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Abstract: The main objective of the S-STEP (the Small Synthetic Aperture Radar (SAR) Technology
Experimental Project (S-STEP)) mission is developing an 80-kg-class active X-band SAR observation
small satellite. For lighter, smaller, better, and cheaper development of the S-STEP system, a new
thermal design strategy is essential. Therefore, we proposed a new thermal design strategy in this
study. The main features of the proposed thermal design involve the minimization of heater power
consumption by optimizing environmental heat fluxes on the satellite, the provision of long-term
SAR imaging duration in both right- and left-looking modes, and the use of a lightweight flexible
graphite sheet as a thermal interface for some high-power instruments. These features contribute to
minimizing the satellite’s mass budget through heater power minimization and achieving on-orbit
system performance of S-STEP. The effectiveness of the proposed thermal design was numerically
verified by on-orbit thermal analysis of the S-STEP system. In addition, the thermal design on a
key payload component and the multifunctional transmit/receive module structure were verified
through a space-simulated thermal vacuum test.

Keywords: thermal design; Synthetic Aperture Radar (SAR); small satellite; graphite sheet; thermal
mathematical model

1. Introduction

The so-called NewSpace paradigm refers to the recent commercialization of the space
sector. The technology innovations of satellite and launch vehicles, as well as various rele-
vant services, are now leading the rapid advances and growth of global space industries [1].
One of the technologies that plays an important role in the NewSpace era is the emergence
of a small satellite constellation. The constellation of multiple satellites effectively reduces
the system’s temporal performances, such as revisit and response time, which enables
frequent access to the target. The smaller, lighter, faster, better, and cheaper small satellite
platform realized a large-scale constellation in orbit based on satellite mass production,
which was nearly impossible with large-scale satellites [2]. The reduction of satellite launch
cost, via reusable launch vehicles, small-scale launchers, and air-launch-to-orbit, have
increased the satellite launch capability, thus contributing to the rapid orbital insertion of
small satellites. These advantages make the small satellite platform attractive for imple-
menting various low earth orbit (LEO) constellation missions, such as near real-time earth
observation, global internet services, and communication networks, for commercial and
military purposes [3-5].

The concept of a synthetic aperture radar (SAR), proposed in the 1960s, significantly
changed the field of spaceborne remote sensing [6]. Its advantage compared with traditional

Aerospace 2021, 8, 278. https:/ /doi.org/10.3390/aerospace8100278

https:/ /www.mdpi.com/journal/aerospace


https://www.mdpi.com/journal/aerospace
https://www.mdpi.com
https://orcid.org/0000-0002-7552-287X
https://orcid.org/0000-0002-4317-3919
https://orcid.org/0000-0003-2161-7272
https://doi.org/10.3390/aerospace8100278
https://doi.org/10.3390/aerospace8100278
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/aerospace8100278
https://www.mdpi.com/journal/aerospace
https://www.mdpi.com/article/10.3390/aerospace8100278?type=check_update&version=3

Aerospace 2021, 8, 278

2 of 25

optical imaging is the ability to obtain high-quality images, even when the target area is
in nighttime or covered with obstacles, such as cloud and fog. Owing to this imaging
capability, the demand for SAR imagery in space has rapidly increased in various sectors,
including government, military, and commercial sectors [7]. The constellation of small
satellites with SAR instruments is a solution to meet the increasing demands. To date,
many small SAR satellites, such as ICEYE X2, Capella X-SAR, StriX, and QPS-SAR, have
been developed and launched by industries globally. They are in-orbital operations to
provide SAR images at a 1 m class resolution [8-11]. To meet the various mission needs
on spaceborne SAR imagery, the demand for an active phase array-type SAR antenna has
been increasing for small satellite applications, as its electronic beam steering capability
provides various SAR imaging modes, including stripmap, spotlight, and ScanSAR.

Proper thermal control is crucial to guarantee the functionality and thermo-mechanical
stability of an SAR satellite with many high-power instruments in extreme on-orbit thermal
environments. Traditionally, most SAR satellites have adopted flexible deployable SAR
antenna panel structures [12] to achieve the desired SAR imaging performance. Thermal
designs for SAR satellites have been mostly based on passive thermal control approaches
using suitable thermal coatings, paints, thermal fillers, thermal insulators, radiators, mul-
tilayer insulation (MLI), and sun-shield. In addition, heat pipes and doublers have been
applied to the radiator for effective heat dissipation of some high-power instruments, such
as transmit/receive modules (TRMs) and electronics. The heat loss through the radia-
tor was compensated by a heater. To date, several studies [13-15] have proposed and
investigated the thermal design for SAR satellites based on thermal control hardware.

In addition to the small SAR satellites, Yang et al. [16] proposed a quasi-all-passive
thermal control system (TCS) design for the Luojia 1-01 satellite with the problems of low
thermal inertia and poor thermal conductivity of the satellite structure. They adopted
surface coatings, thermal interface materials, MLI, and active heater control to achieve
the minimum system mass and power budgets. Yendler et al. [17] proposed the thermal
management system (TMS), which is capable of rejecting 1 kW of waste heat produced in
the satellite. The TMS mainly consisted of rollout-type flexible deployable radiator, heat
pipes integrated with the satellite structure, and phase change material with high heat
storage capacity. They applied TMS to the 12U-class CubeSat and verified its effectiveness
through the numerical thermal analysis. Ueno et al. [18] proposed functional thermal
control systems for 100 W-class high-power 3U CubeSat. They used a heat storage panel
with pitch type CFRP, micro loop heat pipe, and flexible re-deployable radiator. The
effectiveness of adopting those thermal hardwares was numerically and experimentally
verified. In all, a considerable number of previous studies reported thermal designs for
small satellites [16-21].

