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Project Statement

Design, build, and validate a with
, capable of moving a test article within ,
, through electrical manipulation by a
. The system shall have the ability to integrate with
and provide for power failure and

user error scenarios.
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Motivation

* Provide a model positioning system for the new wind tunnel and
provide support for aerodynamic models used for:
— Research performed by CU faculty
— Graduate student projects
— Undergraduate senior projects
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Functional Requirements

FR 1: shall be able to

FR 2: software shall

hardware such that models can be
and

FR 3: shall be

the

with the user and the
at the required

with the
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Baseline Design

» Crescent vs. Arm Sting
 Both rated high in size
« Both rated high in range

 Crescent > Arm in number
of linkages

» Stepper vs. Servo Motor
« Servo: higher resolution

« Servo: higher angular rate
« Stepper: lower cost
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Functional Block Diagram (FBD)

System Computer (LabVIEW) Electronic Control | Wind Tunnel Model Positioning System I
Interface e - .
Position Display Position Feedback : I Absolute Pitch Control o
ity il b <1 r>» Motor > > i :
and Data Logger Datp Signal Processer - Encoder Mechanism P
I |
Y I N — a4
= i
Control Law _C!'FDEQE J'_} Motor Controllers — — —— I—.‘: Motor 5 Absolute . Yaw Con.tml i |
o Encoder Mechanism P
1
1 I 41
] | i : -
Absolute Roll Control I
Power Supply -~ > Power Converter | | ]_> Motor > > . i !
| T Encoder Mechanism .
1
B R o
[ ] 1
Legend N _ | .|_> Motor N Absolute 5| Plunge Control |
—————————— Position Telemetry | | Designed - Encoder Mechanism .
— — — - Feedback Telemetry I |
- T Command Data | | Achir—Ed b L u L n L u L u _— u _— u L u L n L u L u _— u _.
---------- Power Line
Mechanical Linkage | | Provided

nene (COMPARSS
Colorado at Boulder

A /



FBD - Control Elements - Electrical/Software
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FBD - Control Elements - Mechanical
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FBD - Structural Design Elements

Position Telemetry
Feedback Telemetry

— — — - Command Data

Power Line
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Critical Project Feasibility Elements

CPFE.1: Position Uncertainty (FR 1)

 Tight accuracy requirements from design requirements
* Need for high tolerance gearing

CPFE.2: Control of Degrees of Freedom (FR 2)

« Electric control of the pointing system
* Moving multiple degrees of freedom sequentially
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CPFE.1: Position Uncertainty
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Simple Model Assumptions

« Simple model assumed to be
NACA 0012 airfoll

* 0.5 m span with 0.1 m chord and vy

made of Aluminum 6061 |
12 degree Angle of Attack T 1 ] | L
* 65 m/s Velocity __ [ [ == ¥

« Accounted for with gearing
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Gear Ratio Calculation

« Assumption
* Pressure Angle: 25°

* 12 tooth pinion (motor gear) Fressure \
» 240 tooth crescent arm angle

» Gear Ratio: 20

e Pinion Radius: 30 mm
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Gear Material Considerations

: : Heav
Features LTI Modergte Heavy
Easy Machinability Machinability Easy Machinability
Applications instlr_lﬁrrl]ér?tunéars SAD Lt AgutlieEn
PP . J load capabillities capabilities
(Light load)
Range of stress 124 - 186 147 - 236 11 -76
failure (MPa) Medium Strength High Strength Low Strength
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Gear Tooth Strength

 Calculated lift force of 137 N
« Stress on gear teeth i1s 156 MPa

 Allowable gear stress of 158 MPa
e Assumes 99.99% reliability

 Allowable gear stress of 238 MPa
* Assumes 99.00% reliability

e Steel IS the Strongest optlon RELIABILITY FACTOR % survival Kg
fewer than one failure in 10,000 ©9.00 1.50
fewer than one failure in 1,000 00.9 1.25
fewer than one failure in 100 00 1.00
fewer than one failure in 10 Qo 0.85
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Backlash

