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Acronyms and abbreviations

ADC i analogto-digital converter

ADCS1 Attitude Determination and Control System
CAM i Camera subsystem

CDHSi1 Command and Data Handling System
COMTi1 Communication subsystem

CPUI central processing unit

CSVi comma separated values

CTL T Subsystem Control Circuit

DAC i digital-to-analog converter

DCi direct current

DET direct energyransfer

EEPROM:I electrically erasable programmable ready memory
EMI T electromagnetic interference

EPSi Electrical Power System

FRAM i ferroelectric randoraccess memory

GND - ground

GPIOT general purpose input output

GSi Ground Station

ICP1 Intemal Communication Protocol

JTAGT Joint Action Test Group

LDOT linear dropout

LEOT low earth orbit

MCU i Microcontroller Unit

MLCC i multilayer ceramic capacitor

MOSFETiI metatoxide-semiconductor fielgffect transistor

MPB i Main Power Bus



MPPT maximum power point

MPPT1 maximum power point tracking

NA T not available

NASA T National Aerospace Administration

PWM1 pulsewidth modulation



1.Introduction

ESTCubel is a 1 kg nanosatellitdesigned and built to test the electric solar wind sailing
technology or Esail. This thesis focuses on the development ofBleetrical Power System
(EPS) hardwaréor this satellite.

The EPS is the only source efectricity for the satellite while ograting in space, therefore

this system has to be reliable and robust. Designing hardware for space environment sets
many constraints that are noglevantfor instrumentsused on groundFurthermore, the
system has to meet tipewer needs of all other subsysteffitsinto the tightpacked satellite
structureandi due to limited communication wind®a© work autonomously most of the

time, relying purely on sensor data whemking decisions. All theseequirements and
operating onditionsset very stricttonstraints on the system, making the design a nontrivial

task.

Many people have contributed to the developn
in the EPS team was to integrate all of the previous developments alzkefinem into one
functional module. This task also included testing the functionafignd characterizing the

system.

The system described in this work features innovative solutions that have never been used
onboard CubeSats beforfer example fully hardware based maximum power point tracking
system.The design and preliminary results hdeen publishefl] and presented at the 63
International Astronautical Congref]. An articlebased on the testing results of the final
hardware has been submitted for review for a special edition of Acta Astrorthatifcacuses

on small spacecrafB]. Future publications about the-ambit performance of theystemare

currently being planned.
The main goals of this work were stated as foltows

9 List the requirement®r theelectricalpower supplyf ESTCubel satellite
1 Designand buildthe subsystenmhardware

1 Test and verify the functionalityf the module

Work presented in this thesis was conducted over a period of two years and will be continued
in the future.During this period three revisions of the haede were deeloped and tested.

The result of the work was a flightady power system
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2.0verview

2.1. Overview of the ESTCub#& mission

The Estonian Student Satellifgroject startecat the University of Tartin 2008 The main
aimis to promde space technology and gistidents handsn experience in researching and
developing technologies and solutions for spaceAdditionally, a scientificexperiment was
planned: a demonstration ah ambitious solawind sailing tetinology (E-sail). To achieve
these goals spaceraft was built and launched into high inclination kéwarth orbit (LEO)
with altitude of ~650 kmOver the past5 years the project has grown ingofull scale

international cooperation involving students and institutes from several cou#fies.

The satellit§ ESTCubel) is a single unifl U) CubeSat: measuring 100 x 100 x 113 mm and
weighing no more than 1.33 kg. The CubeSat standard was developed by California
Pol ytechnic St at e University and Stanford
Laboratory in 1999Thedr aim was and igo increaseaccessibility to space by providing a
standardized picosatellite desig8] It is estimated that about TubeSatsanging from 1U

to 3U have been launched since the development of the standard if61.999

During the Esail technology demonstratiorthe satellite will be spun up to 1 rotation per
second and with the use of centrifugébrce a 10 m longHewtether will be reeled out.
Afterwards the tether will be charged to high potential aedording to theorythe generated
electric field interacting wit the Eartlis ionospheric plasmshould havea measurable effect
on the satellitss angular velocity.This novel technology could enable fastand more

affordable interplanetary and deep space travel

ESTCubel was launched on"6of May 2013 from the Guiana Space Cerdréoardthe

Vega rocket [8]. This was Vegé& second flight and everything weatcording to plan:
deployment ofESTCubel took placetwo hours after liftoff. Radio beacon was received
during the first pass a@ntwo-way communicatio was established 48 howafter deployment

as plannedAs of May 14the subsystems are being tested and the preparations for the

scientific mission are egoing [9]



2.2. Overview ofpreviousElectrical Power Systesn

To give an overview of previous power systems, a selection of successfully ladR8ed

was chosen Unfortunately many of the satellite teams hange published theirdesigns
consequently the selection of satelliteBnsgted. Power systems from thelfowings at el | i t es
were analysedQuakeSat (Stanfortniversity, 2003) [10] [11] [12], AAUSAT-1 (Aalborg

University, 2003) [13] [14], Compassl (AachenUniversity, 2008) [15] [16], SwissCubel

(Ecole Polytechnique, 2009 (1@ r[i8]l BAX-ol dUnivieraity ofa n n e
Michigan, 2010)19], anda commerciaplug-andplay EPS from Qyde-Spae [20].

The overalltopology of the power sysms hagemained the same since the fi@ibeSats
systems are composetisolar panels foenergyharvesting batteries for energy storage, BC
DC converters for voltage regulatioand a distribution systento control the poweflow to
the consumersAlthough the overall design has remained the saiffereht approaches have

been taken to implement the aforementiosections of the system

Using photovoltaicsis the most widely spread method pbweing satellites in space.
Different solar cell technologies are availaldiet onboard CubeSats GaAssed cells are the
most common Survey conducted on pieaand nanosatellites (about half wfich are
CubeSats) in 2010 sheadthat if solar panelsereused, 79%of themwereGaAsbased21].
Most importantlythese cellsare highlyefficient (up to 30% [22]. Due to the limited area
available orthe sidesof the CubeSatsomesatellitesuse deployable solar arrays to increase
energyproduction.The survey showd that 16% of the picoand nanosatellitebave used

deployable panelR]].

To convertthe energy collected by the solar panete usable voltagg an energyconversion
system has to be usddost CubeSats use one of theeefollowing systemsdirect energy

transfer (DEY, fixed pointcontrolleror maximum power point tracking (MPPT23].

DET systers arethe simplesttheyinterfacethe solar cells directly to the comsars andhe
energy storage systeMery little additional components are required, increasing the s§isgeem
robustnessWhile being very simple, these systeforce solar cells to operate nonoptimal
conditions which results in loss of efficiency24]. DET-based systems have been used

onboardQuakeSat and Compags

Fixed point controllers monitorme poinf usually set by voltagen the solar pangl éurrent
voltagecurve These systems are mat#ficult to implement than DEbased systems, but
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still much simpler than MPPT solution§hese kinds of solutions have been used on
SwissCubel and RAX1.

The MPPTFbasedsystemautilise various algorithms to determine the maximum power point
(MPP) and control the switching regulators between the cells and the To&l approach
traditionally require a microprocessor to acquire measurements, determin®@ieand
adjust the conversion parameters accordinghd a switching regulator to do the tage
conversion.These kinds of systems are more complicated to implement, but thetalkdso
into accountthe various environmental effects: temperature, incidence aigtee light,and
radiation damage[23] MPPT-based systemhave been ued on AAUSAT-1 and Qyde
Spacé s .EPS

The harvested energy is stored fachargeable batterige provide power during energy
negative operations dhe eclipse phase of the orbWarious configurations ofithium-ion
(Li-ion) and lithiumpolymer (L-Po) batteriesare used dmoard CubeSatsThese types of
batteriesare verywidely useddue to their high energy density and compact, sizeording to
the survey 82% of picoand nanosatellitesaveusal lithium-based batterieg21]. The only
known CubeSat to have flown without any batteries is Delff25]. Sinceli batteriesare
sensitive to overand undecharging, various protectionystems have been implemented
onboard CubeSatgjedicated chips areften used, butsoftwarebased solutions havalso
been usefl5].