For small SAR satellites, the light weight and compactness of onboard instruments
are essential factors due to the limited mass and volume of satellite platforms. For a
small satellite constellation mission, these factors would be far more essential because they
are directly related to the available number of satellites launched at once. Currently, the
adoption of the abovementioned passive thermal hardware might be the most suitable
solution for the thermal control of small SAR satellites; however, the thermal design of
small SAR satellites needs to be optimized for minimizing system mass and power budget
allocated for a thermal control subsystem. In addition, it is necessary to minimize the
heater’s power consumption to achieve the compactness of the satellite by solar panel and
battery size reduction.

An 80 kg class high-resolution earth observation small satellite with X-band active
phase array SAR, named the Small SAR Technology Experimental Project (S-STEP) [22], is
under development. For developing an S-STEP system in accordance with a smaller, lighter,
faster, better, and cheaper NewSpace paradigm, several mechanical design strategies are
being adopted for the satellite [22]. The design strategies involve a bus—payload integrated
flat panel-type satellite platform, a multifunctional TRM structure, and a vibration-free
orbital deployer (VFOD). The flat panel-type satellite structure does not require flexible
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deployable structures, and it could be beneficial in terms of the dimensional stability of
SAR antenna in extreme on-orbit thermal environments. The TRM assembly of S-STEP
functions as a structural stiffener for the satellite structure and provides thermal dissipation
through a radiator integrated with TRM. Thus, it can minimize the application of additional
stiffener for the structural reinforcement of the satellite. These strategies make it possible
to minimize the system mass budget while ensuring the structural safety of vibration-
sensitive onboard instruments under launch loads. In particular, the structural design load
reduction achieved by VFOD contributes to minimizing the development period and cost
by optimizing the verification test process, i.e., streamlining and skipping the test phase or a
step at a subsystem level can be positively considered. These advantages make it attractive
to be used for implementing the NewSpace small SAR satellite. The effectiveness of these
mechanical design strategies has been investigated by Kwon et al. [22]. However, this study
did not perform the numerical or experimental verification of those thermal designs. To
date, no other previous studies addressed the thermal design strategy for this form of small
SAR satellite. In particular, no previous study qualitatively verified the thermal design to
achieve the designated SAR imaging duration in both left- and right-looking modes of the
small SAR satellite, although it is one of the most important system performance factors.

This study proposes a new thermal design strategy for assuring the functionality and
thermal stability of the S-STEP system in an on-orbit thermal environment. The payload—
bus integrated flat panel-type unique mechanical design of S-STEP requires efficient ther-
mal control to achieve an SAR imaging duration of 60 s in both left- and right-looking
modes and keep all onboard components within allowable temperature thresholds in orbit.
For lighter, smaller, better, and cheaper development of the S-STEP system, the proposed
thermal design strategy is based on the optimization of environmental heat fluxes acting
on the satellite by passive thermal control using surface coatings, MLI, and radiators. In
addition, a lightweight flexible graphite sheet with high thermal conductivity is used as
conductive thermal paths between some high-power instruments and dedicated radiators.
The multifunctional structure of TRM assembly provides effective thermal dissipation
capability through the integrated radiators during SAR imaging. These strategies con-
tribute to minimizing the satellite mass budget and heater power consumption, which help
realize the implementation of a “lighter” SAR satellite. To verify the effectiveness of the
proposed thermal design strategy, an on-orbit thermal analysis of the S-STEP system was
performed. Further, the effectiveness of thermal design on the key payload components
and multifunctional TRM structure was experimentally evaluated in a space-simulated
thermal vacuum environment.

2. S-STEP System Overview

The S-STEP program has been started to develop an 80 kg class lightweight small
SAR satellite for high-resolution SAR imagery for environmental investigation, surface
mapping, and disaster monitoring. The mission operation concept of the S-STEP system
is shown in Figure 1 [22]. The S-STEP system is operated at LEO and provides a 1 m
resolution stripmap image, 4 m resolution ScanSAR image, and 1 m resolution VideoSAR
for 10 s duration to capture the earth’s targets of interest. The SAR payload of S-STEP
is an aperture-coupled cavity-backed microstrip patch array antenna, which can achieve
high radio frequency (RF) gain. A total of 192 TRMs were applied to implement electronic
beam steering capability in the elevation direction of the antenna. The SAR image data are
transferred to an integrated avionics unit (IAU) for storage. The stored data are transmitted
to the ground station through a 1 Gbps X-band downlink module. The expected mission
lifetime of the S-STEP system is 3 years. The S-STEP program ultimately aims to implement
a satellite constellation for near real-time SAR observation. Therefore, the S-band inter-
satellite link (ISL) system is considered for immediate communication link between the
satellites. Table 1 lists the basic system specifications of S-STEP [22].
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S-STEP Operation Concepts VideoSAR Mode
ScanSAR Mode m/Skm/10:
4

High-resolution Stripmap Mode

m (resolution

ISL"S-band, 20 kbgs
T™M/TC
SAR Image Dowhlink: X-band, }Gpbs

Figure 1. Mission operation concept for S-STEP system [22].
Table 1. System specifications for S-STEP [22].