« Causes inaccuracies
* Angle between tooth face and gear width tangent

Operating pitch circles

Backlash
(transverse operation)
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Gear Considerations

e Spur Gears:

« Uncertainties in Pitch range from 0.0076° to
0.028°

« Both are below 0.1° pitch accuracy:
FEASIBLE

e Zero Backlash Gears:

« Reduce uncertainties such that they are
negligible
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CPFE.2: Control of Degrees of
Freedom
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Motivations

 Feasibility of acquiring required motors
 Feasibility to resist and move loads in each degree of freedom

 Feasibility of acquiring required sensor resolutions

 Feasibility of creating control law
« Control law design and model simulation

cazone (2DMPARSS
Colorado at Boulder



Simple Model Assumptions

« Simple model assumed to be
NACA 0012 airfoll

* 0.5 m span with 0.1 m chord and vy
made of Aluminum 6061

« Assumed to be flat plate for
inertia estimates with thickness [~
Of 0012 m -0, 1L ! ] _ﬁf —_

* Rotation assumed to be about cssooa o
Center of Gravity (CG)

« CG= 39.2% of chord from
leading edge

o
\
| |
|X}1
[
|
|
|
|
4
o

0,95 |
1,0
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Pitch Torque Estimate

« Assumptions:
« Motor driving pitch directly
Inertia of crescent: thick hoop
Total inertia: test model and crescent
Torque from friction ignored
60 degree rotation
64 degrees/sec rate

Ipmrerror = 1.17 kg m? w = 54§ A8 = 60°
_60m _ 1 .3 _ 48 _ 60 _ _
Af = | 80 = z-ﬂft t = » = 54} = (0938 = IEE[E'FPTTEH =278 Nm

FEASIBLE

rad
a =238 — Treq = Tpesien t Iprrcuror®
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Major Pitch Torqgue Concern

e Addition of lift and drag force from simple model
e Lift =137 N Drag=4.76 N

* Force applied about 0.5 m from gearing
* Torque applied to pitch: 70.9 N-m i
* Total torque applied: 73.8 N-m

e Still FEASIBLE with gearing T

Freestream Velocity ~— ~— >

and motor research = >
m/s — -
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- Torque Estimates for Roll, Yaw and Plunge
_Iﬂ__ Overall Assumptions:

« Motors drive each
DoF directly

« Torque from friction
ignored

« Aerodynamic forces
negligible

Inertia Flat Plate Flat circular plate  Mass estimate

Assumed (35kg) Based on research for
Estimated 0.053 N*m 4.35 N*m 8.76 N*m motors, all FEASIBLE
Torque

Feasibility Yes Yes Yes with gearing

casoice @BMPHSS
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Encoder Considerations

* Yaw and Pitch accuracy requirement = 0.1°
 Roll accuracy requirement = 0.5°
* Plunge accuracy requirement = 0.5 mm

* Encoder resolution must be better than the degree of freedom
requirements scaled by gear ratio

 Pulses Per Revolution (PPR)
* Encoder resolution is defined by 360°/PPR
« An encoder with 7,200 PPR has a resolution of 0.05°

« Measurement capabillity: FEASIBLE
Coloradgr;i:gg‘:mg c a n P H S S




Control Law Design

* Implementing Simulink to model control of a degree of freedom

* The goal of the model is to simulate command of a motor controller
 Commercial-off-the-shelf (COTS) motor controller

b@—b e U —— | Position In Position Out » > | l

CMD Position FPID Controller Plant (Motor Controller) Scope
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Control Law Design

e Control Law Design
* Develop PID control law gains for outer control loop

e Control Law Simulation
* Simulation of system mechanisms, linkages, motors, and motor controllers
* Develop high fidelity model to test and validate control law design