Voltage conversion igenerallysolved by using buck and/or boost switching regulators for
larger loads andlinear dropout(LDO) regulators or charge pumps for smaller loads.
Switching convertersan bevery efficient (380%) over a wide range of output currents and
can be integrated into the system as a stdmidle solution. LDQegulatos and charge pumps

do nat offer that high efficiency, but a simple to design in and take up very little board

spaceAll compared satétes use similar switching regulator based solutions.

Energy harvesting, storage and distribution systeave been interfaced together using two
different topologiesa regulatedor anunregulated power buyg6]. A regulated bus can be
directly used to power loads, biit suffers from reduced efficiency when cbimg and
discharging batteries du® requiing separate regulars An unregulated bus allows for
higher efficiencies when storirenergy but requiresadditionalvoltage conversion to provide
subsystems with stable voltageXf]. Unregulated busdsave been useonboard QuakeSat,
AAUSAT-1 and Compass. SwissCubel is an example adregulated bus solution.
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Power distributioris typically implementedby using a simplewitching circuit. Whileplain
MOSFETscan be and have been used for power switcl{&$], mostsystemsuse current
limited power switchesThe latchup triggers the current limit and the switch is turned off.
After a period of time, the system is turned on again and normal operation is reR2iméd.

similar systemis implemented on AAUSATL.
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3.System requirements

3.1. Satellite architecture
The satellite is divided into subsystems based on their functionality:

1 Attitude Determination and Control SystefADCS): contains magnetometers,
gyroscopes and sun sensors for determinirgsatellités attitude and magnic
actuators for adjusting. it

1 Camera subsystem (CAMpnboardcamera system for Ba and tether endmass
imaging[2§].

Command and Data Handling Systé@DHS): the light computer of the satellite
Communication subsystem (COM): proveadéwo-way commuitation with the
ground station

1 Electrical Power System{EPS): responsible for power hastiéag, storage and
distribution Also controls théeacon of the satellite

1 Payload (PL): the £ail technology demonstratiqgmackage. Contains thenreeling
mechanism, high volte supply and electron emitters

9 Structure (STR)provides themechanical strcture of the satellite.
CDHS

ADCS

Figure 1. Satellite stack structure(ESTCube-1 STR team, 201Q)
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3.2. System requirements
During the early phases of satellite planning, the following tasks agsigned to the EPS:

Energygeneration and harvesting
Energystorag;

Energydistribution within the satellite

Post deployment operations of the satellite
Controlling the beacohardware on COM board
Driving the ADCS magnetic actuators

= =/ =4 A4 A A -

Protecton of other subsystems frosingle event latclups SEL) (section3.3).
Additionally, thefollowing requirenentswereposed by the CubeSat standard

1 No electronics or subsystems shall be active during the launch to prevent any
interference with the launalehicle or other payloads

1 CubeSat shall include at least one deployment switch to turn off satellite power
completely

1 After satellite deployment there will be a delay period of 30 minutes before any

deployable systems are activated
Post deploymendtartup sequence

Satellite is powered opy the Sun
Delay of 30 minutes before antennas are deployed
Delay of 15 minutesdfore beacon transmissmstart

Delay of 48 lours before uplink is powereaho

a r w N

Normal mode is activated on command fribraground station(GS).
Satellite operation modes:

1 Normal modei CDHS controls the satellite operatioasd composes normal mode
beaconcontaining various information about satellite systefnansition from normal
mode to safe mode occurs on critical fault ocommand fronthe groundstation

1 Safe modd only EPS and COM are powered on ammmal mode is resumed on
command fronthe groundstation Safe mode beacowhich containsEPS diagnostic

data is transmitted

12



Figure 2 shows the subsystem vai@a requirements andable 1 shows the power

requirement®f the subsystems.his data washe basis for the EPS development.

Satellite systems
EPS
33y ——»
ADCS || CDHS CAM
ICP link —————>
Radiolink « « » « « « »

Figure 2. Satellite system diagram
Table 1. Power requirementsof the subsystems
Satellite subsystem Peak power Orbit average power

(early estimat@/ final), mW | (early estimat/ final), mwW
ADCS sensors 150 /300 *3
ADCS magnetiactuators 700/ 840 *
CAM 300 /300 *
CDHS 200 /300 20/200
COM 2600 /2000 310 /550
EPS control systems NA /200 NA /200
PL 6000 /4200 *
Antenna deploymergystem 4200 /4200 *

! Internal communication protocol (ICP)
2 Based on ESTCubg phase B repor{&3] [54].
3 Systems used only during specific mission phases, themégonot have direct impact on the power budget
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3.3. Space environment hazards

Designing a instrumenfor use in space is hatrivial task. Thedevicehas totolerateheavy
mechanicaloads during launchonly to end up in a hostile environmeithese onditions
can lead tgorogressive degradation tfe onboardelectrical and mechanical systems. The

systemhas to endure vacuumeriodic thermal fluctuationsindcosmicradiation.

In vacuum, thermal convection is eliminatexhd since heatradiation is inadequate for
cooling devices, the oml practical way to dissipateeat is through conattion. This reduces
the amount of thermal energy that individual chips can dissipate and tearedgiead to

overheating and thermal damage.

Periodic thermal fluctuations (thermal cyclesluse expansion and contraction of vheous
details used onboard the satellite; théa have effects on the mechanical integrity of the
system for example cracks in solder joint29]. Proper equiment and methods have to be
used to produce high quality solder joints that would withstanditdsof stres$30].

Radiation can have degrading or damaging effects on electronics. Parameters of electronic
parts may drift due to long term radiation exposura@s the total ionizing dose (TID)
increases, the performance of the device decreases. The degraded perfornyapcesemd

itself in many different ways, ranging from increase in power consumption to shift in logic
levels. Yearly TID is highly dependent on orbit parameters and is very difficult to estimate
beforehand[31] [32] By adding shielding to the system, the yearly TID can be lowgs&p.

While TID hasonly degrading effects, thgngle event upses (SEU), single event latchups
(SEL) andsingle event burnous (SEB) can cause permanent damage to the sysiEmese
effects are caused by heavy ions, protons and neuB&ts.and SEIs can cause flipped bits

or excessive current consumption, but can be recovered by powercycling the affected
device. SEB effestare caused by high current state and are not recovevebik shielding

may be effective for mitigating TID effects, it has minimal impact on reducing single event
rates. he effects caronly be lesened by making the system more redundastiustand
adding latchup protection system|[31] [32] [34]

14



4.Measuring methods

To evaluate the performance of the EPS many sensors were designed into the system.
Information about voltage, current and temperaturebessollected fom various parts of the
system giving a good overview of the performance. Thectioncovers the problems and
solutions related to the onboard measurement systems.

4.1. PCbasedPSmodulecontrol and monitoringoftware

To improve the efficiencgnd workflowof the onground testing procesa software package

had tobe developedlhe software has to perform tfa@lowing tasks:

Gather telemetry data from thardware module
Display the data on screen

Log the gathered data in a file

Plot charts of the data gathered

Send commands to theardware module

= =4 4 4 A -

Operate irreaktime.

Two solutions were awsidered:a LabVIEW-based solutiorand a dedicated application
written in Java. LabView has buil serial drivers, graph plotting functionality aadvide

range of other readip-use featureshat would have to be implemented separately in the
dedicated program. On the other hand, separate solution would have more flexibility
(important, because many of the future requirements were unknown at thatcimiel) be
modified and recompiled with de softwareandthe code could be reused in the future, for
example in the mssion control software. A Jad@ased application wasosen, because there
were readymade, easy to use packages for ftuectionalities that were missing: serial
communication ash graph plotting.