Item Specification
Mission lifetime 3 years
Satellite mass 80.3 kg
Satellite volume 1970 mm x 1060 mm X 200 mm
Generation 340 W (BoL)
Power Storage 648 Wh
Inter-satellite link RF (S-band)
TM/TC/Image downlink S-band /X-band
Attitude pointing accuracy 0.085° (30)
- 1 m (Stripmap)
- 4 m (ScanSAR)

Resolution (@ SAR look angle: 25°) 1m (VideoSAR)
- m (Video!

- 5km x 420 km (Stripmap)
- 15 km x 420 km (ScanSAR)
- 5km x 5 km (VideoSAR)

- 60 s (Stripmap)

Image acquisition time (per single pass) - 10 s (VideoSAR)

Swath (elevation x azimuth)

Figure 2 shows the mechanical configurations of the S-STEP satellite. The primary
feature of its mechanical design is the bus—payload integrated flat panel-shaped satellite
structure. This mechanical configuration is advantageous to ensuring the dimensional sta-
bility of the satellite, especially the SAR antenna, in extreme on-orbit thermal environments.
One more essential feature of this satellite configuration is the additional 0 g compensation
device for on-ground testing of SAR antennas, as it is a nondeployable-type antenna. All
payload and bus electronic units are mounted on the top aluminum-skin honeycomb
composite panel as the configuration shows in Figures 2c and 3. Four reaction wheels
(RWs) in a pyramidal configuration with an optimal tilt angle are mounted at the center of
the satellite to minimize the moment of inertia and their power consumption. The X-band
antenna for payload data downlink and two S-band antennas for telecommand/telemetry
(TM/TC) communication are installed on the side walls in —x, +y, and —y sides of the
satellite. The GPS and ISL antennas are also installed on various locations of the side walls.
To operate the satellite, 340 W of electrical power is produced at beginning of life (BoL) and
stores the power in the battery with 648 Wh capacity. Among the on-board instruments
of satellite, the four TRM assemblies require the largest amount of power consumption.
In the SAR imaging operation, the stored battery power is mainly used to operate these
TRM assemblies.

The satellite is integrated on a VFOD introduced in a previous study [22], which has
the dual functions of the orbital insertion of satellite and the entire spacecraft vibration
isolation. The main function of VFOD is an on-orbit satellite separation combined with a
side-mounting ride-share platform. The additional function of launch vibration isolation
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was a key factor in minimizing the satellite mass, as the structural reinforcement was
reduced by launch load mitigation. The multifunctional structure of payload components,
the adoption of a new structural design methodology called Oh-Park methodology [23] for
spaceborne electronics, and the proposed thermal design strategy contributed to further
satellite mass reduction. The mass of the satellite was 80.3 kg due to these mechanical
design strategies. A previous study [22] showed that the SAR performance index with
respect to the satellite mass was close to those of the other small SAR satellites developed in
accordance with the NewSpace paradigm. This study verified the feasibility of the proposed
mechanical design strategies for S-STEP through satellite system-level structural analysis.

* Velocity direction: x

]

(@)

A
200 mm (H)
v

Figure 2. Cont.
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Active phased array SAR antenna
radiating board

Panel cut-outs beneath
mounting area of
electronic units

Side walls

TRM
assemblies
(4EA)
Honeycomb panel (bottom)

z
V\I/J;
* Solar panel

(©)

Figure 2. Mechanical configurations of S-STEP satellite: (a) view from S/C —z side, (b) view from

S/C +z side, and (c) exploded view.

TRM TRM TRM TRM #4
GPS ant #1 A 2 =
S-band ant.#1
ISL ant. STA #1
ISL ant. .
ISL module
&
X-band ant.
ISL ant.
Thruster
GPS receiver
y
x
z
GPS ant.#2 S-band ant #2

Figure 3. Internal configuration of S-STEP satellite (DCU: digital control unit; RFU: radio frequency
unit; PSU: power supply unit; TRM: transmit/receive module; STA: star tracker assembly; RW:
reaction wheel; ISL: inter-satellite link; IAU: integrated avionics unit; SPAU: S-band power amplifier
unit; XRFU: X-band RF unit; PCDU: power conditioning and distribution unit; GPS: global positioning
system; STCU: star tracker control unit).

3. New Thermal Design Strategy for S-STEP

The primary objective of establishing a new thermal design for S-STEP is to ensure
long-term high-resolution SAR imaging duration for 60 s regardless of the right- and
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left-looking modes of an SAR antenna. In addition, the thermal design shall maintain all
onboard components within their allowable temperature limits (Table 2) in extreme on-
orbit thermal environments with minimal use of heater power. To accomplish the thermal
design objectives, the heat of the high-power components, such as the TRM assemblies,
power conditioning and distribution unit (PCDU), IAU, and battery, shall be effectively
dissipated to the outer space. These are the main focuses of the proposed thermal design.
To implement a “lighter” satellite, the thermal design is mainly based on passive thermal
control approaches using surface coatings, MLI, and heat dissipation radiators. The use of
thermal hardware that occupy some portion of the mass to some extent, such as heat pipe
and doubler used conventionally [13], are avoided for S-STEP.

Table 2. Allowable temperature limits of S-STEP components.

