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ITF-2, which was developed by the University of Tsukuba YUI project, was designed basedlodTF was the first
CubeSantthe University of Tsukubéowever, signalsiereneverreceived. Although ITR2 was developed based on T
1, the componentthat resulted irfailure were reconsidered and improved @se inITF-2. In this paper, the overview
subsystems of ITH2, and the design improvement from FlIRo ITF2 arepresentedin addition, ITF2 was deployed fromr
iKi boo on Jan it st opdra&ionab? & $eptensbear @017. This papeportsthe operation results and tt
achievement omi s si ons :orfkYoUl wearhgitavht ii i p ausiogr CukieSaimvoblisgipartitipationfrom
people around the world, ultsanall antenna, which is used for two amateamdsby attachingt to a metal structure, ard
new microcontroller, whichas been reportdd be saving energy, high radiation resistant and demonstrated to acquire
achievement in spac&he operation results as of September 2idfifcate thatmore than 900 meption reports from 1¢
countries were reported, indicating the success of the outreach.
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1. Introduction the attitude controbyster?. The defects and the process of
improvemenimust bethe preceptfor incomingnancatellites.
The University of Tsukuba YUI projeéta small satellite ~ Furthermore, ITRR has three missions. f
development project set up in 2011, has developed twaheYUlnet wor k 0, t h eprowides aniqoeussfari o n ,

CubeSats, Imagine The Futite(ITF1) and Imagine The university CubeSa. Nearly all CubeSats developed by
Future2 (ITF2).ITF-1was launchedy the HIIA rocketfrom universitiess were mainly used for scientific and technical
theTanegashima Space Center on February 28, 2014. Howevenissions This missionisthefi par t i c i p afordhisy 6 mi
no signahas beerreceivedrom it and its operatiosompleted  whichaims to promotgublicinterest in space and satellite, and
uponreentryon June 29, 2014. Subsequently, the developmeninteraction through opportunitiesfor receiving sgnals from
of a second CubeSat |TFwas startedITF-2 is a 1U-sized ITF-2. In terms oftechnical missions, IT2 demonstratean
CubeSabased on the design Idf-1; howeverjt improvedon il ul-stmaal | antennaodo: thewpchaste an
the defects of ITH. The development of IR was completed  used by attachinij onametal panel directly and asdundancy
inMarch 2016.ITF2 was | oaded on tllh e fofidéranuiNdatiorgvis veérifieH in space for the first timemnd
Transfer Vehicle and launchdbm the Tanegashima Space energy saving, high radiation resistant tyge F R A M
Center bythe H-1I1B rocket on December 9, 2016n January mi ¢ r o c o.MheresultslofdTH2@mperation anthe present
16, 2017,ITF-2 was depl oyed fr om gtfus &f achievemenhod these anssaonsaldbbereported.
experiment modulat thelnternational Space StatidifSS), by Figure 1 shows the appearancer&I TF-2 flight model and
usingJEM Small Satellite Orbital Deployer-GS0D) systef Table 1presentsanoverview of ITF2. It transmits telemetry
JSSOD is the deployment mechanideveloped by JAXAo data and messages using amateur radio band (430 MHz). Its
deploy micro/nancesatellites from Kibo We succeeded in  orbital inclination is 51.6° and its altitudeapproximately400
receiving signal and communication from ITF-2 at the km. CW and FM data formats are published on-ZIéperation
University of Tsukuba ground statiavithin one day after the web pag@. In Septembr 2014, ITF2 was selected ame of
deployment. ByApril 2017, we finished checking ITF-2 thenancsatellites deployed from Kibo
soundnessand the operatiorio achieveits main mission
includingeducatiorandamateur radipstarted

In this paperanoverview and systems of ITEas well as
designimprovementsfrom ITF1 will be presented ITF-2
consists of five systemsamelypower supplycommandand
datahandling (C&Dh), communication, thermal and structure,
and attitude control systenthe development of IT2 was
mainly based on ITH; howeverwe referred to other satellite
projectssuch as HORYUI® and XkV# for analysismethods
power supply balance analyBiand thedesign of ITF2, and




o | Mesedingpat e ey e eeeie 2.2.2. Demonstration of new microcontroller
m"”.“mn':mm\ iy B L e i st In thedesign of a satellite, it isecessarjo consider cosmic
data. o lJO"MimeUSM — rays, which have negativefe€ts on microcontrollers loaded
Hollo Thisis R N . B onthe satellite, such asngleeventlatchup (SEL) andsingle
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Fig. 2. YUl network

Table 1. Overview of ITF2.

or decrease the reliability storingdata.