 Control Law Design: FEASIBLE B
e Control Law Simulation: FEASIBLE

D

nene (COMPARSS
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Summary
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Design Overview
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Financial Breakdown

$8,000
7,000 B
$6,000 -
$5.000 = Machining
$4,000 = Gears
’ Software

$3,000 ® Encoders
$2 000 m Motors
$1,000

$0

$5,000 $8,000 (w/ EEF)

P Y e e c—m——" —
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Logistical Risks for Success

1. Finding needed motors within budget
& 2 . 2. Finding needed sensors within budget
3. Delivery date of large servo motors
A I 4,5 4. Software development time
E 5. Mechanical Linkages
El 6 (breaking/slipping)

6. Access to wind tunnel facilities
/. Integration with wind tunnel frame

Low

Low Probability of Failure High

cazone (2DMPARSS
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Feasibility vs. Continue to Study

Feasible Continue to
Study

Yaw, Roll, Pitch, Plunge capability X X

Manufacturing Methods X X
Motor Torque Estimates X
Control Law Simulations X X
Encoder Capabillities X
Error Propagation X X
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Critical Path Moving Forward

Final Feasibility Characterize and understand total system
Studies with higher fidelity (backlash, etc.)

®l0)a1100) " VSTt ELilslar| Properly setup outer control loop with more
and Design accurate inner loop for motor controller

Q @l elelpl=liasi=lEailels B Motors, Encoders, Motor Controllers, DAQs

Q Software Development
(Control Law and
LabVIEW VI

Manufacturing and
Subsystem Test

System Integration and
Control
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Questions?
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Backup Slides Overview

* Trade Study Results and Design Calcualtions
* Electrical and Software Overview

* Inertia Calculations

« Simulink/Modeling

» Gearing Information

* Motor Considerations

« Safety and Failsafes

* Functional and Design Requirements

» Tunnel Specifications and Drawings
 Delivery Dates for Products
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Trade Study Results - Design

» weights

» size: 1 = unusable b/c of blockage, 5 = gets the job done, 10 = ~0% blockage

» range: 1 = does not satisfy any DoF, 2.5 = satisfies 1 DoF, 5 = satisfies 2 DoF, 7.5 = satisfies 3 DoF,

10 = perfectly satisfies requirement

« manufacturability: 1 = high cost & high resources, 4 = high cost & low resources, 6 = low cost & high
resources 10 = low cost & low resources

* number of linkages: 1 =10-12,2.5=8-9,5=7,7.5=5-6,10=0-4

Weight Sting Arm Sting Crescent j-5trut Motor j-5trut Plate
S1ze 25% ) 0 5 5
FRange 35% 9 9 3 (3.3
: Manutacturability 0% b b - 3
Linkages 10%4 2.5 (8) 1 (1)
" 1(10) 10 (4) . v,
Total 1005, 733 82 445 453

T —— S —_ — p—

a2 DIMPASS
Colorado at Boulder
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Trade Study Results - Motors

Weight stepper Motor Piezoelectne Motor servo Motor
Stall/Max Torque 25% S S 7
Resolution 25% b 10 &
Angular Rate 20% 5 s e
Cost 20%, B 2 5
S1zZe 10%% S S &
Total 100%, 6.9 6.9 7.2
stepper Motor Piezoelectne Motor servo Motor
Pitch ] 0 ]
Roll ] ] 0
Yaw ] ] ]
Plunge 0 0 ]
Total 3 2 3

University of
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Arm Size Confirmation

