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1. Introduction

Space i©f important interest for many scientists around the world but
dueto the enormous costs, for decademained an unaffordable issue
for many of them. The launching cesdrestill high now days while the
use of COT§CommercialOff The Shelf)components allowed to reduce
satellite implementation cost®A CubeSat is a type of miniaturized
satellite for space researétsaid Wikipedia.One of the most important
characteristics foa CubeSat is its dimension that albt® be launched
on the orbit with low costs, takinadvantage of free space that can be
found on the missile of bigger missions or by gathering more

nanosatellites to divide launching costs.

Moved by the growing intest of the Universities around the
globe in space research at affordable costs in 1999 California
Polytechnic State University and Stanford University developed the
CubeSat specificationd’lhe main goals othe professors Jordi Puig
Suari and Bob Twings &s to enable the graduate students to be able to
design, build, test and operate in space a spacecraft with the similar
capabilities of Sputnik, thevery first spacecraftever launched The
CubeSat has become a standard over time and lots of satellieebdey
built following the CubeSat idea.
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5 | Introduction

then. One of them is Politecnico di Torino, which has realised its first

1.1PicPoT Project

Many Universities around the worldveusedCubeSastandard since

nanosatellite named PiCPoT (Piccolo Cubo of Politecmc Torino).

alumnium alloy type 5000AIMn The main motivations were to give a

Figureli PicPot nanesatellite

"N

This project was

aimed tobuild a low

cost satellite, which
must fit within tight

costconstrains for the
launch and the actual
satellite hardware.
The PICPoT was a
cube of 130 mm side
and 2.5 kg of weight
with  the external

faces made by

training opportunity for the students carPhD students, create an

interdisciplinary team from differén departments of Politecnico,

consolidate the knowledge of the team in the fields of elety

aerospace and avionic system design, assessing the feasibility of building

high-reliability satellites with cheap otheshelf components and the

ntent i

on

of

bui

di

ng a

other five Italian univeiies. The mission was transmitting and

DEVELOPMENT OF AN ULTRA THIN REACTION WHEEL FORMODULAR NANOSATELLITES

nfconst el

at



6 | Introduction

receiving data, shoot photos and test thetludfshelf componenisof
which was builtjn space conditions. The satellite had solar pajusisd
to power the entire systeron five sides of the cube and the sixttesi
was populated with antenmiand cameraslhis nanosatellite was never

tested in space becautecarrierfailed few seconds after theunch.

1.2 Aramis Project

The AraMi S project is a prosecuti ol
in addition of the firs project goalsthe modularity. The PiCPoT was
realised usinganaddoc vi ew, whi ch didnot of f
reuse the designs. AraMiS project is thought with the use of independent
modules with specificindependenfunctions, perfect interchangable,
reusablein other similar projectsOnce standard modules are defined,
they can be assembled into the project according with the specification

of the mission, resulting in reduced projecting costs and high versatility.

The main modulescalled tiles in addition of the Inertial Attitude
Subsystem Tile are the Power Management Tile and Telecommunication
Tile.

DEVELOPMENT OF AN ULTRA THIN REACTION WHEEL FORMODULAR NANOSATELLITES



7 | Introduction

1.2.1.Power Management Tile

These modulesperform different functions, electrical energy
generation by converting the solar light by means of tiar anels,
charging this energy into the batteries and distribute it to the other
systems at suitable parameters. This modules are put on the outside of
the satellite because of the solar panels presence, which must be
illuminated by the solar light. ThEles are independent and managed to
allow to decide which battery will be charge from which solar panel, in
order to optimize the system as well as possible( clearly in a specific
moment very few panels will be illuminated so only them will give

power inthat moment). To do that the power and dataidused.

1.2.2. Telecommunication Tile

These modules allows the communication between the satellite and
University Earth station. Uses 2 channétg firs,on the 43™MHz band,
is dedicated to the radio amateurd allow them to receive the satellite
beacon, the second operates on the 2.4 GHz band. The use of two
channels allows to increase communication system relighalitywing
to maintain the communications while one of radio channel is out of

order.
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8 | 1B21_Inertial_Attitude_Subsystem

2.1B21 Inertial_Attitude Subsystem

The Inertial  Attitude
Subsystem controls the speed,
direction and the time of
activity of a reaction wheel to
geneate an angular

momentum. The mechanical

details are nibsubject of this

Figure21 Alluminum harddisk plate thesis so they will be
presentedonly superficially.