Recentlyferroelectric RAM(FRAM) microcontrolers have
been marketed with the claim that they have high radiation
resistance compared to conventional flash microcontrollers.

In this mission, ITF2 was loaded with a FRAM
microcontroller, MSP430FR573®81SP). For this mission, the
number of SEL and SEU events of M&re counted MSP
monitorswhether SEU, that is, illegal bit flips occurred or not,
every 1 siIn addition,the main microcontroller(which will be

Name ITE-2 (Imagine The Futur®) presentedh section 2.3.3jnonitorsthe current otheMSPand
Nickname YUI 2 countsthe number of SEL occurrences when the current is
Size 111.5mmx 110 mm x 115.5 mm greater thana threshold valueFinally, the resultwill be
Wight 1.39 kg comparedwith that of radiation testing.This demonstration
Downlink  437.525MHz (monopole antenna, ultsamall leads to increased choicies microcontrollers for satellite.
antenna) 2.2.3. Demonstration of ultra-small antenna
Wave typesAlA, F2A, F2D(1200 bps) The size othe 1U CubeSatvasapproximatelylO cn? and
Uplink 430 MHz (monopole argnna, ultrasmall many CubeSatases amateur band for communicatitin for
antenna) AFSK (AX.25, 1200 bps) example the 1U CubeSat usemmateur bandsuch aghe 430
144 MHz (ultrasmall antenna): MHz band generally a monopole antenméth a length of
AFSK (AX.25, 1200 bps) approximatelyl 7 cm, and a deployment mechanism to store the
Receiver NISHI MUSEN antennaareneededHowever,there are many risks theause
Receiver for Mnosatellite 301A acciderts whendeployingan antenna, such as vibration from
OBC PIC16F877 MSP430FR5739, ATMEGA2560 rocket or shock when the satellite itself depldisis leads to
Attitude Permaent magnet, Magnetic damper reducedeliability of thecommunication system.
control (Passive control with earth magnetism) The ultrasmall antenna (Fig. 3) is ors®lutionto improve
Battery Li-ion battery reliability. The frequency ottis antennavas430 MHz and 144
Solarcell 40 x80mmTriple Junction TJ) GaAsSolar cells MHz band.The antenna siz&asapproximately3 cm x 6 cm
TriangleTJ GaAssolar cells and the typevasan invertedr antennaThis type ofantennas
usedfor the amateur banéndhasnot beerdemonstratedior
2 ITE-2 spaceapplication Figure 4 shows the ultsmall antenna

2.2. Missions
2.2.1. Developmentof YUI network

pattern ofthe 435 MHz band.In Fig. 4, 0 dB indicatesthe
maximum gain of the ultramall antennalhe value obtained
by adding about 23 dB to 0 dB shown in Fig. 4 is O #Rjure
5 shows the SWR spectrum of the ubraall antennaThe

Nearly allCubeSatsleveloped by universitidgadtechnical,
scientific and observational missien Although there are
diverse applications of @ubeSathowever,it is not common
to use a CubeSaleveloped by a universigsthemain mission
which is a participatory mission fothe public, including

SWRwas4.16 forthe144 MHz band and 1.68 ftle430 MHz
band.

The merits of this antenna atleat it does notrequire an
antenna development mechanism and can behysaiaching

children and adultsand aims to mmoteinterest in space and it 'to ametal surfaceRadi.o wavesare reflectgdby metfil and
satellite, and interact globallyith a CubeSatThus,the YUI this propery has a negative effech@ommunicatiorusingan
project proposed newmissignadthiehed n 2PtGNga, 9p 6net%4 Qanglost CubesSats are made of .m.etal
throughthe participation of many people around the world however, the ultr@mall antenna can besed by attaching

Figure2 showgheconceptual schenf thefiy Ul networko. directly to a metal pan'elh this missionthe uplink ofthe 144
TheYUI networkis avery innovative and challenging concept MHz ba”‘?' fromthe University of Tsukubaground stat!on and
of network which is formed by connectingeople whomay the downlink othe430MHz band from ITF2 wereconfirmed

not have any relationship except receivignds from ITF-2.
This promotesinternational exchangesducation for science
and engineering, and amateur radio activities. It will also
inspire interest in science.The YUl project provides
opportunities to connect, e,@n receivingeventsfor kids and
onthe Internet.