Telemetry data wasomposed into packets at@dnsferredo the computer ovea standard
serial converter(UART to USB) The data waparsedby the programand thendisplayed
onto the screergiving an overview ofhe state of the system
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File Edit
MPB: 0.00 V MPB_EXT: 0.00 V MPB_EXT1230: 0.00 V SPB: 0.00 V Battery1: 0.00 V /0.00 A/ OFF Battery 2: 0.00 V /0.00 A/ OFF
MPPT Battery protection Switching regulators Coil drivers |
MPPT A: 0.00 A Battery A: 0.00V  3.3VRegOUT: 0.00V SPBRegout: 0.00 V Col A: |0 0.00 A 0.00 W
MPPT A: 0.00 W Battery A Charge: 0.00 A 3.3VReg AIN: 0.00 A SPBRegAIN: 0.00 A
MPPT B: 0.00 A Battery A Charge: p.oow 33VRegAIN: 0.00 W SPBRegAIN: 0.00 W Direction 0f1 SetPWM A
MPPT B: 0.00 W Battery A Discharge: 0.00 A  3-3VRegBIN: 0.00 A SPBRegBIN: 0.00 A TR
MPPT C: 0.00 A Battery A Discharge: 0.00 W  3-3VRegBIN: 0.00 W SPBRegBIN: 0.00 W
. - . Coil B: |0 0.00 A 0.00 W
MPPT C: 0.00 W Battery A Temp: 0.00C 33VRegIN: 0.00 W SPBRegIN: 0.00 W
Various values e e 0 3.3V Reg OUT: p.00 W EN SPB A ENSPB B !
. Direction 01 Set PWMEB
ADC A Temp: 0.00 C Enable Discharge Battery A 3.3V Reg EFF:  0.00 %
EN3.3VA EN3.3VB Enable Coil B
ADC B Temp: 0.00 C RN N
attery B: i iC:
ADC COM Temp: 0.00 C v 5VRegout: 000V 12VRegout: 00.00v = °1C:[0 TEDA IO
Battery B Charge: 0.00 A
RTC Temp: 0.00 C i D ) DT 5V Reg AIN: 0.00 A 12V Reg AIN: 0.00 A
COM Forward:  0.00 dB Battery . aLge' 0'00 a 5VRegAIN: 0.00 W 12VRegAIN: 0.00 W Diecton 0l SCLEWNC
arrer ISCharge: o
COM Reflected: 0.00 dB v ) < S5VRegBIN: 0.00 A 12VRegBIN: 0.00 A Enable Coil C
Battery B Discharge: 0.00 W S5VRegBIN: 0.00 W 12VRegBIN: 0.00 W
Controls Battery BTemp: 0,00 C o S
Y G 5V Reg IN: 0.00 W 12VRegIN: 0.00W Payload Controls
Antenna burner Eostic Cravoc Batiery SVRegOUT: 0.00 W 12VRegOUT: 0.00 W  PL5V[A]: 0.00 V
Reel lock Enable Discharge 5V Reg EFF: 0.00 % 12V Reg EFF: 0.00 % PL5V[A]: 0.00 A
Launch lock ENSVA ENSVE EN 12V A EN 12V B PL5V[A]: 0.00 W
Enable PL 5V
12VDACA: |0 0.00 |V| zETA ONfOFF
PL12V: 00.00 V
PL12V: 0.00 A
12VDACB: [0 0.00 |V | SETB ON/OFF BL12V:  0.00 W
ADCS 5V CAM 3.3V COM 3.3V COMs5V CDHSA3.3V B33V BSW 3.3V PL3.3V
ADCS [E]: 0.00 V CAM[D]: 0.00 V COM[D]: 0.00 V COMI[E]: 0.00 V CDHSAI[C]: 0.00 V B[C]: 0.00 V BSW [B]: 0.00 V PL 3.3V [B]: 0.00 V
ADCS [E]: 0.00 A CAM[D]: 0.00 A COM[D]: 0.00 A COM[E]: 0.00 A CDHSA[C]: 0.00 A B[C]: 0.00 A BSW [B]: 0.00 A PL3.3V[B]: 0.00 A
ADCS [E]: 0.00 W CAM [D]: 0.00 W COM[D]: 0.00 W COM[E]: 0.00 W CDHS A [C]: 0.00 W B [C]: 0.00 W BSW [B]: 0.00 W PL 3.3V [B]: 0.00 W
Enable ADCS 5V Enable CAM 3.3V Enable COM 3.3V Enable COM 5V Enable A 3.3V Enable B 3.3V Enable BSW 3.3V Enable FL 3.3V

Figure 3. Screenshot of theEPS control and monitoring interface

The program is capable of logging all the gathered data icknanaseparatedralues CSV)
type file, making thelata easily sharable and pro@dss bythird-party software. The tieof
taking the measurementsriscorded ad all the measurements recevestandardized UNIX

timestamp.

The compter to subsystem communication solved using standardized commandbkat
utilise the same communidan link. Functionality includeswitchingvariousdevices on and

off and changing operiag parametera/here possible.

To be able to convert the raw dg@heredrom the subsystem into humaeadable format, a
conversion system waslded There were two ways theould have been accompleit ane

option was to do it purely mathematically based on the information in the datasheets and
saving time second option was to calibrate all measurement points against a qumecisi
measurement device, giving the best reduie alibration method was chosen, because this
gaveus more confidence in the results and also enabled us to test all measurement channels

over their specified range, ensuring full functionality.
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This specialized software was constantly improved througlioeit module development
process and proved to be a vital tool. Debugging and gathering data about the state of the
hardware and software was effortless and enabled much higher productivity; purely writing
down the measurement dateanuallywould have consued many more hours than it did

with theautomated measurement collection and conversion system.

4.2. Measuremenand calibratiordevices

The EPS contains various measurement devices that were calibrated posaigjon

instrumentsThe devices and the used equipneanetisted below.
Measurement devices onboard

Linear Technology LT6105 precision curresgnse chip
Maxim MAX1119 dualchannel &it ADC with internal 4.096 V reference
Maxim MAX1230 16channel 1zbit ADC with Analog Devices ADR3450ARJZ 5 V
reference
1 Atmel AVR ATMegal280 internal ®0it ADC with Maxim MAX6145 4.5 V

reference
Devices used for calibraticand measuremeptocess

Agilent 3458A 8.5 digit benchtop multimeter
Amprobe 37XRA true RMS digital multimeter
Rhopoint M210 4wire low resistance meter
Keithley 2303 power supply

RohdeSchwarz RT0O1014 oscilloscape

= =2 =4 A

4.3. Calibration of the measurement points

To be able to take precise measurements during tHgyeoamd testing and torbit operations
the measurement chaels (these consist of analdgital converters (ADCs) andurrent
sense amplifiey for measuring currents) had to be calibra@alibrations were done using an
8 i di git Agi | e nandKeithlsy823803 precisionipowertsgpplythe current
exceeded 1.2 A, which is thmurrent limit for the Agilent multimeter, Amprobe 37xR

multimeter was used to measure the upper rarfiges calibration process resulted in slope

17



and intercept datéor all the measurement poinfBhe slope ath intercept were determined

using linear regression.

Calibration of the voltage measurement points was conducted according to this algorithm:

5.

1. Solder in an external wire into the measurement point

2. Connect a power supply and calibration multimeter to tlris.w
3.
4

Set starting voltage and write down ADC and multimeter values
Increase / decrease voltage in steps and write down results until final voltage value is
reached

Estimate nonlinearity, calculagdope and intercept

Calibration of the current measurement points was more complicated and torigesit

results, the current was introduced into the shunt resistor in differential amadé& was

ensured that no other current passed through the shhetcurrent sense amipier was

powered from a separate souf(seeFigure4).