Mainly is a brushlesmotor redised by means of aB . Badddisk plate

modified to allow six neodymium magnets to taglial mounted 1t 6 s a

low cost solution that compliethe needed proprietiesttra-thin 4.7

6mm, light 165190g and best magnetic and mechanical characteristics

at this cost. The other elements of this brushless motor are the nine coils

designed to occupthe minimum space and aren@n high andl8 mm

external diameter

with an 12 mm

iron core There

are also there

HALL  sensors

for the plates

angular position
Figure31 Reaction wheel assembled view sensing. The
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9 | 1B21_Inertial_Attitude_Subsystem

motor subsystem is completed by the addition of a double row bal
bearng for an easy rotatioof the plateThe assembled view is shown in
Figure3 . We can see that the magnetic circuits dosed bythe two

iron rings placed above and below the coils and the magnetic plae.
Inertial Attitude Subsystem PCB together with thater Pate am the

Case Bdy PCBs (all made in FR4 material) complete the motor
construction. On the Inertial Attitude Subsy®m PCB are placed all the
Subsystem components including the coils and centrally is fixed the
rotating plates bearing. The Outer Plate is the external part of the
assembling and, as one face 1 tds on
cells mounted . In the centre, asvith Subsystem PCB happens, the
plates bearing is fixed. The Case Body is placed between the other two
PCBs and allows the rotating plate movement as has a thickness greater
than the reactions wheel and centrally has a slot that caly bald it.

The exploded assembly can be seen irFtgare 4

The brushless motor just presented is driven by the actuator module
called Reaction
Wheel Actuator.

,.®
3
L P . .
\? Its function is to
receive
commands, and
00“

S h by driving the

Q coils in specific
way, to execute
Figure4 i Reaction wheel expolded view ~ them. It receive
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10 | B221_Magnetometer:V1 Module

signals from the motsrtHALL sensors, which communicate the angular
position of the rotating platén addition of the rotating movemeat the
reaction wheelthe actuator, by means of specific current waveform, also
generate an perperdilar magnetidield, which in interaction with the
Earth magnetic field, allow a passive control of the rsaellite

attitude.

The Inertial Attitude Subsystem has assonesensors to complete the
control system.They are Digital Gyroscopic, Magnetometand
temperature sensors. All the system is controlled by a microcontroller
that receive commands from the data bus and execute them or return
sensors data to the bus. All these elements will be analysed in detail in

the next chapters.

3.B221 MagnetometeV1 Module

The 1B221 Magnetometer V1 module uses the HMC1002
magnetic sensor for the orientation functidihe Honeywell HMC1002
magnetic sensor is anaXis surface mount sensors designed for low
field magnetic sensing. Its sensitivity runs from tensadfro-gauss to 6
gauss, being one of the masinsitive and reliable loweld sensor in the
industry. This sensor is a simple Wheatstone bridge to measure magnetic

fields and only require a supply voltage for the measurement. Pqwered
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11 | B221_Magnetometer:V1 Module

the sensor converany incident magnetic field in the sensitive axis
directions to a differential voltage outputs. In addition to lingige
circuits, each sensor hawo onchip magnetically coupled strapthe

offset strap and the set/reset strap. These straps are foenndield
adjustment and magnetic domain alignment, and eliminate the need for
external coils positioned around the sensdrbe magnetostrictive
sensors are made of nickedbn (Permaloy) thirfilm deposited on a
silicon wafer. In a presence of a magaodteld, a change in the bridge
resistive elements causes a corresponding change in voltage across the
bridge.

3.1.SET/RESET Straps

Set/Reset
straps area spiral
GND1 (A) 1 Kael 20 S/R- (A) o
OUT+ (A) 2 e o 19 NC of metallization
T el 18 GND PLN that couples to
Vbridge (A) 4 l 17 OFFSET (+A)
OUT-(A) § 16 SR+ (A) the sensor
GND2Z (A) & Die B 15 OFFSET+ (B) A
S/R- (B) 7 14 S/R+ (B) el ement 6s
GMD1 (B} & — 13 GND2Z (B) axis
Out+ (B) 9 12 OUT-(B)
OFFSET-(B) 10 11 Vbridge (B} (perpendicular to
the sensitie axis
Figure517 HCM1002pin configuration of the sensor

die). Each set/reset
strap has low resistance with a short but high required peak current for