Component List

Allowable Temperature Limits [°C]

Operating Non-Operating
Category Item Tmin Tmax Tmin Tmax
#1 -20 60 -30 70
#2 —20 60 —30 70
TRM B —20 60 —30 70
#4 -20 60 -30 70
Payload DCU —20 50 —30 60
RFU -20 50 -30 60
#1 -20 50 -30 60
pPSu 0 —20 50 —30 60
SAR antenna
(Radiating board) —60 60 i )
C&DH IAU —20 50 —35 70
PCDU -20 50 -35 70
EPS Battery —30 60 - -
Solar panel —55 110 - -
#1 —40 80 —55 85
S-band ant. ) —40 80 —55 85
SPAU —20 50 —35 70
X-band ant. —40 70 —55 85
XRFU -20 50 -35 70
Cs #1 —40 85 - -
#2 —40 85 - -
ISL ant. pre; 20 35 - -
#4 —40 85 - -
ISL module —-25 65 - -
#1 —40 65 —55 85
Gyro #2 —40 65 —55 85
Bus #3 —40 65 —55 85
#1 -20 40 -30 70
STA ) —20 ) ~30 70
STCU -20 50 -30 70
GPS Receiver —-20 60 —40 85
#1 —25 55 —30 60
GPS ant. 0 5 55 ~30 60
ADCS MAG 5 70 - -
#1 —25 70 - -
CSS (Coarse #2 —-25 70 - -
Sun Sensor) #3 —25 70 - -
#4 —25 70 - -
#1 -20 60 -30 70
#2 —20 60 —-30 70
RW g ~20 60 —30 70
#4 -20 60 -30 70
Propulsion Thruster —20 40 —40 65
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Figure 4 shows the new thermal design concept for the proposed S-STEP system. The
front SAR antenna surface (—z side) and side walls (x and y sides) are exposed to relatively
lower environmental fluxes. Therefore, these surfaces can be used for dissipating satellite
internal heat to outer space. Moreover, the incoming solar heat flux on the solar panel
(+z side) can be used as a heat source to compensate for heat loss. The optimization of
solar heat flux and heat dissipation of the satellite is achieved by applying various thermal
coatings, MLIs, and radiators to control the heat exchange between structural elements
and components, which results in minimizing the heater power budget, contributing to
further satellite mass reduction due to decreases in solar panel and battery sizes. This
thermal design concept is the most innovative and unique aspect of the proposed thermal
design strategy for S-STEP that has never been attempted in the previous small SAR
satellite programs.

Incoming solar heat flux to solar panel

Black anodizing ) MLI X OSR radiator
(Top/bottom S/C (Electronic units) (S/C side walls)
honeycomb panels)

I X : 7

NN g /

Vo . i\ \
Foil radiator | bl
(S/C side walls) v v v Sun-shie!

Teflon-VDA tape V (SAR antenna)

(unit bottom side (-z side))

-

Heat dissipation to deep space via SAR antenna & S/C side walls

Figure 4. The proposed thermal design concept for S-STEP satellite.

In the thermal design, an RF-transparent sunshield covers the external side of the SAR
antenna for heat rejection. The primary satellite structures of aluminum-skin honeycomb
panels are black anodized for minimizing the thermal gradient over the entire satellite
structure by facilitating the internal heat exchange. The internal waste heats of payload
and bus electronic units and solar panels are dissipated via mounting surfaces (—z side) to
the SAR antenna. Thus, most honeycomb panel areas, including the mounting areas for
electronic units, were cut-out for their effective heat dissipation (Figure 2c). These cut-outs
were advantageous to reduce the satellite mass as well. The electronic unit mounting
surfaces (+z side) were coated with Teflon-VDA tape with high emissivity. The rest of
their surfaces were covered with MLI to avoid the absorption of heat radiated from the
solar panel. For further heat dissipation, second surface mirror (SSM) foil radiators were
integrated on the sidewalls (Figure 5).

SSM foil radiators (3 locations on S/C side walls)

Figure 5. Allocation of SSM foil radiators on S-STEP satellite.



Aerospace 2021, 8, 278

9 of 25

For effective heat dissipation of PCDU, IAU, and battery producing relatively larger
amount of waste heat than the others, this study focused on the unique characteristics of
a lightweight flexible graphite sheet. The graphite sheet is a popular thermal interface
material and has been used in various fields, such as portable devices, electronics, and
space engineering [24]. It has many advantages, such as high thermal conductivity in the
in-plane direction of the sheet (four times higher than copper), light weight, flexibility to
bending, high heat-resistance, and availability to use in a vacuum. All these characteristics
make the graphite sheet attractive to use for thermal control of small satellites with a
limited mass budget. Table 3 lists the specifications of the graphite sheet used for the
S-STEP satellite. In the S-STEP thermal design, the graphite sheet was used to form the heat
transfer paths from the IAU, PCDU, and battery to the dedicated radiators, respectively
(Figures 6 and 7a). Both ends of the graphite sheet were clamped on the unit and radiator,
respectively, to implement a secure thermal contact. For PCDU, where a larger amount of
heat rejection is required than others, two radiator assemblies with graphite sheets were
applied to the unit. The thermal control solution using a graphite sheet could be more
advantageous than the conventional heat pipe in terms of light weight and unnecessity to
maintain the orientation to the horizontal plane of the pipe to avoid the gravitational effect
during an on-ground test. A total of 15 graphite sheet layers, determined on the basis of a
previous study [25], were applied with respect to each component.