Current ¢ Calibration
source multimeter

Shunt resistor

Power Current sense Analog to digital
supply amplifier converter

Figure 4. Current measurement setup

Calibration of thecurrentmeasurement points was conducted according to this algorithm:

a r 0N e

Solder inwires to the shunt resist@ontactsaandcurrent sense amplifisupply pin
Connect thg@ower supplycurrent sourcand calibration multimeter to the&ires.
Setthecurrent to zero and write down ADC and multimeter values

Increase current in steps and write down results fumdil current value is reached

Calculate nonlinearity, slope and intercept

These operations were conducted on all 18 voltage and 27 current measurement points.
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5.System implementation and testing

5.1. EPS block diagram

The system is composed of several comptmen

T

T

Power harvesting systeimcontains the solar cells and circuitry to boost the voltage to
usable levels, includingIPPTs.

Power storage systern contains the batteries and battery protection circuits; a
dedicated protection circuit for both cells

Power distribution systemi contains the regulators and individual subsystem
switches

Second Power BugSPB)1 a dedicated power rail for the microcontroller and its
peripherals

Third power bugTPB)1 a dedicated power supply for state saversdigidal-andog
converters (DAG.

Various release switchds switches for deploying the antennas and unlocking the
payload systems

Magnetic actuator drivefisdriver circuitry for controlling the magriettorquers

All these systems are connected together througM#ie Power BugMPB), through which

all of the satellités paver flows. The MPB is a battesstabilized but unregulated power bus.
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Energy harvesting Energy storage

Solar cells Solar cells Solar cells
2+2 2+2 2+2 Battery cell A Battery cell B
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MPPT driver A MPPT driver B MPPT driver C Battery protection A Battery protection B
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Main Power Bus
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Power distribution and protection 5V regulator |« 5| Payload lock
release switch

Y

—

1 1 1
Third - o |Antenna release
3.3 V regulator 5V regulator

Y

Second — - Magnetic

Other subsystems Power Bus actuators

Power distribution Other consumers

Figure 5. EPSsystem diagram(X, Y and Z denote axes).
5.2. Implementation overview

The satellités structural design required that the overalgheof the EPS must not exceed
21.5mm. Main heightdefining componentarethe cylindrical batteries which are 18r&min
diameter[35]. Due tothe high number of components involyedtwo board solution was
chosenThe batteries were placed in the middle of the system, so that the mass of the batteries
would be as close to the reahsscentreof the satellite as possible. Tgeant that one of the

PCBs would have a rectangular slot in the middied on the othdpoard,the area occupied

by the batteries could not be used for components.

Next the functionalities were dividethetween théwo boards. lwas decided that abif the
high current circuitry would goto one of the boards, and othpower rails and the
microprocessor withits peripheralswould go the other bod. Given that thepower

distribution board RDU) board hasabout 3.5 times as many components as the
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Microcontroller Unit(MCU) board, it was obvious that tiCU board would have the slot

cut into it and the PDU board would stay intact

Due tothe space environmerttazards discussed in paragraph &8&ponents sed in tle

module were carefully picked. Automotive gradeltilayer ceramicapacitorYMLCC) were
chosenfor all the power raildo ensure highest reliabilityAll integrated circuits used are
either industrial or automotive grade, to ensure highesthity possible Most of the high

power semiconductors used have integrated thermal protection circuits to protect the device

from thermal damage.

Figure 6. A photograph of the EPS module

5.3. PowerDistributionUnit (PDU)
Power Dstributionunit is responsible for following functionalities in the EPS:

Energy harvesting
Energy storagencluding batteries

1
1
1 Voltage regulation for other subsystems
1 Subsystem management

21



O O W >»

T [T

1 Driving magnetic actuators

1 Antenna deployment switch

All this is conposed onto the PDU PCB, making it the most complicated board in the
satellite. The PCB iscomposed of 6 layerand contains 850dd components. The

functionality implemented on each layer is described below:

1. Top side- stack conector (A), CTL circuits (B), Switching regulator inductors (C),
TPB connector (D), two Lion batteries (E), magnetic actuator connectors tte,
energy harvesting system and connectors 46J EPSystembus connector (H) See

Figure7 belowfor a photographiigure44for Gerber viewandFigure52 for layout

C
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T
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°
.
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Figure 7. A photograph of the EPS PDU PCB topside
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2. Bottom side- CTL circuits (A), switchingregulator circuits (B), the MPB (C), battery
protection circuits (D), energy harvesting support circuitry (E, G), external ADCs (F)
and magnetic actuator driver circuits (KpeeFigure8 below for a photograpltkigure

45 for Gerber viewandFigure52 for layout
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Figure 8. A photograph of the EPS PDU PCBbottom side

Internallayer 1i dedicatedground GND) layer(seeFigure46 for Gerber view)
Internallayer 21 GND and analogignalsfor ADCs (mostly vertical)(seeFigure47

for Gerber view)
5. Internallayer 371 GND and varioudligital signals (mostly horizontalseeFigure 48

for Gerber view)
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6. Internallayer 41 GND and variougligital signals (mostly verticaljseeFigure49 for

Gerber view)

To providelow impedancegroundconnections throughout the boaadl, of the layers contain

a ground polygon whergossible; most of the ground is inside the board due to component
density on the outer layers. To further improve the ground plane, via stiteasi\gsed where
possible.The goundplaneresistance between opposing corners was measured and resulted in
| ess t h dnmadditién, vansfitchingmakes the board more resistant to external noise
and reduces thelectromagnetinoise emitted by the board itsetfue to via feneig. Due to

the lack of space on outer layers and better noise immunity in the central layers, all of the
measurement and controls signals were routed onto the internal Teyeesluce the crosstalk
betweerthe signalson adjacent layerthe tracesvere routed in perpendicular directions.

To improve the mechanical robustness of the system and reduce the probability of a failure
during launch, the batteries were tightly secured to the PCB usingtnegigth nickel plated
steel wire. Special througboard holes were designed in to secure the wire by soldering.

Furthermore the batteries were glued down using SéMeldl 2216epoxy from 3M.

Many cables run into and oof the PDU board, therefeminiature connectors had to be
used.DF13series from Hiose washosen; these connectors hAevelow heightprofile, just

5.3 mm when mounted (vertical space between the two boards is 11 mm) and feature 1.25
mm pitch spacing, enabling high density connections. Same senasctors have been used

in space bere[36)].

5.3.1. Main Power BugMPB)

The MPB is oneof the most importarnppowerbusesn the satellite and reqees an adequate
implementation to avoidritical failures To achieve tis, all consumers on the bus were
sepaated from the power rail witlcurrentlimited power switchesTwo exceptions were
made:SPB supply through a diode antiiid Power Bus charge pump inpufThese donot
increase the risk factor, because even if one of the buses is lost, the satellite will cease to

functionanyway For block diagram of the MPB, refer Eogureb.

The MPB is designed to be as stable as posditnlee different types ofapacitancevere
connected to the rail: tion batteries (througthe battery protection system), solid tantalum
capacitors antILCCs. Combinatian of these three giva betterfrequency response over the

whole rangeDifferent capacitance values were used to further improvendise filtering
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performanceThe capacitance bankse distributedtsategically on the MPB tmaximize the
noise reduction and to minimize voltage tl@tions caused by current spikeSeramic
capacitorswere connected in series to improve reliabil{tyhis way two capacitors in series
have to short out to cause a catastrophic failahejr combinedcapacitancadds aroun@00

O Ro the bus capacitaacSolid tantalum capacitors weagldedmainly because of their bulk
capacitance ¢tal 1.13 mF with 3 capacitordpue to space constraints, tantalum capacitors
coul dndét be c;dantallenccapaatorsiare prevenrto be very reliable, therefore
the risk factory of this kind of design remains |f8v].