DEVELOPMENT OF AN ULTRA THIN REACTION WHEEL FORMODULAR NANOSATELLITES



12 | B221_Magnetometer:V1 Module

reset or set pulses. A set of pulse is defined as a positive pulse current

entering the S/T+ strap connection. The successful result weutteb

Out-

Permalloy Thin Film

NN SARAALL
SR RN

Sensitive
Axis

Vb Gnd

Easy Axis
Out+

Figure61 MagneteResistive Wheatstone Bridge Elements
sensor aligned inaforwardeasyx i s di rection so that
polarity is a positive slope with positive fields on the sensitive axis
results in positive voltages across the bridge output connections. A reset
pulse is defined as a ndiya pulse current entering the S/R+ strap
connection. This would align the sensor in the reverse@dsywith the
reverted effect of the setulse. Typically a reset pulse sent first,
followed by a set pulse a few millisecond later. By shoving thgmatic
domains in complete opposite directions, any prior magnetic

disturbances are likely to be completely erased by the duet of pulses.

The reasonto perform a set or reset on the sensor are: 1) To
recover from a strong external magnetic field thaelli has re
magnetized the sensor, 2) to optimize domain for most sensitive
performance, and 3) to flip the domains for extraction of bridge offset

under changing temperature condition. In this project all these three

DEVELOPMENT OF AN ULTRA THIN REACTION WHEEL FORMODULAR NANOSATELLITES



13 | B221_Magnetometer:V1 Module

cases are met due to the presencehef hagnetic actuator and the

difficult thermal conditions in space medium.

3.2 Magnetometer Schematic

The schematic of the physical implementation of the
Magnetometemodule is shown in the Figure .1® canbe sea the two

axis sensor amplifiers made ti the AD623ARZ single supply

REF 3V
RI1
SV int RIK
E— RS _504-8928
RI12
RIK
5+ RS_504-8928
3TN REE 5
R15
8 RGH \]\ou-ra RIG
R3K3 1RG- ; MAGN X >
RS 504-6506 RIK
2IN- RS_504-8928
= ) s T
Us OA_ADG623ARZ -

) SEN_HMC1002 RS_AD623ARZ T
s RS_HMC102 s DE_641-1023-1-ND
, AGND -

OUTHA) (= v
@ 5 AGND AGND
OUT- (4)
9
QUT+(B) REERSV,
2
OUT- (B) |2
L2t R17
e sv RIK
S RS 504-8928
A RIS
= 2 RIK
5= = RS_504-8928
z 2 — ame[ REE 5
SRGH J— .
A o R3K3 1RG- 3 MAGN Y >
RS 504-6506 RIK
2IN- RS_504-8928
S us i 2
%ﬁgffﬂz D_CZRUS2C3
! : DE_641-1023-1-ND
AGND

A%
AGND AGND

Figure7 i Two axis sensor amplifiers

instrumentation amplifier(in detail in Figure 7) It receives the
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Wheatstone bridge output in its differential inputs and outputs a single
REF5 pin referenced voltageer axis The gain is set by the resistance
between pins &nd 8 andor this project was set to 30 cca. The output O
is set to 1.5V(half of the 3V reference soe) in order to cover positive

and negative signal variations.

The SET strap pulses are given by Q3 which is a doudiOB
transistor(Figure 8) When the SET signal is givemete that the SET
command is active low) the 3V3 source voltage is put on the straps by

means of the C6, C7 ardd5 ohmssensorsnternalresistor which asure

—
| e
DI [T josa
=, kU = 105 _[IRE7324
SET 3 ._}
RIIR GT o
RS_504-6562 o
g REF 4Vl
-
Vhridge (4)
= .
D2 [ JoiB ; ~
4 = 105_TRF324 s OFFSET+ (A}
Tl —= | OFFSET-(4)
[e5] I»—L} c6
52 I} § | SR+ ()
h C220n 20 | SR
DE_478-126%.1-ND 15
—2 | OFFSET= (B}
7 10} oFFsET- (B)
cs | B 5@
i 2200 il PP
TS 023525 G D DK_478-1263 1-ND g
= — = =
@D =
z =
5 &
=
DI [ I |oua -7
iy ) jrg  [MOSIRFY31I <
RS ~AA ] = }
R33E G| o
RS_304-6562
GND A
= e
DI [ |48
4 7 [MOSIRFT3
Gﬂli—L}
52

GND

D Figure8i1 SET/RESETdrivers s
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apulse of 0.7us cca. C&nd R13 pass base filtensure that theisturb

do not propagate on the power line.