(FDEFINING CONSTLAN

- . . . o .
h=0.T7&; Fmeters, hieght of test =section

a=.0; FImeters, change in model aerodynamic center

t=.0&; Fmeters, radial thickness

delta pl=0.10; %*meters, of motion in el
delta p=30; %degrees, motion in either
delta y=30; %degrees, motion in either

delta r=40; 3%degrees, motion in either

FHNo Pitch Ho Plunge3

iy L

Clear0=({h/2)-a %Clearance From Top and

iHo Pitch 10cm Plunge Both Directions3:

iy L

s

Clearl=ihf£]—delta_pl—a Fwith 10cm plun
ClearE=thE]+delta_pl—a Fwith 10cm plun

= Ty =Tt et fd—\.-\.- =T v
21 1 AL L] L A RAL]
oy g fd—\.-\.- g e
ALl L] L A L]

oy g fd—\.-\.- T =TT

ALl ]

oy g fd—\.-\.-
ALl L] L LA
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Arm Size Confirmation (2)

m

1

]

1

i

1

1]
ll‘ll

30 Degree Pitch Down Ho Plung

Clear3=thE]—iCI#cnsdidElta_p]]—a Ffrom bottom of the tunnel

[T}

Clear&=ihf£]—itrﬁsindidelta_p]]+a Ffrom top of the wind tunnel

30 Degree Pitch Downward Postive Plunged
Clears=(h/2)-{ (Cr*=sind(delta _p))+delta pl)+a
Ffrom top of the wind tunnel with 10cm t;:t;e up
Cleare=(h/2 ]—iCI#cnsdidElta _p)-delta pl)-

*f,qn ot T o qf +Fa T T TEN— 3 Ty fﬁﬁn R ETT T .
s L LIl Bl L L A1 WALED LRATIRIeE S WA LI AU BRI AR

tch Downward Hegative Plunge3:
—{(Cr*=sind (delta p))-delta pl)+a
the wind tunmn el with 10cm plunge down

1 L FLE T RENL- § (i Iy R | T

Clearg=(h/2
tfrom bo

University of c _/—ﬁv—ﬂgg
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Arm Size Confirmation (3)

= —- -

$3¥51lot Distance Calculationi
ho=(h/2)+delta pl-a
hl=(h/2)-delta pl-a;

r0=.57;

rl=.63;

thetal=acosd (h0/r0)
thetal=acosd{hl/rl)
Xx0=r0*=ind (thetal)
x]l=rl*=ind(thetal)

Xxoerit=xl-=x0
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Electrical and Software
Overview
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Software Overview .

LabVIEW VI DAQ Encoders COMPASS
ADC Roll
Write to File Convert Encoder
l Voltages to
Digital Position Pitch
PID Control Encoder Roll
Law Position
Yaw
Encoder
Plunge Pitch Legend
Encoder Position
Roll D Acquired
Data File or Command
User Input D Designed
MOtOfs Yaw
Pitch DAC Position [[] user Defined
Soinmaned Convert Digital Roll Motor
Position to
Voltage
Yaw
comand Pltch Motof Plume
Position
Plunge Yaw Motor
Command
Plunge
Motor

— 7 A 4 Y e cmm—

\

cnsase SBMPASS
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Electrical Overview

Workstation CompactDAQ Pointing System Wind Tunnel Test Section
Motor Control | .
LabVIEW N DAQ *| Servo Motors "| Servo/Stepper
(Voltage Out) (x3) Motor
Sensor Read DAQ | Absolute Absolut
(Digital/Analog In) | Encoders solute
(x3) Encoder
Incremental
> . Power Encoders : Incremental
ower souree | Converter ) (x3) Encoder
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Additional Torque and Inertia
Calculations
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Pitch Inertia Calculations

= Assume thick hoop for crescent and then cut mass in half to account for only part of crescent

n=048m nrn =042m h=0.025m p=2712.6 %

mp = pr(ri —ri)h = (2?12.& E) 7[(0.48 m)% — (0.42 m)2](0.025 m)

mp = 11.50 kg Mp = n;F mp = 575 kg

Iorrerx = s mp(r + 1) Iorrerx = 5 (575 kg)[(0.48 m)? + (0.42 m)?]
Ipireax = 117 kg m? Inrrenror = Ipmreax + Imop.x

b=05m c=01m t=0.012m V = bet = 0.0006 m?