5.3.2. Power harvestingystem

The pwer harvesting system collects energy from 1arsoélls mounted on the 6 sides of the
satellite and converts thltageinto usable levels by the satellite. The most effective way to
collectsolar power from the celis by using aMPPT system[38]. Classicdly this system is
implementedn themicrocontroller software, buue tovery complicated operations required,
the calculationsake up a lot of CPU tim&hesetypes ofsystems weralsoinvestigated 39,

but an innovative alternative was chosen.

Our system uses a commercially available sirgigp hardware solutiori this device
combinesthe powerpointt r acki ng and conversion. This wa
depend a the processor, making the system maeobust and freeing up valuable
microcontrollerresources. To further improwbe redundancy and reliability of the system,
there is a dedicated staatbne circuit for each pair @klls on theopposingsides. Souldone

of thesecircuits fail,the other two will be unaffected and the power collection will not halt.

All the satellitéds sides are covered wittriple-junction GaAs based photovoltaic cells
(3G30C from Azur Spacg}wo perside) These cells feature up )% efficiency and can
provide maximum of 1.2 W of energy reference conditiorf22]. Each cell is connected to a
driven MOSFET (aka. ideal diod&)rough a filtering circuit. Tis minimizes the unwated

noise, both captured and radiated by the solar pahleés diodessumthe solar cell outputs
together and prevent the cells from becoming consumers when in the dark. Because the cells
are wired in parallel and only produce32/ on the output, ideal diodes (LTC4352 from
Linear Technology) had to be used to minimize the power loss. The measured voltage drop on
the ideal diode is only 20 mV at 0.5 A. Because the controller drives an externbahhel

MOSFET and the input voltags too low for the internal charge pump, a staf@he charge
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pump had to be used to power the drividre charge pump is directly powered by the solar

cells through regular lowdropout diodes.

After ideal diodes the power goes into a hardware MPPT d{&eKV1040 from ST). This

chip provides a single chip solution for MPPT and sippregulation to requiresloltage

leves. The voltage is stepped to 4.V¥7(determined by feedback circuftom about 2.3 V

and the measured efficiency fraifme solarcells tothe MPB is 90%. Output current of the

driver is measured for diagnostic purposes with resolution of 4.3er/it An additional

ideal diode is connected to the output to prevent any reverse current problems when the

regulator is not working.

To our knowedge, this kind of system has not been used in space before. A similar solution
based on the same SPV1040 chips will be used on the IF€efellite, due to launch in
second half of 201p340].

Side + Ideal diode A oo
Cell A
:Dj ‘
(S:io:?p_\ Current
° ~~h T Ly measurement
< Charge pump MPPT driver * Main Power
/; > Bus
Side + ¢ Ideal diode
Cell B :>
[ side -
Cell B deal diode B

Figure 9. Power harvesting system topology
5.3.3. Energy storage and battery protection

The energystoragesystem is composed of the batteries Hrekircuits to protect them. The
system is designed to protebt batteries from the consumers arnde versaEach cell haa
dedicated protection circuit. This adds an additional layer of redundancy and robustness;

should one cell fail, the other will be unaffected and normal operation is still possible.

The energyis stored in cylindrical higlcapacity lithiumion battery cells (CGR18650C form
Panasonic)35]. These cellhave beelilight provenonboard the AAUSATIlI and have been
functioning for 5 yeard41] [42]. They werealso extensively tested -tousealong with

alternatives[43]. These cells can provide up to 12 Wh of energy stoedademperatures
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between5 t o [43b BothCells have dedicated temperature sensors for monitoring and

diagnostic purposes.

Telemetrydatafrom the cells is constantly collected. Cell voltages, charge and discharge
currents are monitored by the EPS microcontroller to provide uaddrovervoltage as well

as overcurrent protection in software. Software implementation enables us to adjust the
thresholds irorbit, thus making the system very flexible. The voltages are measured with
resolution of 18 mV per bit, giving a precise overview of the cell voltage at all times. This
provides the input for power balance calculations. From this we eawlsether the satellite

is in powerpositive or powemnegative mode during different mission phases. This could also
provide input for future missions, making it a very important feature. Battery related
measurements are done by the microcontrollers iat&DC to not be dependent on external

devices for the information.

A main switching block separates the battefiesn the MPB. TPS2557 switché®m Texas
Instrumentsare used for this purpose because of their high current throughput. S@itches
hardwarecurrent limits are programmed to 1.7 A for discharge and 1 A for chaige.
voltage drop of the whole system is only 20 mV during normal operations; theetbéor

power loss is negligibleigure 10 below shows the block diagram of the battery protection

system.
1< >}
!I! Current limiting Current limiting % Current
<> switch > switch " o measurement <> Batte;y el
(charge) (discharge) (charge & discharge)
Main
Power ADC Cell voltage
Bus
Current limiting Current limiting Current Battery cell
<> switch < switch :l\: measurement [« Er;y
;I: (charge) (discharge) (charge & discharge)
i< >}

Figure 10. Battery protection system topology
5.3.4. Regulators and power distribution

To be able to distribute thenergywithin satellite,a powerregulationanddistributionsystem
had to beimplemented Subsystemsonboard require three different voltage linegor
operation 3.3 V, 5 V and 12 VFor the block diagram of the regulators refelFtgure 12
Schematidrawingsareprovided in theAppendix1.
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All the regulatorcircuits are connected to the MPB througbwer switcheTPS2551 or
TPS2557 from €xas Instruments) which featurarrent limiting and autoeset functionality
[44] [45]. The main purpose of these switchego protect the MPB from nefunctional
regulators shortig it out. Additionally thisgives the circuit a degree of protection from
singleevent latchupsi should the circuiteachthe current limit duringpperation, the power

is shortly interrupted byhe switch and then restored, effectively restarting the regulator.
Overcurrent shutoff activates within fewmilliseconds, minimizing the possibility of the
shorted out component suffering from permanent dam&ge.current tripping point is
adjustabldyy a resistor and the valukave beemptimized according to the maximum current
required by the regulator at any time during normal operati@able 2 below shows he

current limits and selected resistors for different regulator circuits.

Table 2. Regulator input current limiting resistors

Switch location Current limit (A) Resistor
REG 3.3V A/B IN 0.6 22
REG 5V A/B IN 0.9 16
REG 12 VA/B IN 1.3 75

The current flowing into the regulator is measured usisgexialized high precisiocurrent
sense amplifie(LT6105 from Linear Technology) arskcause thgain of theamplifier can
be adjustedip t0100, a low value shunt resisteanbe used. Thisninimizesthe power loss
and voltage drop on the resistor. The output oftctiteent sense amplifidras @ RC low-pass
filter (the cutoff frequency is set t@.75KHz) on it to remove any unwanted noibefore
passing to signal to the ADGor every circuit a shunt resistor with specific value was
chosen according to the maximum current passingugh at any time during the normal
operationi utilising as much of the ADC range as possifilee LT6105 chips are powered
from the MPBand ths limits their maximum output voltage to 2.6V time worst case (the
MPB being 35 V) due to saturation voltadeé6]. Requiring full measurement range even in
the worst case, the shunt resistor selection was mostly limited by this faetde 6 shows
the selectedesigor values,required maximum currenmaximum measureableurrent at

worst case conditions and the resolution of the measurefoewlisferent regulator circuits.

The DC-DC regulatorshosen for the system haleen previouslytested separately from the
whole systen{47]. The 3.3 V and 5 V regulators use the same high efficiency-boackt
switching regulatorcontroller (LTC3440 from Linear Technology). Because the LTC3440 is
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not capable of delivering a 12 V outpat) alternativeboostonly switching regulator was
chosen (LM2700 from National Semiconductdripe LTC3440 operates on 300 KHz atite
LM2700 on 600 KHz, due to high operating frequencies smaller power inductors could be
usedthus making thd®>CB footprint smaller To minimize the electromagnetic interference

(EMI) coming from thanductors all regulators use magnetically shielded inductors.