Table 3. Specifications of lightweight flexible graphite sheet [24].

Item Specification

Manufacturer KANEKA Co.

Configuration
Thickness 40 pm
o - 1500 W/m/K (In-plane)
Conductivity - 5 W/m/K (Out-of-plane)
Density 2 g/cm?

- Minimum curvature radius = 2 mm, 180° angle
Flexibility - Withstands repeated bending more than 10,000 times
- Ease of manufacturing such as punching and bending

- High electromagnetic shielding effect
Features - Extremely low water absorption
- Availability to use in vacuum environment
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IAU

IAU radiator

Battery

Radiating panel (Al honeycomb)

Radiating panel (Al plate)
& graphite sheet

& graphite sheet

PCDU TRMs 4EA) X °
PCDU radiator #1

PCDU radiator #2

TRM radiators
PCDU with radiating panel (Al plate) & graphite sheet

(2EA)
Figure 6. Thermal design concept for high-power components.
Graphite sheet ~OSR radiator
Teflon-VDA tape
(-z side of unit radiating panel)
(a)

OSR radiator Solar panel (S/C +z side) OSR radiator N
T
P
sana

- '
SAR antenna (S/C —z side)

Graphite sheet
(b)

Figure 7. Examples of thermal paths for heat dissipation of high-power components: (a) IAU and (b) TRM
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In the thermal design, the battery module is the only component requiring heater
control for temperature management to maintain the electrical power storage capacity.
This fact indicates that the power budget-saving can be expected based on the proposed
thermal design strategy. A Kapton polyimide film heater was attached adjacent to the
battery radiator. Through the preliminary thermal analysis, the on/off set-points of the
heater are set as 15/16 °C, and the heater power was determined as 30 W to satisfy the
requirement of heater duty to be lower than 80%.

The effective heat dissipation of TRM is a crucial factor in achieving the long-term
SAR imaging duration of 60 s in both left- and right-looking modes of SAR antenna in orbit.
In the previous study [22], the concept of the multifunctional TRM assembly structure was
introduced as the configuration shown in Figure 6. A single TRM assembly was integrated
with two optical solar reflector (OSR) radiators at both ends to effectively dissipate the
heat produced during SAR imaging operation (Figure 7b). In this study, the U-shaped
configuration of each radiator further enhanced the heat dissipation capability by increasing
the radiating area. In addition, the proposed design was intended to dissipate heat to the
bent parts of the radiator, even if the incidence angle of heat flux varied with the attitude
maneuvering of the satellite. The radiator design also provided mechanical interfaces to
integrate the top and bottom honeycomb panels of the satellite. To minimize the thermal
gradient over the TRM assembly, a graphite sheet was integrated along its sidereal surface.
The TRM assembly was radiatively and conductively decoupled from the satellite using
MLI and thermal washers to secure heat dissipation capability.

4. On-Orbit Thermal Analysis of S-STEP
4.1. Overview of Thermal Analysis

To verify the effectiveness of the proposed thermal design strategy in meeting the
design objectives of the S-STEP system described in Section 3, a system-level transient
on-orbit thermal analysis was performed. Table 4 lists the orbital conditions used for the
thermal analysis. The hot and cold conditions are defined in the table to implement critical
thermal environments on the satellite. The hot and cold cases corresponded to when the
satellite was exposed to the highest and lowest environmental heat fluxes, respectively.
The thermal analysis cases are defined in Table 5. Cases 1 and 2, respectively, correspond
to the SAR imaging operation in the left-and right-looking modes for the hot environment.
Cases 3 and 4, respectively, correspond to the SAR imaging operation in the left-and right-
looking modes for the cold environment. Case 5 corresponds to the safe-hold mode for the
cold environment.

Table 4. Orbital conditions used for on-orbit thermal analysis.

Item Cold Case Hot Case
Altitude (km) 523.87 524.96
RAAN (deg) 352.34 186.03
Eccentricity 0.00075515 0.00075515
Orbit inclination (deg) 442 442
Date (yyyy.mm.dd hh:mm:ss) 2024.03.08 07:19:07 2025.12.25 00:25:12
Beta angle (deg) —0.94 —67.49
Solar constant (W/m?) 1287 1420
Albedo 0.30 0.35

Planetary flux (W/ m?) 227 249
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Table 5. On-orbit thermal analysis case definition.
Analysis ~ Environmental = Operation Attitude SAR Payload G/S
Case Condition Phase Operation Contact
1 Hot case SAR imaging Left-looking Operation (@)
2 Hot case SARimaging  Right-looking Operation (@)
3 Cold case SAR imaging Left-looking Operation (@)
4 Cold case SARimaging  Right-looking Operation (@)
5 Cold case Safe-hold Sun pointing ~ Non-operation X

Figure 8a,b, respectively, show the external and internal configurations of a thermal
mathematical model (TMM) of the S-STEP system for on-orbit thermal analysis. A total
of 13,718 nodes were used for modeling the TMM. The TMM was constructed using
Thermal Desktop [26], a CAD-based geometric interface of the commercial on-orbit thermal
analysis tool of Systems Improved Numerical Differencing Analyzer/Fluid Integrator
(SINDA/FLUINT) [27]. A RadCAD was used to calculate the radiation exchange factors
and orbital heating rates based on the geometrical mathematical model (GMM) created by
Thermal Desktop. The GMM and output data of RadCAD were used as inputs for on-orbit
thermal analysis using SINDA /FLUINT. The representative orbital profiles of S-STEP
created based on the information specified in Table 4 are shown in Figure 9a—c. In the SAR
imaging operation, the satellite sequentially performed TM/TC communication (60 s), SAR
imaging (60 s), and ground station (G/S) pointing for image data downlink (180 s). In the
safe-hold mode, the satellite maintained the Sun-pointing of the solar panel (Figure 9c).
Tables 6 and 7, respectively, list the thermo-physical and -optical properties used for the
thermal analysis. The thermal network was implemented using a node-to-node conductor
or a surface-to-surface contactor in the thermal desktop.