my =pV  p=27126 :T"i My = 163 kg

1 1 5
Iyopx = 12 Mt + %) Ivopx = 12 (1.63 kg)[(0.012 m)* + (0.1 m)?]
IMI:-'D.X = U.DD:I.EE |[I:_£|' mz IP.TTC'H_.T-DT = 1.1? kg THE

University of '—V _F—ﬁv—ﬁgg
Colorado at Boulder | |
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Yaw Inertia Calculations

r=0325m h=0025m p=27126-2
i

k L
my = par h = (2?12.5 m—ﬂ) m(0.325 m)=(0.025m) my = 11.43 kg
Iy gy = = myr? Iyayr = =(11.43 kg)(0.325 m)?
Iyaw = 0.604 kg m* Iyawror = 2lyaw + Iyopz + Ipirenz > 'p’aw and floor plates

1 , - 1 - -
Iprrenz = ﬁmp [B(r5 —rf)+h?] = 12 (5.75 kg)[3[(0.48 m)* + (0.42 m)*] + (0.025 m)“]

Ipiregz = 0.585 kg m* b=05m c=01m t=0012m V = bect = 0.0006 m?
my =pV  p=27126 ::T"z my = 1.63 kg

1 1 .. ]
"FMI:'H'.E = ETHH{:DE + Iﬂ'z) IMG'D..E.' = E {:163 kg}[{DS m)" + {:Dl ]"]'I}E]

IMI:'D.E = G.GEES kg mz "F'EFHH’,T-DT = 1.83 kg THE

University of {
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Roll Inertia and Torque Calculations

b=05m c=01m t=0012m V = bect =0.0006 m*

my =pV  p=27126 :Ti My = 1.63 kg
Taop = ﬁm,.,,{rz + b7) Tnprr = ﬁ (1.63 kg)[(0.012 m)? + (0.5 m)?]
Inpry = 0.0339 kgm? @ = mi A8 = 90°

A =—= _ﬂtz L= —= —T = 1.41 s TREQ‘.HELL = D.D535 Nm

University of |
Colorado at Boulder



Plunge Mass and Torque Calculations

* Mass from pitch, yaw, and model

« Added mass estimated from need for motors and linkages
myy = .63 kg mp = 5.75 kg my = 11.4 kg Meye = My + Mp + My

Meye = 18.8 kg

Meye = 35.0 kg v= ?D? = {l.{l?? D=20ecm=02m
1 - b 0z _ m
D=02m= -at t=—=——=286s a = 0.0490 —
2 4 0,07 54
E"'.T — Megysd = 1.72 N Fé, = Megyel = 343 N
FREQ = .F':l,.r + .Fé, — 34‘5 N -'!'-REQ' = FEEQd = 34’5 N o= [][]254 m=28.76Nm

e CAMPARASS
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Yaw Torgue Estimate

« Assumptions:
» Motor assumed be driving yaw directly
Torque from friction ignored
Moment of Inertia of model, crescent, two yaw plates
60 degree rotation
64 degrees/sec rate - -

IT..—“I.'I.'F.TG'T = 1.828 .I[i.'-ﬂ ]"]"'l.2 i = E":]:':_: A8 = 60°
_ oo _ 1 .2 __ 4¢ _ e0* _ _ T
g = 8g 3 4N t = = E; = 0938 = TEEI?_}"AI"I-" = 435 Nm
" FEASIBLE
i
@ = 2.38 Treq = Tpasion + lyawa

cazone (2DMPARSS
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Roll Torque Estimate

« Assumptions:

Motor assumed be driving roll directly
Torque from friction ignored

Moment of Inertia of model in roll

90 degree rotation

64 degrees/sec rate

lnoie =0.0339kgm?  w=64- A6 =90°
A =27 _ L2 b= 28 _ % 1415
180 2 & 54_5
d
a =158 :iz Treg = Tpesien + lrorr®