To improve the redundancy of the whole system, each regulator circuit (with current limiting
and sensing) was duplicated and th&ats connected together to allow #hot-redundant
system. Both regulators are on at the same time and should oneexjulegors fail: the other

will immmediately take ove(seeFigurell). Thisway the downtime ofubsystems is avoided.

To implement this system, a set of additional diodes had to be added into the outputs of the
regulatorsdue to regulator controller desigfio compensate the voltage drop on thedes,

the feedbackvoltage for the regulatoras taken from theliode output To minimize the
power loss, low voltage drop diodes (CRS06 from Toshiba) were sel&uiedg normal
operation the load on 3.3 V rail is around 90 mA (300 mW) and the pos®ioh the diode
around 22 mW, resulting in power loss about BA/ rail is usually turned off, but during
beacon downlink (2 W, 25% of orbit) the loss on the beacon is around 120 mW, contributing
6% to total lossAlternatively this system could have Imesolved with specialized power
sumning chips, but these were not available dutimgsystem desigphaseand they would

haverequirel further testing to ensure their robustnasd reliability
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Regulator A current IN Regulator B current IN =< <<« Output voltage

Figure 11. Hot-redundancy of theregulators (3.3 V regulator output).
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The regulator outputs armeeasuredcand monitored by the microcontroller to ensure that
output voltage is corredll times Becausethe input and output voltages and currents are
measured he efficiency of the redator canbe calculated othe-fly.

The regulator efficiency curves were measured again to have more accurate power model of
the satellite and to ensure that the regutaand the measurement systeroperlyfunctions
over the full required rang@able3 summarizes the efficiencies aful efficiencygraphs are

available in theAppendix4.

Table 3. Measured regulator efficiencies

Regulatorand load Efficiency A/B Efficiency A/B Efficiency A/B

(4.2 V IN) (%) (4 V IN) (%) (3.7 V IN) (%)
3.3V @ 100 mA 91/90 91/91 92/91
3.3V @ 200 mA 88/89 89/89 8988
3.3V @ 300 mA 87/86 87/86 86/86
5V @ 150 mA 88/88 87/88 86/86
5V @ 300 mA 8585 84/84 82/82
5V @ 450 mA 82/81 80/80 707
12V @150 mA 86/91 86/91 85/90
12 V @300 mA 83/85 82/84 81/83

From thetable and the graphswe can see that the overalerageregulation efficiencyis

85%. F the hotredundancy feature withdditional diodesvere to be removedhe efficiency

of 3.3 V and 5 V regulatioocould be increased by further few mant.When decreasing the

input voltage from 4.2 V to 3.7 Mhe efficiencyof the 3.3 V regulatos did not change

notably, butthe efficiency ofthe 5 Vregulatordecreased-8%. We cansee that albf the
LTC3440based regulators are quienilar efficiencywi s e ; thus one regul a
to be preferred over the oth@ue to 12 V regulatotsdifferent conversion efficiencies and

the rail not beig used in hetedundant configuratiorthe more efficient regulator will be

preferred and the othene will be kept as a backujm addition the 12 V regulators have

external DAC converters tied into the feedback pin. This enables regulation of thé outpu

voltagewithin N 1 0 %is fedture was requested by thedil experiment.

30



Current limiting Current ADC

— switch — measurement — SW|tch|n§}]Aregulator A
A A i
Main A ' A '

|
Power T State saver 3 apc Feedback | Regulated rail
Bus A 4 I Y
Current limiting Current Switching regulator l
- switch 3  measurement [ B —p»|—
B B Consumers

Figure 12. Regulator circuit topology.

5.3.5. SubsystenControl Circuits (CTL)

The CTLshave the taskf isolatingthe subsystems from the regulator outputs. If one ef th
subsystems were to fail and cause a short, this would not have catastrophic effect on the
regulated converter outpahd the other subsystems powered from the samenaiilarly to

the regulator cirdts, the circuits are implementedusing TPS 2551power switchesEach
subsysterts CTL(s) current limitwas set considering the peaknsumption andsafety
margin.This system also provides protection from the SEL effects by recycling power in case
of overcurrentTable4 illustrates the current limits and resistors used.

Table 4. CTL current limiting resistors *

Subsystem power rai Resistor Current limit (A)
ADCS 75 0.12
CAM 75 0.12
CDHS A, B, BSW 75 0.12
COM 3.3V 62 0.15
COMS5V 24 0.5
PL3.3V 75 0.12
PL5V 43 0.25

The passingcurrentandthe output voltage of each CTtan be measured independently. This
gives usa very wide range of diagnostic data and enables us to do regulator efficiency
calculations, monitor each subsystem independently and identify faults, i.e. high current

consunption, output voltage drops, changes in power consumption over time etc. The output

12 V rail has only one consumer on it, therefor current limiting is done by the regulator input TPS2557
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voltage is measured witliresolution of 1.2 mV per bit and current measurement resofution

and values are shown in the

Very low value shunt resistors could be us#uis minimizing the power loss on sensing
resistors. The degree of measurement accuracy enables us to keep very fine track over the
power consumption angayalso enable us to see system aging over time.

Regulated 3 Current limiting i Current
rail switch measurement _!-U) Target subsystem
1 * *
State saver L———» ADC

Figure 13. CTL circuit topology.
536.The magnetic actuatorsod drivers

The magnetic actuatar drivers are part of the ADCS, but implemented on the EPS board so
that the MPB could be used to power theifhis implementation allows the satellite to use
energymore effectively and redusdhe current requirements for the regulatdise driving
system is separated from the MPB &@yPS2%1 switch.Current going into every driver is
measured to give feedback ttte ADCS systemAn Allegro A3901 motor driver is used to
drive the magnetiactuators. Control signals for the driver originate from the EPS processor
and duty cycle data originates from CDHS processdrigh is responsible fothe ADCS
calculations.Driving frequency is fixed to 32 kHz; low value was selected to reduce EMI

problems.Figure14 below shows the coil driver design.

Current Coil driver with
> P direction control + = Coil X
measurement PWM —»] :
7T DIR—» output filter
|
|
|
Main Current Currert i Coil driver with
Power = limiting = et | irECLION CONTO] + i Coil Y
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Bus switch T DIR ) output filter

— Current 3 direction control + = Coil Z
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PWM —| i
R —»] output filter

|
|
|
|
|
! Coil driver with
|
|
|
|
|
|
|
|
|

< —
ADC < -
€ —

Figure 14. Magnetic torquer driver topology.
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5.3.7. Antennareleaseswitch

The EPSwasthe first system to be powered on when the satellite egbttteorbit, therefoe

the EPSwasalso responsible for releasing the antennas. The release mechanism is based on
resstancewire meltinga nylonthreadthat secures the antennas in place dutiegdaunch and
deploymentThis electricalimplementation has to be very simpled robust to ensure success

on every try The final solution involved only one TPS2557 wilie current limit set to 1 A.
Release dsts showed that the system works vesil and antennas were released within
seconds from the turon of the switch

5.4. Microcontroller Unit(MCU)
The Microcontroller Unitis responsible fothefollowing functionalities in the EPS:

ThePDU management
Telemetry collection and logging

1
1
1 Providing theSecond and Third Power Bus
1 Managing bacon operations

The PCB is compesl of 4 layers and contains 288d components. The functionality
implemented on each layer is described below:
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1. Top side- SPB capacitor bank (A), switching regulator circuits (B), $dfRAM
memories with logidevel conversion (C), parallel FRAM memory (D), the EPS main
processor (E), level conversion devices and 10 exteriear(d the stack connector
(G). SeeFigure 15 below for a photograpigigure 37 for Gerber viewandFigure42
for layout
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Figure 15. A photograph of the EPS MCU PCB top side