(a)

Figure 8. Cont.



Aerospace 2021, 8, 278 13 of 25

(b)

Figure 8. Thermal mathematical model (TMM) of S-STEP satellite: (a) view from +z side and (b)

internal configuration.

Left-looking (+23.7deg) G/S pointing
* TM/TC Comm.: 60 s * Contact: 180 s
* SAR Imaging: 60 s (for payload data downlink)

Velocity

direction

Sun vector

Figure 9. Cont.
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G/S pointing Left-looking (+23.7deg)

« Contact: 180 s * TM/TC Comm.: 60 s
(for payload data downlink) : » SAR Imaging: 60 s

Velocity
direciion

Sun vector

(b)

Sun pointing
(Continuous)

Veloaity
direction

Sun vector

(c)

Figure 9. Representative orbital temperature profiles of S-STEP in left-looking SAR imaging operation:

(a) hot environment, (b) cold environment, and (c) safe-hold mode.
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Table 6. Thermo-physical properties used for thermal analysis.
. Conductivity . 3 Specific Heat
Material (W/m/K) Density (kg/m°) (/kg/K) Remark
AL-6061 170 2768 879.2 Unit, radiator,
brackets
AL-7075 1212 2770 961.2 Honeycomb panel
(Facesheet)
CERP 30 1910 711.76 Solar panel
kx =1200 .
Graphite sheet ky = 1200 1200 1200 lGraphlte sheet, 15
B ayers stacked [25]
kz=5
kx =325
Honeycomb core ky =2.17 129.75 921.6 Honeycomb panel
(Core)
ky =771
Foil radiator 0 300 1200 Foil radiator
Kevlar SAR antenna
honeycomb 040 % 1420 radiating board
RF-35A2 0.29 2280 990 SAR antenna
radiating board
Sun shield 1000 206 1200 Sun shield
MLI 0 300 1200 MLI
Table 7. Thermo-optical properties used for thermal analysis.
Material Absorptivity  Emissivity ole Remark
[a] [€]
Alodine 0.35 0.07 5.00 Radiator, structural brackets
Honeycomb facesheet,
Black anodizing 0.88 0.88 1.00 battery mounting I/F plate,
foil radiator (Inside)
Kapton 0.35 0.40 0.88 Honeycomb core (Edge)
Gold coating 0.23 0.05 4.60 TRM (SAR ant. side)
Graphite sheet 0.66 0.30 2.20 Graphite sheet
MLI 0.05 0.05 1.00 MLI, electronic units
0.11 (BOL) 0.14 (BOL) .
OSR 0.24 (EOL) 0.80 0.30 (EOL) Radiator
PTFE 0.12 0.85 0.14 SAR antenna (+z-axis)
Solar cell 0.61 0.83 0.90 Solar panel
0.46 0.14 3.29 Sun shield (Inside)
Sun shield 0.43 (BOL) 0.62 (BOL) . .
/0.56 (EOL) 0.69 0.81 (EOL) Sun shield (Outside)
rflontpe OTLBOL o 0I5(BOL) T e oy
P /0.25 (EOL) : 0.35 (EOL) '
solar panel
Antenna 0.25 0.75 0.33 GPS ant., ISL ant., S-band
ant.
VDA 0.065 0.023 283 GPS ant., ISL ant., S-band
ant.
Al-VDA 0.09 0.028 3.214 Honeycomb panel (Local)
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4.2. Results of Thermal Analysis

Figure 10 shows the representative thermal analysis results for Case 1—the orbital
temperature profiles of components newly developed in this program when the left-
looking SAR imaging operation was executed in the hot environment. This is the worst
hot condition for the S-STEP system among the analysis cases listed in Table 5. Temporal
temperature variations occurred due to the changes in incidence angle of satellite with
respect to the sun and earth in accordance with the orbital revolution of satellite, as
shown in Figure 9. The thermal design to dissipate the heat of electronic units through
SAR antenna controlled their temperatures well, especially high-power electronic units,
such as PCDU, IAU, and battery, combined with sidewall radiators and thermal paths
implemented by the graphite sheet. The key payload components of TRM assemblies
were operated under a moderate temperature condition, ranging from 29.6 to 42.2 °C,
despite their total heat dissipation of 1460 W (365 W per a single TRM assembly) during
SAR imaging operation. Figure 11a,b, respectively, show the predicted maximum and
minimum temperatures of all onboard components in Case 1 (left-looking) and Case 2
(right-looking) when the SAR imaging operation is executed in the hot environment. The
graph also shows the operating and survival temperature limits of each component. In
both cases, the temperatures of all components were maintained within their allowable
limits for the operating conditions specified in Table 2. In particular, the high-power
components of IAU and PCDU were operated with sufficient temperature margins of
more than 6.7 °C by effective heat dissipation via the SAR antenna and sidewall radiators.
The battery temperature was maintained above 25.3 °C, and the heater was not operated
during the entire orbit. These analysis results indicated that the proposed thermal design
strategies were effective for stable satellite operation and achieving the required SAR
imaging duration of 60 s, regardless of SAR left- and right-looking modes, even in the
worst hot environment.