Fig. 3. Ultra-small antenna



. ® 0 = . 8 0 =

* odpes * s -+ _OdBree *
*3 “3dB =

",. SRR DU e %

w [ 1547 4\ @ [ BERT

Ol
A0dR
i
o ] 20487 el w [ 2048 7"
/ \ } y
270 {4 490 270 (4 L 90
d =

a8

0w

0 A

o &

Vertical polarization

g
Horizontal polarization

Fig. 4. Ultra-small antenna pattern. ltehorizontal polariation, Right:
vertical polarization.0 dB indicatesthe maximum gain othe ultrasmall
antennaThe value obtained by addimadpout 23 dB to 0 dB shown in Fig.
4is 0 dBi.

Linear Mag

Fig. 5. SWR of ultrasmall antenna. SWR 4.16 for 144 MHz bad and
1.68 for 430 MHz band

2.3. Subsysems
Figure 6shows the subsystems of FFITF-2 consists of five
subsystems namely power supply, thermal and structure,

commandnddatahandling (C&Dh), communication, and attitude

condition is that the solar cells generate the loweslectric
powerwhenITF-2 rotates arounthe Z axis (or Y axis);xY
and £X (or £Z and +X) panels receiganlight assuminghat
the angle betweethe solar light andthe normal line of each
panelchangedy 1 degree per 1 minuf€ig. 11). Based orthis
condition, the average generated power was calculasd
follows.
(1) Calculatethe amgle d betweenthe solar light and normal
lines of each panelta certain time
(2) Calculatethe generated powerof each panel with Eq. (1).
0 0 o AI-§ (1)
wherel is the short circuit current of each panel avids
the voltage From Figs. 8, 9, and 10| of £Y (or £Z), +X,
andi X panel were 500 mA, 170 mAand 120 mA
respectivelywhileVwas 4.4 V.
(3) The generated powef the satellite in a certain time was
calculated by summing the generated povferach panel
(4) The average generated power was calculated by dividing
the sum of generated power until a certain timéhytime.
Figure 12 shows the result of this calculation. The average
generated power convergamll.84 W.Table 2present§TF-2
Flight Model power consumptionfor each operation mode.
ITF-2 usually repeats th®utinethatit transmits CW for 10 s
and receives signals for 90 $his opertion is defired as
Ainor mal td&a.anksrmoing sTiaobnl e 2, t he
power ofthe normaltransmissiorwas0.87 x 0.9 + 1.47 x 0.1
= 0.93 W In addition,the heater works when the temperature
of thebattery is below 8C and the heatezonsumption power
was0.3 W.It wasassumed thaheminimum sunshine rateas
62%, thetime to goaroundthe Earthwas92 minandtheheater
worksfor 15 min per round of the Eartfiheconsumectlectic
energy (Wh)for normal transmission per rouraf the Earth
was0.93 x 92 /60 + 0.3 x 15/ 60E50 Whand the generated
electric enegy per round of the Earth wds84 x 92 x 0.62 / 60
= 1.73Wh. Thus, the amount of electric energy per round of
the Eath provided tahebattery wa®.23Wh.
ITF-2 loadsa consumer Li-ion battery Figure13 showsthe

control systems. In this section, each subsystem will be introduceddischarge cun&of 0.1 C(=310 mA)and 0.5 Q=1600 mA)

ITF-2

Thermal
structure | | G&Dh ‘

Fig. 6.

Power supply | | Communication Attitude cortrol

ITF-2 subsystem

2.3.1. Power supply system
ITF-2 loads two typesof solar cells the 40 mm x 80 mm
triple junction (TJ) GaAssolar cell andhe triangle TJ GaAs

solar cell. The cost of triangle cells per one cell is

approximately forty timesmaller tharthat 0of40 mm x 80 mm

cells The connection of TJ solar cells are two serials and a

paralel on £Y and +Z panels. Figureshows the connection
of solar cells on eachanel The connectiorof triangle solar
cells are two serials and two parallels ok panel, and two
serials and four parallels on +X panElgures8, 9, and 10
showsthel-V and WV curves of thesolar cells.

The power balance analysis based onRef. 5 and the
following conditionwasconsideredtheworst satellite rotating

Figure 14showsthe system block diagram ahe power
supply system. To prevent ITEcircuit from connecting before
the deployment, deployment switches ardRBF pin were
loaded on ITF2. The RBF pirwasremoved before launch, and
the deploymentswitcheswere opened after the deployment;
thus, all circuitswere connected. Thre®C/DC converters
wereloaded on ITR2: one DEDC converteralways provides
power to the receiver of communication system B.