2. Bottom sidei programming and debugging connectors (A), crystal, external watchdog
and voltage reference for the processor (B), the real time clock (C), TPB charge pump

(D), switching regulator circuits and inductors (E) and payload release mechanism

34



switches (F).SeeFigure 16 below for a photograpttigure 38 for Gerber viewand
Figure43for layout
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Figure 16. A photograph of the EPS MCU PCB bottom side

3. Inner layer I dedicated GND layer (sdagure39for Gerber view)
4. Inner layer 2 GND and power traces (s€egure40for Gerber view)

Same ground improvement methods were used while designing the MCU board as were used
on the PDU board. The measured resistance betthe@pposing corners 12mY . Due to
there being conductivepacers in the corners and several ground connections in the two

systemconnectors, the ground impedance is very low throughout the module.
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5.4.1. EPSsystembus

The EPS systembus connects the two EPS boards together and enables communication
between themThe hardware interface is implementeith a 48pin 2.0 mm boardo-board

connector. Following signal groups run throughhie

Main Power Bus

Second Power Bus

AVR ADC lines

State saver clock arghtasignals

Serial Peripheral Interfac&Pl) with chipselects for ADCs and DACs

Coil drivers énable, PWM and direction signals

= =4 4 A4 A A -

Enable signal fotheantenna releasavitch

5.4.2. SecondPowerBus (SPB)

The SPBis a dedicateghowerrail for the processor and its peripherdlkis bus is connected

to the MPB in twoways: though two parallel 5 V boost regulatarsl through a lovdropout
diode for failsafe operatiormhe regulatas arebased on the LTC3440 budloost switching
regulatorcontrollerand the implementation is identical to the regulators on the PDU board.
The SPB regulator has to constantly provide around 200 mW of @avieeV. Efficiency of

the regulatas can be compared to thether5 V regulatos on the PDU boargiven the
identical implementatianthe efficiencycan beestimated to be around 88% dgyinormal
operationDiode connection ensures that the MCU will be powered on, even if the regulators
are turned off or malfunctioning. Because of the tperating voltag¢around 3.3 V in worst
case)the EPS functionaty will be limited. ADC block (seé-igure19) will not be functional,
butrest of the peripherals witle fully operational

A capacitor bank, measuring arousl 0 OF and consi st idmaamio f sol
capacitors was implemented on the SHBRe main purpose of this bank is to keep the
processor with its peripheralsrictioning for a period of timafter the MPB loses voltage

This enables the processor to gather data about the power outageeanite necessary
procedures before the whole system shuts dolim.demonstrate this functionality and
determire the time available for th@rocessor to take action, the following test was
conducted. The MPB (Chl), SPB (Ch3), TPB (Ch2) and a processomIQCh4) were
monitored with an oscilloscope. The MPB was shorted out and the time between that event
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and the processor stopping was measurkdFigurel7 below demonstrates thehaviourof

the system and it can be concluded that the processor is capable of operating up to 80 ms after

the loss of MPB.
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Figure 18. Second power bus topology
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5.4.3. Third PowerBus (TPB)

The Third Power Bus isa dedicated supplyail for state savers and digied-analogue
converterqthese DACs are only used during the experiment and powered down otherwise)
This bus isvery critical because losingieans losing control over all the regulators, battery

switches and subsystem protection circisquirements for the power basefollowing:
Bus voltage must be 5.V
Input must come from the MPB

1

1

1 <10mWof power is required.

91 Dedicated power convertarust be used.
1

Has to beasreliably and simplas possible.

The input power hat come from the unregulated MPB which hawér maximum voltage

than the required TPB voltagtherefor voltage hato be boostedThis problem is usually
solved by using stepup switching regulator, buhis application needs so little power that a
separataegulator would beaunreasonable. The othafternative to boost voltage is with a
charge pump. These devices are very simple: internal design usually consists of 4 MOSFETSs
and some control logic and the only external components needed are 3 cap&itdrsis

device meet all the requirements and takes up very little space, compared to switching

regulators

5.4.4. Microcontroller, ferroelectric RAM (FRAM)andperipherals

The Electrical Power Systerhas its owndedicated microcontroller tmanage thgower
distribution systemcollect teemetry data, send beac@md perform other taskBecausehe

EPSis the first subsystem thaitill be powered on at any time, it has to be able to read the
remove before flight pins and determine whether the satellitegsound servicing moder
deployed in space. After being powered up for the first time in space, the first task for the EPS
is to release the antennas and tsteaansmittingthe Safe Mode beacon which contains critical

parameters about the EPS.

To perform these taskan 8-bit ATMegal280 microcontrollefrom Atmelwas chosenThis
controller hasa wide range of featuresery many GRD pins,low power consumptigrand
has been tested ionizing radiation[49]. The features includeardwaresupport forvarious

serial and parallel communication protocols:
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1 Joint Test Action GrougJTAG) interfacei is used to program and debug the
microcontroller. JTAGinterfacein combination with the AVR Dragon tool enables
advanced oithe-fly debugging to ease the software development process.

1 Serial Peripheral Interface (SRl)a high speed s@&l interface used to communicate
with external ADCs (MAX1230 and MAX1119 from Maxim Integrated), DACs
(LTC2630 from Linear Technology), FRAM memories (FM25V20 from Ramiron)
and the real time clock (MAX3234 from Maxim Integrated).

1 Universal Synchronous gynchronous Receiver/Transmitter (USART)used to
communicate with other subsystenitie EPS has direct connections to CDHS and
COM subsystems

1 Two Wire Interface (TWI)i aserial communication line, used eommunicate with
the beaconfrequency generatarhip (Si571 from Silicon Labs) arttie |0 expandet
(TCAB408PWR from Texas Instruments).

1 Parallel external memory interfade used to connect the parallel FRAM memory
module (FM18W08 from Ramtron) to the AVR microcontroller and extend the RAM

memory.

Feroelectric memories have many qualities that make tlvemy appeahg for space
applications. They are bytcessible, nerolatile, have virtually unlimited read/write cycles
(>10'%, consume very little powerare faster when compared to EEPROM or Flash
memories and have high radiationtolerance[50] [51]. Given thatvery high speed (SRAM
memories) or high capacity (Flash memories) is not required, the FRAdMrfect for our
application. Two different types of FRAMs were used: 256 Kbit paraleémory for
extending themi ¢ r o ¢ o nntema RAMemetharyusedfor storing constants and other

norntvolatile dataand 2 Mbit seriamemories for storing firmware images and log data

An external watchdog timer (MAX6369 from Maxim Integrated) was chosen over the AVR
internal one to ensure reliable stialone watchdodunctionality andto reduce the software
complexityi configuration of the device is done in hardware with-pplldown resistors and

only oneGPIO pin from the processor is requiréalreset the watchdog.

To communicate withithe other subsystem3JART interface isused. Becausef different
logic-levels (EPS operates on 5 V logic, but CDHS and COM have 3.3 V ,|¢topi)-level

® This devices has a number of GPIO pins which are controllable over TWI bus
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converters are used. TXB0108 it bi-directional logic-level converters from Texas
Instruments were chosen. They operate on l@sycurrent and are very simple itategrate
into the systemrlhese chips haveeentestedn radiationandhave proverto be toleranf49].

The keacon ofthe satellite is designed to be under difeBtS contral This implementation
enables the satellite to operate in E#By mode; for examplethe first 48 hars after
deployment only the EPS waswered on anttansmittedvital information about the state of
the satellite. Thigavecritical input toplanning the first actions en the communications
system was powered on and also improthezl odds of receiving a signal from the satellite.
EPS configures the beacon frequelfftgquency is generated by Si570 from Silicon Labs)
overa TWI interface thragh a specialized TWbgic-level conversion chip (PCA9306 from

Texas Instruments).