'—\UL:V -
[—Pcou_—xrFy| 55 —IEFER —

)
I i S I N N s T e E * (\
U N N N e N S N e N e N NN g
MMJ\J\J\MW g‘ .
S 20
15
10 orbits " 10 orbits
] 11400 22800 34200 45600 67000 g ) 11400 22800 34200 45600 57000
Time [sec] Time [sec]

IpNpNpNp Vs pNpNpNpY

—bcu — — SAR Radiating Board_Max. |
—rry — 50 — SAR Radiating Board_Min

e

Temperature [°C)
3
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0 11400

22800 34200 45600 57000 0 11400 22800 34200 45600 57000
Time [sec] Time [sec]

Figure 10. Predicted on-orbit temperature profiles of components newly developed in S-STEP program (Cases 1) (SAR

left-looking mode in hot environment).
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Figure 11. Predicted maximum and minimum temperatures of S-STEP components in hot environment (Cases 1 and 2):
(a) SAR left-looking mode and (b) SAR right-looking mode.

Figure 12 shows Case 3 analysis results—the orbital temperature profiles of repre-
sentative onboard components when left-looking SAR imaging operation is executed in
the cold environment. The predicted maximum and minimum temperatures of the entire
onboard components in Case 3 (left-looking) and Case 4 (right-looking) when the SAR
imaging operation was executed in the cold environment are shown in Figure 13a,b, re-
spectively. These figures show that all components were within the temperature ranges
of operating conditions. The temperatures of TRMs were moderately maintained within
the range of —5.6 to 0 °C in both the left- and right-looking modes of SAR antenna. The
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battery temperature was maintained above 14 °C by heater control, and the duty was 36%.
Figure 14 shows the thermal analysis results in Case 5 (safe-hold mode, cold environment).
All non-operating components kept the temperature within the survival limits. The heater
duty was 39% in this case. These on-orbit thermal analysis results showed that the pro-
posed S-STEP system would be stably operated throughout the mission duration under
the expected on-orbit thermal environment.

40 40
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35 | —pcou —xrru 35 — LEFE 82 —LEFE M
30 30
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o 2 o 2
) )
@ 15 o 15
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=20 -20
0 11400 22800 34200 45600 57000 0 11400 22800 34200 45600 57000
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Figure 12. Predicted on-orbit temperature profiles of components newly developed in S-STEP program (Cases 4) (SAR

right-looking mode in cold environment).
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Figure 13. Predicted maximum and minimum temperatures of S-STEP components in cold environment (Cases 3 and 4):
(a) SAR left-looking mode and (b) SAR right-looking mode.
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Figure 14. Predicted maximum and minimum temperatures of S-STEP components in safe-hold mode in cold environment

(Case 5).

The TRM exhibits temperature-dependent RF output characteristics, such as gain
and phase errors, which negatively affect in-antenna beam formation [28]. Although the
S-STEP SAR payload has an output error compensation function, an additional technique
to contribute to the error compensation, in the thermal control perspective, might be to
reduce the spatial temperature difference (ATs) over the TRM assemblies. Figure 15 shows
the analyzed temperature contour of four TRM assemblies at the time when the maximum
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AT; occurred during the left-looking SAR imaging in the hot case. Table 8 summarizes
AT; of each TRM in the left- and right-looking modes in the hot and cold environments
(Cases 1-4). The ATs values of TRMs did not increase more than 7.6 °C in all cases.

TRM asse. #1 TRM asse. #2 TRM asse. #3 TRM asse. #4

4 Trrum Trru Trrym Trrm
=31.1°C =35.3°C =40.2 °C =35.0°C
<1 T,.=24.0 °C T,.=28.6 °C T,.~33.2°C T,.=29.4 °C

y
I_Q’ |at-61°c| |at-67°c| |aT-70°c| [AT-64°C

* AT, = Tpnax - Tauim

Figure 15. Spatial temperature differences (ATs) of TRMs in SAR left-looking mode in hot environ-
ment (Case 1).

Table 8. Spatial temperature difference (ATs) of TRM according to SAR imaging modes.

Orbital Analysis Spatial Temperature Diff. (AT;)

e Operation
Condition Case TRM #1 TRM #2 TRM #3 TRM #4
SAR imaging
Case 1 (Left-looking) 6.1 6.7 7.0 6.4
Hot case SARI :
1mag1ng
Case 2 (Right-looking) 6.4 7.6 7.4 6.5
Case 3 SAR imaging 2.7 3.8 3.1 4.0
(Left-looking)
Cold case AR -
Case 4 1maging 2.7 3.9 3.0 37

(Right-looking)

In this study, we also analyzed AT over the SAR radiating board and satellite primary
structure because they are important in assuring the image quality of SAR antenna against
the dimensional instability due to thermal distortion. Figure 16a,b, respectively, show the
representative temperature contours of SAR radiating board and satellite platform structure
in the left-looking SAR imaging operation in the hot environment in which the AT values
are 56.6 and 13.5 °C. The antenna root-mean—square (RMS) surface error and antenna
best-fit plane (ABFP) angle estimated in the previous study [22], based on those thermal
analysis results, were 0.7 mm;ns and 0.005°, respectively. These values were sufficiently
low to comply with the S-STEP SAR antenna requirements (RMS error of <1.55 mmypms and
ABFP angle of <0.02°).
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Figure 16. Spatial temperature differences (ATs) of (a) SAR radiating board (b) S/C honeycomb
panels in SAR left-looking mode in hot environment (Case 1).