The RESET strap pulses are given by means of QibualeN-
MOS transistor. When the RES signal is given theC6 and C7 are

dischargedindin the S/R+ sensor pirssnegative current is injected.

Another elemenis the LM4128 precision voltage reference. This
IC gives an

accurate voltage

REG 1 M4108
RS £11-5642 to the sensors
4 5 EEF 4V1 .
VIN VREF internal
ENMAGN 3 | v i L e Wheatstone
e GND
~ bridge. It is
_"_JE_L AGND

powered with 5V
: - and gives a 4.1V
Figure91 Precision voltage reference

reference voltage.

The circuit can be disabled by pulling down the pin EN.

Next figure shows t complete Magnetometer schematic.
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Figurel0i Magnetometer_V3chematic
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3.2.1.Load Switch

Other last element in the schematic is the
U 1B121C Load_ Switch_V1 showed in detail in the figatde This

circuit is a high-side MOS switch and its function is to completely

Q1

E5_301-322

MOS_IRIMIL6402
2

3 2 —
N oUT
: 141

Rl R2

RI00K R_15R_0603
R5_504-85940 R5_504-5684

Q
M1 NTA700INTIG
.| DE_NTA7002NT1GOSCT-ND

GHND

Figurelli 1B121C Load_Switch_V1

remove the power to the Magtometer module if desired. This allows
the lowest power consumption when the module in ©ffe enable
signal is given to the EN pin of the module.

3.3 Harness connection diagram

To all blocks were added an intermediate schematic level to allow the
connetion of the module to the harness connector to increase

readability. The Magnetometer Harness connections are showthe
next figure.
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MOULE_COMNNECTOR

PDB -
sV % 5V
3V3 > 3V3
REF |+ REF_3V
DO_RX_SOMI » SET
D1_T¥_SIMO I RESET
D2_SCL_SOMI *
D3_SDA_SIMO -
(MODULE D4 CIK -
D5_FPWM -
D6_AD MAGN_X
D7 Al MAGN_ Y
D§_ID -
D9_EN_PWM2 > EN_MAGN

1B221 Magnetometer W1.SchDoe

B2
U_1B221 _Magnetometer V1

Figurel2i Magnetometer Harness connections

4.1B211B_Digital Gyroscopic_Senso odule
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For this module the - CATE OUT
AXIS
ADIS16080 Analog  oeruomal B - oLse
AXIS, 1
Devices gyroscopic sensor |>| e ROTATION -
was chsen. It uses a 1 U Ry 4095 LsB
|>LATERAL<|
. L. AXIS
surfacemicromachining RATE IN
process to make Figurel3i Rate sensitive axis

functionally complete

angular sensoiThe digital data available at the SPI port is proportional

to the angular rate about the axis that is normal to the top surface of the

package. It has an interne@mperature sensor and the measurement is
providedthrough the SPI. This

. s : s measurement is usually used to
T > <
5] [s] compensations techniquesn
ne |[4] Jo|| Ame additional output pin provides a
ADIS16080 recision voltage reference.
pouT BOTTOM com p g
(Not o Scale) Two digital selftest inputs

SCLK VRer

[~ ]
[=]

electromechanically excite the

o |1 sT2 sensor to test the operation of
N :
" 5 s - the sensor and the signal
. . : conditioning  circuits. The
Figurel4i ADIS16080 pin
configuration ADIS16080 operates on the

principle of resonator
gyroscope.Two polysilicon sensing structures each contain a dither
frame that is electrostatically driven to resonantieis produces the
necessary velocity elementgeneratex Coriolis force while rotating. At

two of the outer extremes of each frame, orthogonal to the dither motion,
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20 \ 1B211B_Digital_Gyroscopic_Sensor Module

are movable fingers that are placed between fixed pickoff fingers to form
a capacitive ckoff structure that senses Coriolis motidrhe resulting
signal is fed to a series of gain and demodulation stages that produce the
electrical rate signal output. The rate signal is then converted to a digital
representation of the output on the SPIspifihe duakensor design
rejects externaG forge and vibration. Faltating the sensor with the
signal conditioning electronics preserves signal integrity in noisy
environments.The electrostatic resonator requires 14 V to 16 V for
operation. Because onb V is typically available in most applications, a
charge pump is included arhip. After the demodulation stage, there is a
singlepole, lowpass filter included owchip that is used to limit high
frequency artifacts before final amplification. The freqcy response is

dominated by the second lgpass filter, which is set at 40 Hz.