Fig. 7. Connectiorof solar cells on each panel. LéfX panel,
enter: +X panel, and Right: £Y and +Z panels.
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2.3.2 Thermal and structure system waves, including A1A, F2A, and F2D, which are popular for
The most severelevice for temperature on ITFE is the amateur radio. As mentioned in section 2.3.1, the normal

battery. Thus, two thermal sensors and a battery heeter transmission (10 sansmission and 90standby) ighe basic

loaded on aathermal controller (Fid.5). ITF-2 determines the  downlink cycle. The transmission of F2A and F2D are

battery temperature by averaging the valmessuredy these customized bythe uplink commands. During the basic

sensors. A copper wireaswound onthe battery as a heater downlink cycle, ITF2 transmits housekeeping (HK) dagach

and this heater works when the temperatutb@battery drops  as battery voltage, satellite temperatuagd consumption

to below 5°C because the operating temperature rangbef current Table 3presentsthe correspondence between radio

battery is betweeni@0 °C. Moreover,thermal sensoraere waves and downlink contents. It is possible to change downlink

also loaded on =Y and +Z pan#tsmonitor the temperature of messages by means of an uplink. OF changes

thesatellite body in space communication systems with a switching relsych thabnly
The ITF-2 body structurewas made of &uminum. The one side ofthe transmitter (TX) transmits the signal and the
antenna deployment mechanisvasloaded ornthe i X panel. other side of TX is turned off. The switching cycle of the

The monopole antenna was wouad showrFig. 16 with an systemwas50 min by default. It can be changed by means of
antenna restriction wire. After 30 mfrom deploymentat the an uplink and set one communication system continuously.
ISS, the nichrome wirewas heated, then the restriction wire

was burnt out and the monopole antenmas deployed.In Table3. Types of radio ave of ITF2

terms of theFlight Model themeasure@dverage electric power  Radio wave  Downlinks

to burn out the wiravas5.15 W and theneasuredime was CW (A1A) HK data

approximately20 s Such an antenna deployment mechanism E2A HK data, mesage data

wasalsoused by othe€ubeSa. F2D HK data,message data and mission datz

Mission data: the number of SEL and SE
of MSP430FR5739
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2.3.3. Communication systemand C&Dh system

Figure 17shows the communicatiaystem block diagram.
Figure 18shows the placement of the antennas-ZftFansmits
and receives signals with the monopole antenna (430 MHz
band) andthe ultra-small antenna (430 MHz and 144 MHz
bands). ITF2 has two communication systems: system A,
which connects to the monopolatenna and system Bihich Fig.18. Placement ofTF-2 anttenas
connects tothe ultra-small antenna. IT®2 downlinks radio




2.3.4. Attitude control system

Two magnetic dampers and a permanent magmete
mountedon ITF2 for passive attitude control. The permanent
magnetenableghe satellite to determinehetherthe direction
of the magnet andhe E a r tmagnhetism are parallel. The
permanent magnetas set parallel tothe X axis to take an
attitude thatgives sufficient signal intensity to receivesignal
from the University of Tsukuba ground station dadye area
of solar cells taallow sunlight atvery low temperatureThe
magnetic dampenseresetparallel tothe Y axis and Z axis and
thisresulted in theeduction ofvibration aroundhe X axis by
converting the vibration to thermal energjgure19shows the
placement ofthe magnetic dampers angermanent magnet.
This technique has some advantagesio#s notrequire any
electric power andt decreases the ris&f loss of satellite
function due todamage inthe attitude control system. The
methodof usingthe magnetic damper angermanent magnet
is alsoused by other CubeS4t

Magnetic Damper

Fig.19. Placement ofTF-2 attitude control componesnt

2.4. Designimprovement from ITF-1toITF-2

Despitethe fact thatlTF-1 passed the safety review, no
signal was receivedrom it. Therefore, the designs for the
components (antenna deployment mechanism,
microcontroller, deployment switch, flight pin, DC/DC
converter, battery and solasells) were reconsideredo
determine ithesepotentiallycontributedo themalfunction. In
this subsectionthe reconsideration ¢fiel TF-1 design and the
improvementsn ITF-2 will be introduced.
24.1. Antenna deployment mechanism

On the antenna deployment mechanism, the possibiflitygt
having a signal isdue failure to deploy theantenna.The
monopole antenna of ITE was stored in the structuiees
shown inFig. 20. In the antenna deployment operatarest,

receiver,

completelyburntout

Fig. 20. Antenna deployment mechanism of FIF

2.4.2. Receiver

Three consumer receivers were loaded on-1Té&hd the
cases to holdhe receivers were seffroduced (Fig21). The
resistance ofhe receivers againstibration was checked and
the test forthe Flight Model was successfuhowever, these
werebroken in the test dhe Engineering Model. Thi/pesof
vibration tests were the Qualification Test (QT) atthe
Engineering Model anthe Acceptance Test (AT) dhe Flight
Model. The vibration of AT is the same level testrocket
vibration and QT is a strongeestthan AT. Of course, the
defects had been improved at that time and had cltze€;
therefore,it was consideredhat these receivers broke during
the launch.