5. Experimental Verification of Key Thermal Design

To confirm the design effectiveness of TRM radiators, a space-simulated thermal
vacuum (TV) test was performed using a dummy model of TRM assembly with radiators.
Figure 17 shows the configuration of the TV test set-up. The test specimen comprises a
dummy TRM assembly integrated inside the text fixture. The test specimen, except for the
front side of radiators, was entirely covered with MLI, and it was conductively isolated
from the chamber base plate to avoid an unnecessary heat outflow from the TRM. The
heat dissipation of TRM was simulated by a test heater group with 160 W power capacity
attached to various locations of the dummy TRM. The heater was also applied on the
rear side of each radiator to simulate the incoming environmental heat flux. In the test,
the graphite sheet was not applied to the TRM structure because the test objective was to
primarily verify the heat dissipation performance of the integrated radiators.
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\27 A test fixture]

. : Thermocouple (T/C) location

Figure 17. Thermal vacuum (TV) test set-up of dummy TRM assembly with radiators.

The specimen was exposed to the thermal environment of —70 °C controlled by a
chamber shroud. The operating temperature of the radiators was maintained to 20 °C by
the heater control to simulate on-orbit temperature conditions. The temperature reference
point was located near the center of TRM to declare thermal stabilization, as when the
temperature variation is less than 2 °C/h. The TV test was performed under a pressure
level of 107° torr. In the test, the AT between the center of the TRM and radiator was the
main factor to judge the effectiveness of the proposed thermal design.

Figure 18 shows the temperature profile obtained by thermocouples when the speci-
men was thermally stabilized. In the thermal analysis, the orbital average heat dissipation
of TRM assembly was approximately 4 W because it was operated for only 60 s during
SAR imaging, although its power dissipation was 365 W. In the test, the constant heat
load of 16 W was first applied to the TRM, which was a sufficiently high amount of heat
load to simulate the orbital average heat dissipation. The TRM reached 25.4 °C, and the
maximum AT between the TRM and radiator was 2.8 °C. Meanwhile, the thermal analysis
results shown in Figure 15 indicated that the maximum AT value of TRM assemblies #1—#4
was 7.0 °C when the radiator temperatures were ranging from 24.0 to 29.4 °C. Table 8 also
shows that ATs was less than 7.6 °C in all cases of SAR imaging operations. The thermal
conductance value between the TRM and radiator, simply estimated from the heat load and
AT; observed from the test, was 5.7 W /K. Subsequently, the heat load of 160 W was applied
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to the TRM to observe further heat dissipation capability. The increase in TRM temperature
was only less than 1 °C after 60 s, and the temperature was stabilized at 89.8 °C. The AT; at
the stabilized temperature was 17.4 °C. The thermal conductance value between the TRM
and radiator in this condition increased to 9.2 W/K as the radiated heat energy increases at
higher radiator temperature. These test results indicated that the proposed radiator design
had sufficient heat dissipation capability for thermal control of TRM assembly in on-orbit
SAR imaging operation conditions.

100 : :
—&— T/IC#1 (Rad. #1) AL=TE L
90 —2— TIC #2 (TRM)
—o— TIC#3 (TRM)
—&— TIC #4 (TRM)
80 5 TIC #5 (TRM)
o~ —o— TIC #6 (Rad. #2)
O
— 70
[0)
| -
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- :
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*AT. = Toae — Toain
Figure 18. Temperature profiles obtained from thermocouples (T/C) of dummy TRM assembly.

6. Conclusions

In the present study, a new thermal design strategy was proposed for an 80 kg class
lightweight active X-band small SAR satellite, S-STEP, for high-resolution earth observation.
Considering the bus—payload integrated flat panel-type unique satellite configuration, the
proposed thermal design of S-STEP mainly relied on the optimization of environmental
heat flux on the satellite by passive thermal control approaches. A lightweight flexible
graphite sheet with high thermal conductivity was used for heat dissipation of some
high-power components via radiators. A thermal design of the key payload component
of TRM assembly with dedicated radiators was proposed. To validate the effectiveness
of the proposed thermal design, an on-orbit thermal analysis of S-STEP was performed
in various cases of SAR-looking modes. The analysis results showed that the proposed
thermal design ensured the required SAR imaging duration of 60 s regardless of left- and
right-looking modes of SAR antenna while keeping all onboard components within the
allowable temperature range. The spatial temperature differences in the TRM assembly
and satellite primary structure of honeycomb panels were also evaluated through the
analysis. The results verified that the proposed thermal design contributed to ensuring
the thermal stability of the SAR payload. In the future, the effectiveness of thermal design
using graphite sheets for high-power components will be experimentally verified through
the TV test. In addition, the entire thermal design of S-STEP will be verified through
structural-thermal model tests. The new thermal design strategy proposed in this study
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would be useful and applicable to the flat panel-type small satellite for SAR observation,
communication, and internet service missions.
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