THEQ‘.HE"L-L = DDSSE Nm
FEASIBLE

University of
Colorado at Boulder
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Plunge Torque Estimate

« Assumptions:

Motor assumed be driving plunge directly
Friction forces ignored

Force from mass of pitch, yaw, model, motors
10 cm of travel

64 mm/sec rate

Meys = 35.0 kg v= ?D? = u.m? D=20cm=02m
D=02m= at’ t=

E’I.T = Mgyl = 1.72 N .Fé,

P22 92865 a = 0.0490 =
o ﬂ'.ﬂ-‘ s

FREQ = .F':l,.r + 'F.;'u' = 34‘5 N TR.EQ‘ = FREQd = 34’5 N = [].[1254 m 876 Nm

e CAMPASS
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Geared Torque Estimates - High Speed

« Assume number of teeth of internal motor gear
« Assume 90% efficiency at 1,500 RPM

Gearing ratio: R FOf Wippue = 1500 RPM = 9,000 /s Woutpu:r = 64 /5™ 11 RPM
Mumberofteeth: N

_ 5,000
Angular Velocity: w R = —” A

Ilil-ﬂ — Not Feasible Gear Ratio = lilﬂ » 140

v
10x 14x

& J-5-

Gear Teeth Ratios = Internal motor: Gear 1: Gear 2=10: 100 [1,400 teeth— Not Feasib.ie]

P Jlll.- -
R = ¥ _ JutpLr BLK42 series motorT, ;00 = 6N -m

Woutput Ninput
Taff = Tmotor * R Tapr = (6 Nm)* (90%) * 140 1¥[?5IEI Nm — Over-qualified

University of c —/—ﬁﬁ/gg
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Geared Torque Estimates - Low Speed

* Assume Gear Ratio =20 (Feasibility shown in solidworks model)
* Assume 80% efficiency for less than 1,000 RPM

Gearing ratio: R FOr Wingue = 215 RPM ~ 1,280 /g Woutpue = 64 /5™ 11 RPM
i 1,280 /g .
Angular Velocity: w R =20 = = Feasible
8

Numberofteeth: N
BLK24 series motor T, .0 = 810z -in &~ 0.57 N -m

BLK42 series motorT,4..q = 800 0z-in = 6N -m

R = Winput _ Noutput Tfﬁ::-i — {0.5? N:rn] ” {gﬂ%} ¥ 2[1:3 91 MNm —}FEEEI’bIEI

Woutput Ninput

TBLESZ — (6 Nm) + (80%) « 2{11¥ 96 Nm — Feasible

e CAMPARASS
Colorado at Boulder )
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Simulink Model
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Plant Transfer Function

« Assumes some mass being directly driven by a motor
« Assumes equal and opposite torque, friction is negligibl@oraue

» Motor modeled as simple circuit W

Torque
VWA JIUL—— [
Jerrf =1 T = k.l Viw — IR — Li_ k8 =0 + R1 L1 —

B(s) Kkt 1 Vin i <> Back EMF
MOTOR

Vis N L2 B, ﬁ) i
) JEFF ;,(_:, St V = k0

. _/
MOTOR MOUNT

nene (COMPARSS
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Simulink Models (Motor Controller)

* Inner control loop of Simulink model

| —— P+ Position Woltage 4@—D e u P Voltage Position * g | I

CMD Position DAC PID Controller Plant (Motor) Scope

e CAMPARASS
Colorado at Boulder )
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Simulink Models (DC Brushless Motor)

« Simple model for DC Brushless Motor

Kt

Torque Constant

L
» — X
Inductan e » 2 ———P 1 P 1
— den(s)
U_EFF Product Divid Integrator Transfer F
Inertia
g

D y X ——(D
Voltag Product 1 Position

University of c —/—ﬁﬁ/gg
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Simulink Models (Encoder/DAC Subsystem)