Two receiverswhich arethe same typef receiverghathave
beenused several times in spacgere loaded on ITR2 to
increase the reliability othe communication system. The
performance othe receivers was checkethrefully at each
development phase.

ITF-1 receivers

Fig. 21

2.4.3. Microcontroller

Figure 22 showsthe ITF-1 communication system block
diagram.The missionmicrocontroller (FRAM) was set ithe
transmission systenand the damage to this microcontroller
resuled in the failure ofthe entire transmission system. In

this antenna had been caught in the body occasionally. Aftegqdition, the main microcontroller in Fig20 controlledthe

this,countermeasures weraplementegdhoweverthe antenna
couldhavebeencaught and not deployed normally addition,

entire transmission system and this wiee singlepoint of
failure.

an antenna restriction wire was wound on a resistor. Thus, it The mission microcontroller of ITF2 was not set inthe

was consideredthat this wireslid and separateduring the
rocketlaunch

As shown in Fig16, the antennagployment mechanism of
ITF-2 wasloaded outsidef the structure and theethodto tie
an antenna restriction wiveasimprovedsuchthat the wirevas

transmission systeras shown inFig. 17 suchthat it did not
influence the transmission system. In Fid7, the power
microcontroller controlled bothcommunication system.
Signals can be transmitted if NISI MUSEN, SATCO&hd
power supply system would be alive, even though the power



microcontrollercouldbe damaged. connected whethis pin was put into a connect This pin was
keyed inwhen ITF1 was handed oven the EM vibration test,
the flight pin had dropped off. Thus, it wesnsideredhat the
flight pin dropped off during a launcindthe circuit was not
connected.

Figure 26 showsthe ITF-2 remove before flight (RBF) pin.

A circuit wasconnected whethe RBF pinwasnot plugged but
removed.The possibility that a circuit isot connectetbecause
the pindropped offis essentially eliminated

Fig.22. ITF-1 commuication system block diagrarRed square shows
mission microcontroller and blue square shows main microcontroller.

2.4.4. Deployment switch

Figure B showsthelTF-1 deployment switch system. When
ITF-1 is deployed from a rocket, two direct acting switches and
two power switches are opened dhd entireelectric circuitis
connectedThe direct acting switches were made of aluminum.
In the developmentphase of the direct acting switchake
switcheswerefixed and not opened. Thus, it was expected that
the switcheswerefixed and did not open when ITEdeployed Fig. 25. ITF-1 flight pin
from therocket.

Figure24 showsthe ITF-2 deploymehswitch system. Two
direct acting switches were removeesulting ina simpler
deployment switch systethan that of ITFL. In addition, ITF
2 deployment switchwas not made of metalthus the
possibility that the switcklid notopenbecause¢he metalwas
fixed was eliminated

Direct acting switch )-%.

Fig.26. ITF-2 remove before flight (RBF) pin

2.46. DC/DC converter

The DC/DC wmnverter of ITF1 suppliedpower to three
transeivers. Ifthe DC/DC convertewere damaged power
Fig.23. ITF-1 deployment switch system would no longerbe supplied to transceivers asanalswould
not betransmittedthus it was a singlgoint failure.

In Fig. 14, three DC/DC convertsrwere loaded on ITF2
and each communication system had one or n@DC
convertes suchthatthe possiblity that each DC/DC converter
becomes singlepoint failurewas eliminated
2.4.7. Battery

A consumetlLi-ion batterywas loaded on ITH# into which
a protection circuit was builin the EM vibration test, the
protection circuidroppedoff. Thus, it wasconsideredhat the
protection circuit dropped offueto rocket vibration.

ITF-2 also loadsa consumer Lion battery however, its
protection circuit isself-producedlt controlsthe overcurrent,
overchargeand over discharge dfie battery. The battgrand
the protection circuivereset separately and securak/shown
Fig.24. ITF-2 deployment switch system in Fig. 27. In additionwe checked carefulljo ensurehat these
would notbe damagednddroppedoff by vibration.

2.4.5 Flight pin
Figure 25 shaws the ITF-1 flight pin. A circuit was