4.1 Serial Peripheral Interface (SPI)

The ADIS16080 has an external powering pin for the SPI module

to simplify interfacing. The SPI port includes four signals: chip

select(CS ), serial clock (SCLK), data input (DIN) and data output

(DOUT). The CS line enables the ADIS16080 SPI port and frames

each SPI event. When this signal in high, the DOUT lines are high
impendence state and the signals on DIN S€LK have no impact on

operation. A complete data frame contains 16 clock cycles. Because the

DEVELOPMENT OF AN ULTRA THIN REACTION WHEEL FORMODULAR NANOSATELLITES
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Bit No. | Mnemeonic Com.ment SPI port operates in full
15 WRITE 1: Write contents on DIN to control
register. ;
0: No changes to control register. duplex mOde’ It Supports
14 0 Low state for normal operation. simultaneous 1-®it
13,12 D/C Don't care. !
11,10 ADD1, ADDO | Data source setting. receive (Dl N) and
00: Gyroscope output.
01: Temperature output. transmit (DOUT)
10: Analog input 1.
11: Analog input 2. | functions within the same
9,8 1 High state for normal operation.
7,6 D/C Don't care. data frame
5 0 Low state for normal operation.
4 CODE Output data format setting.
0: Twos complement. The DIN COﬂtD'
1: Offset binary.
3to0 | D/C Don't care. register provides controls
Figurel57 DIN Bit assignments for  two operational

settings: the output data
source and the coding (twos complement vs. offset bindhg. DIN
sequence starts with a 1 for configuration sequences and a O for read
sequences. When this bit is 0, the remagriiN bits do not change the
control register and the next sampl
configuration. Data loads from the DIN pin into the ADIS16080 on the
falling edge of SCLK. Once the 48CLK sequence is complete, the
control register izipdated and ready for the next read sequence. If a data
frame has less than 16 SCLK cycles, the control register does not update
and maintains its previous configuration. TDEN bit definitionswhich

have either O or &ssigned to them, are critical faioper operation.
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22 \ 1B211B_Digital_Gyroscopic_Sensor Module

4.2 ADC Conversion

The chip selectE ) and serial clock (SCLK) lines control the-on

board A/D conversion process. When the chip select line goes low, the
DOUT line comes out of thregtate mode, the traendhold goes into

hold mode, and the ADC samples the analog input at this point. The
trackandhold returns to track mode on the 14th falling edge of the
SCLK line. The serial clock drives the internal ADC conversion clock,
using its falling edge for control of this procesdl 16 SCLK cycles are
required for a complete conversion. If a data frame has less than 16
SCLK cycles, the conversion cannot complete and does not update the

output data for the next data frame cycle.

4.3 Output Data Access

The DOUT sequence startstivtwo zeros, one that clocks out
after the falling edge of , and a second one that clocks out on the first
SCLK falling edgeThe next 14 bits, ADDO, ADD1 and the 12 data bits,
clock out on SCLK falling edges. After the 16th falling edge, the DOUT

s e DATAFRAME =[] DATA FRAME—————————»=[
DIN = = J ‘ CONFIGURATION COMMAND FOR NEXT OUTPUT SEQUENCE }a‘? J ‘ NEXT CDMMAND, IF NECESSARY

DOUT = = \ A DATA QUTPUT, BASED ON PREVIOUS CONFIGURATION )-?a "\ ‘ )- -

Figurel6i Configuration and Read Sequence
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line moves to a threstate modeln the following tables the Data Coding

for different data types are shown

Temperature (°C) Code Bit Pattern

85 585 0001001001001001
25 + 0.2906 2 0001000000000010
25+ 0.1453 1 0001000000000001
25 0 0001000000000000
25 -0.1453 =1 Q0011111111111 11
25 -0.2906 -2 000111111 1111110
-40 —-447 0001111001000001

Figurel7 - Temperature Dat: Figurel8 - Temperature Dat:
Codina. Twos Complement Coding, OffseBinary

Figure19- ADC Data Coding Figure20- ADC Data Coding
Twos Complement Offset Binarv

4.4 Gyroscope $hematic

The Gyroscope schematic is shown in the following Figure.
Together with the ADIS16080 there are two Higltle swithes to allow
the complete power off of the module in case is not used to save energy.
One switch for the 5V sensor power and the other for the 3.3V SPI
power,voltage fully compatible with the system data bus. The internal
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