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» Attitude — the orientation of a body

» Attitude control used in dynamic systems:

o Satellites
o Aircrafts

o Robotics

> Accurate attitude determination:

o Low-cost sensors

o High-altitude balloon payloads
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Systems

» Growing interest:
o Scientific and educational experiments at high altitudes:
= Farth-related observations — geological and atmospheric
= 60,000 to 120,000 ft.
o0 Economical alternative to launch services
o Project Loon, by Google [1]:

" Provide internet to rural and remote areas
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» Direction Cosine Matrix (DCM):
rd =Tar"
» Wahba’s problem [2]:

o Two-vector attitude determination

o Sunlight and acceleration vector
o Markley’s SVD solution to Wahba’s problem [3]
» I.ow-cost sensofrs:

o Solar cells

O 3-axis accelerometer
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> Two-vector attitude determination:

B = (asra(r$)") + (aard(rd)")

» Singular Value Decomposition:

vsv? =B
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» DCM from SVD solution:
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Inertial Frame Vectors
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» Acceleration vector:

» Sunlight vector:
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» Assumptions:
o Flat device
o Only one sensitive side
o Only measures positive component of light information

o Only measures normal component of light information

y

g

Sensitive Surface - Up
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» PowerFilm Solar Inc. donated 26 of their SP3-37

solar cells:
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» T1.V2454 rail-to-rail linear operational amplifiers

(OPAMPs)

» Non-inverting configuration:

+SC e
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Gnd Gnd 39k
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Legend:

(Bold) SC: Middle Layer Solar Cells
(Underlined) SC: Top Layer Solar Cells
(Italics) SC: Bottom Layer Solar Cells

SC7 SC3
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1 0 0
Rotx(#)= | 0 cosf) —sinb
0 sinf  cosb

cosl 0 sinb
Roty (0) = 0 L 0

—sinf 0 cosH

cos) —sinf 0
Rotz(0) = | sinf cosf 0
0 0 1
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Air=[1 0 0]
Ao=1[1 0 0]
As=[1 0 0]
Ag=]1 0 0
o 4s=[1 0 0
As=|1 0 0
Az=11 0 0
As=[1 0 0

16



EMBRY-RIDDLE
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Ao=[1 0 0 [(Roty(—m/4)TrE
Ag=1[1 0 0 (Rotz(r/4)Roty(—m/4))TrE
Ain=[1 0 0](Rotz(r/2)Roty(—m/4)) rE
w A2=[1 0 0](Rotz(37/4)Roty(—7/4))rg
Ais=[1 0 0 |(Rotz(m)Roty(—m/4))IrE
Auu=[1 0 0](Rotz(5n/4)Roty(—m/4)) L
Ais=[1 0 0 ](Rotz(37/2)Roty(—m/4))TrE
Aig=[1 0 0 ]|(Rotz(7m/4)Roty(—m/4))TrE
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Aiz=1[1 0 0 ](Roty(x/4))TrB

Aig=[1 0 0 ](Roty(n/4)Roty(r/4))TrE

Aw=[1 0 0 ](Rotz(z/2)Roty(r/4))"r]
<@ Ayg=[1 0 0 ](Rotz(3w/4)Roty (/1)) rB

Asy=[1 0 0 |(Rotz(m)Roty (x/4))'r§

Ay =[1 0 0 |(Rotz(3n/2)Roty (m/4)) rE

Ass=[1 0 0 |(Rotz(Trn/4)Roty (m/4)) ' rE
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Vector
B 0 0 ]

As 2 V2 0
A 0 1 0
A, IRV S » A9 through A13
<34 2 2
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o eoa missing due to
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o O B corresponding
Arr 22 0 —‘“’Tﬁ equation must be
Ais 1 1 _v2
A 0 i3 removed
- 2 2
Az —3 1 -2
Agy —% 0 V2
Ago 0 VRN

| /2

[ As | [ 3 -3 %
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Accelerometer

> L.ow-cost MEMs accelerometer used

» Assuming a linear input/output relationship:

V=K (#7 +g")+c
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98 0 0 0O 0 0 0 0 0 K
0 0 0 98 0 0 0 0 0 K1
0 0 0 0 0 0 98 0 0 Kis
Vi c ] 0 98 0O 0 0O 0O 0 0 0 Ko
Vi—cl=| 0 0 0 0 98 0 0 0 0 K
| VI —c | o 0 0 0 0 0 0 98 0 Ko
0 0 98 0 0 0 0 0 0 K3
o 0 0 0 0 98 0 0 0 K3
0 0 0 0 0 0 0 0 98 || K |

21



Body Frame Acceleration gpmBRY-RIDDLE
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— -— _]_ — —
0.0234  0.0237 0 1.4171
5 =1 —0.0151 0.0154 0 Vae— | 1.6419
| —0.0004 0 ~0.0160 | | 1.8154 |
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» Payload Overview:

o 26-sided structure

o Bi-directional carbon
fiber

o NOMEX honeycomb

o Epoxy

o Fiberglass
reinforcement

o 2/10” Styrofoam
insulation

o 3D printed internal
structure
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» ANSR (Arizona Near Space Research) flight for
Arizona Space Grant ASCEND (Aerospace
Scholarships to Challenge and Educate New
Discovers) Project

» Flight Date: March 29%, 2014
» Burst Altitude: 73,794 ft.
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» No reference attitude is available to compare
against

» Obtain angular velocity information from
computed DCM (i.e., attitude), in the body frame

o Compare against angular velocity information measured in
the body frame during flight using rate gyroscope
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from Rate Gyroscope

» Low-cost MEMs rate gyroscope used

» Assuming a linear input/output relationship:

V,=5SuP+b
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(o, 0 0 0 0 0 0 0 0 ]/[sy]
0 0 0 w, O 0 0 0 0 S1s
0 0 0 0 0 0 w, 0 0 S13
VI _p | 0 w, 0 0 0 0 0 0 0 Sa1
Vier—b | = 0 0 0 0 w, 0 0 0 0 Sos
| Vit _p | 00 0 0 0 0 0 0 w O Sos
0 0 w. 0 0 0 0 0 0 Sa
0 0 0 0 0 w 0 0 0 Sao

00 0 0 0 0 0 0 w || S|
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[ 0.0032  0.0026 —0.1941 [ 1.4865
wP =1 —0.1363 0.1327  0.0025 Vo, — | 1.4809
01399 0.1394  0.0056 | | 1.4844
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. . 0 —h.uzB u_;f
Ty =Tz | WP 0 —wB
—:,u,f wf () |

» Central difference method
» Ideal low-pass filter:

o Fourter transform of signal
o Break frequencies (x, y, and z): 2.3, 2.0, and 0.8 (rad/s)

o Inverse Fourier transform of result
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» More than two independent vector measurements

> Two-vector attitude determination:

o Magnetic field vector

o Sunlight vector

» Compare against another attitude:

o Roll, pitch, and yaw using image/video processing
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