« Simple model for Encoder/DAC

1) >
X
P osition —»
Product Voltage
1/100

Position Sensitivity

e CAMPARASS
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Gear Calculations
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Gear Ratio

Radius of Gear

minimum teeth = sin:iEE} 1200 _ %
minimumteeth = 12 : X 12
~1200(12)
T T a0

x = 60 mm

360°

12
® per tooth = 30°

" per tooth =

e CAMPARASS
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Gear Tooth Size

Size:
o dule — L tooth depth = 2.25(module)
ﬂ(#ﬂﬂ{ ;ggth} tooth depth = 2.25(0.005)
module = — toothdepth = 11.25 mm
m(12)

module = 0.005

11.25 mm is too large of a tooth depth.
6.25 mm is much more feasible with 30 mm gear.

e CAMPARASS
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Lift Force and Transmitted Load

[, = .51:,:![-;”%&15!:}_ F, = EGGG{T}
— Z t v
I .E{iéﬁiﬁi;;(gﬁﬂiﬁ} . _ 2000(9.1
— 137 t = 10002
F. = 15164 N

F. = Transmitted Load
T=Motor Torgue
d., = pitch

e CAMPARASS
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Gear Tooth Strength

5. K
Tallow — HEHL FK K 1.0 Hgﬁm
R = .
o (131 MPa)(2) 7= ey
atlew ™ (1.1)(1.5) 1.0 (1.3)(1)
_ o= (15164)(1)(1.1
1. o = 156 MPa
attow = K.Kg F. = transmitted tangentialload m = metric module
(131 MPa)(2) K, = Overload Factor K, =Size Factor
Tatlow = Ky = Velocity Factor K. = Mounting Factor
5 _ (QEE]EP? b = face width ) = Geometry Factor
5. = Bending 5trength  K;=Temperature Factor Where
K, = Life Factor Kz = Reliability Factor f — 0.367 IH{N} + 0.2016

Stress on Tooth Is under allowable

. N =#of teeth
soitis FEASIBLE

University of c —/—ﬁﬁ/gg
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Gear Backlash

Circumference of Crescent

C=2nr
C = 2m({0.603m)
C =3.789m

0.08 mm gear backlash 0.29mm gear backlash

0.00008 0.00029 )
- -5 = 7.654 % 1075

3789 ~iiix10 3.789 *

pitch A° = (360°)2.11 « 105 pitch A° = (360°)654 + 107>

pitch A® = 0.0076° pitch A = 0.026°

Uncertainty in pitch is below our 0.1° accuracy so FEASIBLE

nene (COMPARSS
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Motor Considerations
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Motor Torque Considerations - BLK42 series

* Pitch, Yaw, Plunge need larger motor than needed for roll
* NEMA 42 is class of large servo with 6.0 N-m rated torque (A)

* Plunge will likely require gearing
« Gear ratio of 5:1 plenty

 Roll with small servo/stepper motor
* Feasible in all degrees of freedom

NEMA 42 Brushless DC
Motor

cazone (2DMPARSS
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Motor Torque Considerations - BLK24 series

* Pitch, Yaw, Plunge need larger motor than needed for Roll
* NEMA 24 is class of servo with 0.57 N-m rated torque (B)

* With Gearing ratio of 20 (for Pitch)
* NEMA 24 servo can achieve 9.1 N-m effective torque

 Roll with small servo/stepper motor
* Feasible in all degrees of freedom

NEMA 24 Brushless DC
Motor

e (COMPRASS
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Encoder Possibilities

» Gurley: 7700 (absolute/incremental)
* Increments: 20000, resolution 0.018, variable shaft width

* RLS: RM22 (absolute/incremental)
* Increments: 8192, resolution 0.0439, variable shaft width

onse COMPRASS
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Safety and Failsafes
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Safety Concerns and Potential Solutions

. fS(_)Iftware shall check for invalid user input and wiring/feedback
aliure
« LabVIEW VI shall check range and rate values
« