
to monitor interfaces on the RAMP and free up PRT channels for use on external hardware. Note that this was preferred
because AD590s are not qualified for the wider temperature range seen by external hardware. In general on the Mars
2020 rover, efforts were taken to make sure that thermal telemetry and control were symmetric across the Avionics
A and B sides, thus correcting changes made late on MSL which resulted in number of asymmetries. With AD590s
on the RAMP, the available RAMP temperature telemetry channels will be the same, regardless of which avionics
side is prime.
B. SCS Thermal Design
The SCS presented the biggest new challenge for thermal design on the Mars 2020 rover. In the SCS there are 17
new actuators accompanied by numerous new mechanisms, all of which are required to be heated to -55 °C or warmer
prior to operation. Being wet-lubed actuators, when the temperature of the lube is less than -70 °C the viscosity is too
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high to meet performance specs. For this reason the qualification limit is set at -70 °C and AFT is set 15 °C warmer
at -55 °C. Since warmup heating is key to expanding the allowable operational windows, all of the SCS warmup
zones, except for those of the SHA, incorporate redundant heater elements; due to the small size of the SHA, redundant
heaters could not be accommodated in the flex-cabling. Aside from the heated hardware, there is a significant amount
of unheated hardware, such as flex cabling and sensors, which typically must be above -95 °C prior to operation
Following the approach used on MSL, for all of the heated zones in the SCS, the goal was to warm up in the worst
case cold environment in three hours or less. Also consistent with MSL, care was taken to balance the heating for all
hardware within an assembly (for example, the RA) so all heater zones reach temperature at about the same time,
which helps simplify mission operations. Actuator and mechanism warmup design is challenging, as all of the actuator
internals must be heated to the operating temperature, but the thermal resistance network between the control sensor
mounted on an external housing and the internals is complex. To speed warmups the external housings must be
overheated to drive heat into the actuator internals. In practice this is done with a heater control algorithm that allows
for a high initial target set point. After that set point is reached, a second set of lower maintenance heating set points
is used with a simple on/off control. Aside from heaters for cold operation, attention must also be paid to the selection
of surface coating to maximize operation at warmer temperatures without overheating on the hot side.
A summary of the 11 new heating zones and 66 new heaters used by SCS is provided in Table 1. Walking through
the heater zones for each of the new assemblies, the Robotic Arm uses three heater zones to warm actuators up to the
-55 °C operational AFT. One zone with eight heater elements warms the azimuth and elevation actuators on the
shoulder of the arm, one zone with four heater elements warms the elbow actuator, and a final zone with eight heater
elements warms the wrist and turret actuators at the end of the arm.
Table 1. Summary of Heating Zones in SCS.
Power @
Warmup Heater Zones # of Heaters 28V (W)
1 Azimith and Elevation
8
76
Robotic Arm
2 Elbow
4
35
3 Wrist and Turret
8
43
4 Percussion and CBLO
8
41
Corer
5 Spindle and Chuck
5
37
6 Feed
5
38
7 Linear Stage
8
26
Sample Handling
8 Shoulder and Elbow
8
53
Assembly
9 End Effector
2
7
Adaptive Caching 10 Bit Carousel
3
40
Assembly
11 Sealing Station
7
43.5
Assembly

Redundancy
Dual String
Dual String
Dual String
Dual String
Dual String
Dual String
Cross Strapped
Cross Strapped
Cross Strapped
Dual String
Dual String

For the Coring Drill assembly, three heater zones are used for warmup. One zone with eight heater elements
warms up the percussion actuator, the Core Break Lockout (CBLO) actuator and other nearby mechanisms. A second
heater zone uses five heater elements to warm up the spindle actuator, chuck actuator, and some proximate
mechanisms. The last zone on the corer uses five heater elements to warm up the feed actuator, ball nut and rollers.
Though white paint on the corer structure was preferred to minimize the chance of overheating, a hard-anodized
surface coating was used instead, because a sensitivity study found this to be thermally acceptable and it simplified
the fabrication. Mounted to the corer, the gDRT is designed to survive the Mars environments without leaking, but a
survival heater was designed and included on the valve assembly as a risk mitigation, in case valve leak rate
requirements are not met at the minimum qualification limit of -135 °C. To minimize the survival energy needed for
the valves, an aluminized Mylar enclosure provides ~ 25 mm of CO2 gas gap insulation around the valve. To prevent
overheating in the sun, both this Mylar enclosure and the exposed titanium supply tank are covered in black Kapton
tape.
Moving into the ACA, the SHA relies on three heaters zones for warmup. One zone with eight heater elements
warms up the linear stage actuator, external housing, slide adapter, rollers, and nut. The next zone uses eight heater
elements to warm up the elbow and shoulder actuator and output assemblies. The last SHA zone uses two heater
elements to warm the end effector actuator and tube gripper mechanism. Within the ACA, there are two other heater
zones used to warm up additional actuators and mechanisms. One of these additional zones powers five heater
elements on the sealing station to warm up the sealing actuator, gripper actuator and other sealing station components.
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The last zone in the ACA uses three heater elements to warm up the bit carousel gear motor, harmonic drive, and
output bearings. The thermal design of the sample tubes in the ACA was covered in detail previously18, but it is fair
to say significant effort went into developing a surface coating scheme that kept the temperature below the max
allowable 60 °C science requirement, while meeting mechanical and contamination requirements.
C. EECAM
The new EECAMs have departed from the thermal
architecture used by the MSL and MER ECAMs. For the MSL
and MER ECAMs, the printed wire boards (PWB) in the
camera electronics were thermally-isolated from the camera
housing and resistors on the PWBs were used to heat the boards
into their operational temperature range. With this architecture,
MSL found that the rear hazard avoidance cameras were in
danger of overheating when operated for long periods of time,
due to the warmer environment near the MMRTG.
To improve the hot-side operability of the EECAMs, a
different thermal design architecture was selected for Mars
202019. For the EECAMs, the PWBs are well-coupled to the
camera housing and the camera housings are thermally isolated
from their mounting interface by titanium flexures. The heater
elements for the EECAMs are then placed on the camera
housings and the camera internals are heated by warming up the
external housing. With this architecture the better coupling to
the camera housing helps both the hot-side (operation) and
cold-side (warm-up) performance; whereas with the MSL
Figure 11. NavCam Pod Assembly.
ECAM’s architecture, increases in thermal resistance from board
to housing would decrease the heater power needed, but at the expense of hot-side camera performance. Figure 12
shows one of the EECAM assemblies, a NavCam Pod Assembly, with its heater, titanium flexures, and bracket. Since
last writing of the EECAM thermal design5, one minor change has been made; the mounting brackets for all of the
HazCams are now black anodized instead of white painted.
D. Build-to-Print Heated Hardware
With the Build-to-Print heated hardware
(RSM, Mobility, and HGA) the thermal designs
are pretty much the same as on MSL, but there are
a few minor changes worth noting.
As mentioned before, on Mars 2020 all ten
mobility actuators are now identical (known as
WSA-2 actuators) and that includes the heaters on
each actuator; on MSL different actuators and
heater configurations were used for the corner
drive actuators. The zoning of the mobility
actuators has changed as well. While there are still
four heater zones for the mobility system the
grouping of actuators into each of the zones have
changed, see Figure 12. From MSL flight data, it
was noticed that the rear mobility actuators closest
to the MMRTG ran significantly warmer than
those on the front four wheels, so zoning was
changed to take advantage of this. On Mars 2020
Figure 12. Mobility Heater Zones for MSL versus Mars 2020.
the four zones are: Front Steer Actuators (2),
Front and Mid Drive Actuators (4), Rear Drive Actuators (2), and Rear Steer Actuators (2). On MSL the zones were:
Right Steer (2), Right Drive (3), Left Steer (2), and Left Drive (3).
The only other change for the mobility thermal design is the addition of a redundant PRT to every mobility actuator.
On MSL, due to the lack of PRT redundancy, the rover could see only half of the actuator temperatures at any given
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time; the assumption was that the temperatures seen were good proxies for the temperatures of the other actuators.
With redundant sensors on every mobility actuator, the Mars 2020 rover can see the temperature of every actuator
within the zone and control off the minimum, eliminating the risk that shadowing effects could result in some actuators
being colder than their AFT’s during operation.
Moving on to the RSM, the thermal design is identical to that of MSL with one exception. On MSL, two additional
heater zones on the output side of the actuators called augmentation heaters were included in the RSM thermal design
in case testing showed that running the output assemblies at -65 °C was not acceptable. Other than during testing,
these heaters were never used on MSL and were found to be unnecessary, so for Mars 2020 theses heaters were
removed from the design to free up system resources,
For the HGA even less has changed with the thermal design since MSL. The only change was the addition of a
redundant PRT to the azimuth actuator. If an azimuth actuator PRT were lost on MSL, then the rover would have no
ability to do closed-loop thermal control for that heater. However, this was a low risk since the azimuth actuator stays
fairly warm thanks to its view to the warm RAMP and at Gale Crater this heater was not expected to be used.

IV.

Predictions for Thermal Performance on Mars

For CDR, all the thermal models of rover hardware were updated to generate predictions for the thermal
performance on the surface of Mars. The predictions at CDR show all rover hardware will remain within AFT limits
except for the mobility differential mechanism, which is predicted to violate the 50 °C AFT by around 1 °C. As this
is a small violation, if model correlation after testing or landing site selection do not cause this to fall within AFT
limits then a waiver will be written to allow for reduced margin between the AFT and qualification temperature. A
summary of some of the predictions for thermal performance at Holden Crater made using these models will be
provided in the following sections for the HRS-controlled hardware, SCS, and EECAMs.
A. HRS-Controlled Hardware
Predictions for the thermal performance of HRS-controlled hardware during the Holden Crater winter show
healthy margins, with the smallest margin on the cold-side being 6 °C for the UHF Electra radio with an operational
AFT minimum of -35 °C and a predicted minimum temperature of -29 °C. Note that some other RAMP/VAMP
interfaces get colder, but margins are larger since most HRS-controlled hardware have a minimum AFT of -40 °C.
The coldest mounting interface on the RAMP/VAMPs is actually for that of the Databus Couplers (small assembly
mounted near the RIPA) with a minimum predicted interface temperature of -32 °C at 8:00 Local True Solar Time
(LTST). See Figure 13 for diurnal variation of this interface.

Figure 13. Interface Temperature for Databus Coupler on RAMP for Holden Crater cold-case
As mentioned previously, minimizing heat loss from the RAMP and VAMPs is key to keeping temperatures of
HRS-controlled hardware above minimum AFTs at night. For the Holden Crater cold case, up to 172 W are lost from
the RAMP & VAMPs to the rover chassis during the coldest time of the sol with 40% being lost via conduction
through CO2 gas gaps, 40% via conduction through cabling, 14% via radiation, and 6% via conduction through
titanium structural supports.
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Since the RBAU is mounted on the RAMP and the RPFA is attached to the top deck radiator, the HRS fluid
temperature affects how much survival energy is needed for each assembly. In the Holden Crater cold case, the
maximum battery survival heater duty cycle is predicted to be 66%, which is below the maximum allowable 80%, and
the maximum survival energy needed to keep the RBAU above -20 °C is predicted to be 231 W-hrs. Although the
RPFA will likely no longer be needed by winter and its survival heaters would be shut off before then, analysis shows,
even if the heaters were left on, heaters are adequate for survival. If left on, the RFPA heater would have a maximum
duty cycle of only 26% and would use a maximum of 189 W-hr to keep it above -40 °C, due to its thermally isolated
design and some heat received from the top deck radiators.
Looking at the hot thermal performance of the HRS-controlled hardware, there is less margin. If needed, some
relief would be possible with minor shifts in the times of day for operation, as the hot case uses a bounding science
dissipation profile, with most of the energy dissipated at the hottest time of the Sol. For the Holden Crater summer
hot case, the warmest and lowest margin mounting interface belongs to the UHF Electra Radio with a maximum
predicted temperature of +48 °C at 15:30 LTST leaving 2 °C of margin to the maximum AFT of 50 °C, as shown in
Figure 14. While 2 °C of margin is small, it is acceptable, as JPL’s design philosophy allows 0 °C of margin between
AFTs and predicted temperatures, since JPL’s practice is to use stacked worst-case parameters to produce bounding
predictions.

Figure 14. Interface Temperature for Electra UHF Radio on VAMP for Holden Crater hot-case.
B. SCS
For each of the SCS assemblies, the predicted warmup energy and warmup duration in the Holden Crater winter
environment, with and without wind, are shown in Table 2. Due to the RA having the most massive actuators, it
requires the most energy and takes the longest to warm its heated hardware to -55°C. The RA is the only assembly
where the goal of warming up in three hours or less was not met, but the predicted warmup times were found to be
acceptable by the project for a number of reasons. Previous analysis from MSL showed that in similar environments
the MSL RA would also take longer than three hours to warm up and the Mars 2020 RA is significantly heavier, so
longer warmup durations would be expected. With the RA and other SCS hardware, the operations team can reduce
energy usage and warmup durations by 50% or more by moving SCS operations to later in the day to take advantage
of natural warming from the environment.
Table 2. Predicted Warmup Data for Heating Starting at 8:00 in Holden Winter.

Assembly
RA
Corer
SHA
ACA

8:00 LTST Warmup- No Wind 8:00 LTST Warmup- 15m/s Wind
Energy
Energy
(W-hr)
Duration (Hrs)
(W-hr)
Duration (Hrs)
474
3.1
596
3.8
229
2
281
2.6
164
2.6
260
3
104
1.8
165
2.8
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With the SCS, another important parameter impacting operations is the
Table 3. Op Windows for Unheated
Operations Window (Op Window) for unheated hardware, or the period of
hardware in Holden Winter.
time for which the unheated hardware, such as flex cables, are warmed by
Op Window
the environment above their minimum operational AFT. In Table 3, the
predicted Op Window for the unheated SCS hardware is given for Holden
Assembly Start (LTST) End (LTST)
Crater winter and again the RA is the most limiting. It is worth noting that
RA
13:22
18:37
the values in the table are conservative estimates for the minimum Op
Corer
12:10
20:35
Window based off the soak curves without warmup heating. For some of
the SCS assemblies, heating the actuators will help warm the surrounding
SHA
11:58
22:36
unheated hardware and expand their Op Windows. For the ACA
assemblies, aside from one-time deployable doors on the bit carousel, there is no unheated hardware with narrow
temperature limits that would limit Op Windows.
Another important parameter with heated assemblies like the SCS is the
Table 4. No-Heat Windows in Holden No-Heat Windows, or the period of the sol for which the Mars environment
warms up the heated hardware, such as actuators, above their minimum
Crater Summer Environment.
operational AFT of -55 °C. As shown above, heating the SCS can take a
No-Heat Window
substantial amount of energy, so utilizing No-Heat Windows to do operations
Assembly Start (LTST) End (LTST) should be done whenever possible to save more energy for science
operations. No-Heat Windows vary with season and landing site. The
RA
7:23
23:00
Holden Crater winter environment is not warm enough to naturally warm up
Corer
8:55
22:05
any of the SCS hardware to -55 °C, so for that season and landing site there
SHA
11:05
21:22
is no No-Heat Window. Predictions for No-Heat Windows in the Holden
Crater summer environment give an upper bound for the maximum No-Heat
Window, as the Holden Crater Summer environment is the warmest used for analysis. (See Table 4 for estimates for
the maximum no heat windows for the RA, Corer, and SHA). The No-Heat Window for the SHA (shown in Figure
15) is significantly smaller than that for the RA or Corer as the rover chassis shades the SHA so it never benefits from
solar heating.

Figure 15. Hot-case soak curve for SHA showing no-heat window
C. EECAM
Since the thermal performance of the EECAMs was last discussed19 a few minor changes to the design were made,
a thermal test of the Engineering Development Unit EECAM was performed, the thermal model was correlated, and
flight predictions were updated. A summary of the EECAM thermal performance predicted by the correlated thermal
model at Holden Crater is provided in Table 5. On the cold side, the thermal performance has improved relative to
last published predictions, with the maximum warmup time dropping from 33.7 minutes to 30 minutes, satisfying the
goal of a warmup in ~ 30 minutes. With the decrease in warmup time, the energy required for warmup also dropped
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by about 12%. Once the cameras have reached temperature, the energy required to maintain the camera above -55 °C
is relatively modest at 6.7 W-hr/hr maximum and the peak maintenance duty cycle is 71%, leaving margin to the
maximum of 80% allowed by JPL requirements.
Table 5. Summary of EECAM Predicted Thermal Performance at Holden Crater.
Worst Case Cold, 15 m/s Wind (Holden Crater Winter)

Camera

Maintenance
Energy
Warmup Warmup
Duty Cycle
(W-hr/hr)
Time
Energy
(min)
(W-hr) Average Peak Average Peak

Worst Case Hot (Holden Crater Summer)
Housing
Lens
Illuminator I/F
Temperature
Temperature
Temperature
Max
Max
Max
Max
Max
Max
Predicted AFT Predicted AFT Predicted AFT
(°C)
(°C)
(°C)
(°C)
(°C)
(°C)

Front HazCams

30

9.8

34%

71%

6.7

13.9

40.2

50

39.1

40

N/A

N/A

Rear HazCams

30

10

35%

69%

6.8

13.5

36.8

50

36.1

40

N/A

N/A

NavCams

22.8

7.4

26%

60%

5.2

11.8

23.3

50

21.7

30

N/A

N/A

CacheCam

22.8

7.4

28%

56%

5.5

11.0

22.8

50

23.3

25

23.4

50

On the hot side, all the components for the EECAM are predicted to stay below their AFTs during operation. The
smallest margins, between predicted temperatures and AFTs, are for the lens assemblies on the Front HazCams and
the CacheCam with 0.9 °C and 1.7 °C of margin, respectively. Although margins are small, they are acceptable,
especially given there is conservatism in the assumed dissipations used for analysis. For example, the analysis assumes
the EECAM detector board is continuously running at peak power when the camera is operating, but during real
operations the detector board will only dissipate peak power when an image is being acquired.

V.

Conclusion

The thermal design of the Mars 2020 rover is complete and has successfully passed all design reviews. Expected
performance of the Mars 2020 rover on the surface of Mars has been predicted and is expected to meet project
requirements just as the MSL rover from which it was derived. Although the design is done, there is a significant
amount of work left to finish building, assembling and testing rover hardware. As the assemblies are tested the rover
thermal team will use the test data for model correlation and the job of preparing for thermal mission operations will
begin. New challenges are sure to be encountered along the way, but fortunately with the thermal architecture
inherited from MSL the design is expected to be robust to the minor changes that will occur as the rover is prepared
for its journey to Mars.
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