RBF >
IO extender COM ADC
ADC e s Beacon frequency
COM CDHS generator
UART <> <> Parallel FRAM
Beacon keyer P E PS P
«< «< External watchdog
o processor
State saver .
€— € JTAG interface
controls
Real time clock € SPI > External FRAM
External DAC External ADC

Figure 19. EPS processor topology
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5.4.5. Payloadock releaseswitch

The Payload has two locks in place to prevent the system from moving dhepge-launch

and launch period. One of the locks is meant for the reel (reel ku#)the other on® hold

the endmass (launch lockin place They are very similar to the antenna locking system
both have nylon wires that have to beeltedin order torelease the locking mechanism.
Implementation of this system is identical to the antenna release sysieenTPS2557 for

each lock witha 1 A current limit. These were implemented on the EPS board, because of the
direct access to the MPB.
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6.Environmental testing

To qualify the satellite fothe launch variousenduranceests had to be conducted to ensure
that the satellitewithstandsthe lift off loads and is capable of workingn the space
environment. These tests included different vibration profiles, shock tests, thermal aydles
thermal vacuum test¥hetests were performed on the whole satellite assembly.

During the sinesweepvibration testing, satellite had to endlmads up to 22.5 g at 30200
Hz and 10 g at 20D 2000 Hz in every axidRandom vibration tests were alsonducted in
all axeswith loads up to 18 @t 262000 Hz The sne vibration tests lastefdr 15 minutes
andtherandom vibration testor 4 minues each. Finallyshocks were conducteghocks up
to 1410 ghad to be endured@52] All these tests were successful and EPS didsaffer any
observablelamage.

The hermal tests cycled the satelliem -1 0 t o 60 A Cthosealedels foretyot It
hours. Vacuum tests were conducted in similar order and théteatels heated up to 78 C

ard kept at it for two hours, after thide satellite was cooled for two hours and was heated up
again.[52] Two cycles were conducted duritgth tess. During these tests the EPS was
working and collected telemetry data. No failures were observed and test was concluded to be

successful.
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/.Summary

During the course of this work dflectrical Power SystefEPS) was designedssembled
and tested for the ESTCufie satellite. The system design was based functional
requirementsindividual powerneedsof the other subsystems, and constraints set by t
overall system design and operational environmemé. final design meets or exceeds all set

requirements.
Most important resultef thisthesisare

1 A triple-redundanenergy harvesting systebmased oraninnovative hardware MPPT
solution (measuredefficiency up to 90% was developed and integrat@ato the
system

1 Both batteries have independent protection circuitry, makirey énergy storage
system doubleedundant

1 The battery protection circuit voltage drop measured only 20 mV, making the system
losses minimal

1 A doubleredundant centralized power regulationtegswith average efficiency of
85% was implemented

1 Each subsystem isdependentlyprotected from latclup events by a hardware
protection circuitry

1 The system endured all of the qualfion tests, the launch and is currently

operational in space

This system was developed as a stalwthe module and therefore variations of this sysiem
its elementxanbe used in future projects. Outside inteadsbut the solutions usdths been
expressedby the Finnish Aaltdk. s at el |l ite team and NASAO6s Pho
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ESTCubel t oi t & kayamdamimepteostamine ja testimine

Erik llbis

Kok kuv»t e

Eesti Tudengisatellidi projekt algas 2008. aaStaitu; | i kool i s . T2naseks
kaigus arendatud v2alja -Egesmisesimdneesdakall
orbiidile mais 2013. aastal. Tegemist on kuupsatelliidi standardile vaiavia¢ hi kul i s e
nanosatelliidiga.Satelliidi teaduslikuks missiooniks on testida ambitsioonikat elektrilise

p2i kesepur | &sail) e h neoklsopoegrii arte n(d i idist itsgntiigya &K lejr» u a k
abil wPlpjikkluthe mi krojuhe nism@al aeti aklidda as e ®n
pl asma peaks teooriakohasel't aval dama tekki
satel liidi p°°r | Elm ktkriiilriuste pifeogk @ussa ippanmray. e i | v
reaal suseks ki ir e inkensge sk¢usl tuetesht ussvad] jrraesissa dod

K2 e s o lbakalaweuge © ° k &rendptivs® | | a satel liidi t°°ks \
riistvara. See noodul on satelliidi ainukeseks toiteallikaks orbiidil opereerimise ajal, seega

peab ol ema tegemi st t ©° ki n &dvandamisel h®@ htdust e ga
toites¢gsteemile seatud funktsionaal setest n »

ning t°°keskkonna erip?2radest (radi gtdisi oon,

moodul sobi ma k a satel liidi mehaanili se st
autonoomsel t | |l 2htudes ainul t sensoritelt k o
Paljud inimesed oraastate jooksupanustanudESTCubelt oi t es ¢ st e e mi arenc

ol esanne ova kdPYubeasinke ehitada val mis t2is

hulka kuulus ka ehitatud mooduli funktsionaalsuse testimine ning omaduste kirjeldamine.

Kaesotl’¢dams arendatud s¢steem kasutab mitmei d

olevaremkuupat el | i iti de peal »the sntaiktsu dna am Siet ks mrsi
j1g mi ss¢gsteem. Uuendusl i kest | ahendustest tu
rahvusvahelisel astronautika kongressgiekanndg2] ning avaldatudka artikkel [1]. L»pl i ke

testimistulemuissisaldav artikkebn arvustuseksaadetud Acta Astronautieq 3].
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ftuua véalja nsuded tEST,CGulkeemi | aoks
T kavandada ning ehijgada s¢steemi riistvara

ftestida mooduli funktsionaal sust ning kind

Kirjeldatudbi°%alei didesdagooksubvalrkisati kolm v&sooni
riistvarast ning riistvar a |l ennuversioon t

olulisemad tulemused daetletud allpool.

T Arendat. valj a ni ng i nt e gusega rriisttaralisel9 0 % |
V»Ii msS us [gimisekp » h ijeifeggiak o gumi ss¢ st eem. S¢steem
identsea hel at , mi s on ¢ksteisest s»|l tumatud.

f Energghoi ustami ss¢gsteem koosneb kahest eral c

Kait ses¢stmrgeaoni 20 pnV miste » tat u on efektiivsus|
minimaalsed.
1 Pinger egul eeri mi ss¢gsteemis on iga valjundpi

kuid eraldiseisvat regulaatorit. Regulaatorite keskmine efektiivsus on 85%.

T I gal al amsg¢ st evenkdi tosne eirsaelednseggel evekeldatch ¢ hi st
upp eest, mida v»i b tekitada radiatsioon.

T S¢steem pidas vastu k»i k ko o20bhBuaasteensat i d, |

seisuggk osmoses. t°%°°%korras

S¢steem to°%t ati val jaaeoal dvinsiemias viak mso,osd Leleinm
kasutala tulevastes projektideESTCubel t o i t dahendustesvastui on huvi tundnud
ka Soome Aaltdl satelliidi ning NASA PhoneSati meeskam
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Appendices

Appendix 1i Schematic diagran($ypical implementations)
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Figure 20. System bus connections on MCU.
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Figure 22. PDU energy harvesting: first stage (input filtering, charge pump, cell |deal dlodes).
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Figure 23. PDU energy harvesting: second stage (MPPT driver, current measurement and ideal diode).
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Figure 24. PDU battery protection circuit for a single battery.
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Figure 25. LTC3440-based regulator implementationexample
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Figure 26. LM2700-based regulator implementationexample
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Figure 27. CTL circuit example
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Figure 28. Magnetic actuators' driver example(the swich for all the drivers and one driver circuit).
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Figure 29. PDU MAX1230 ADC implementation.
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Figure 30. PDU MAX1119 ADC implementation.
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Figure 31. PDU MPB capacitance banks.
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Figure 32. MCU microcontroller implementation with external watchdog and voltage reference
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Figure 33. MCU FRAM memory implementations.
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Figure 34. MCU various periperals (logic-level conversion, real time clock and GPIO eender).
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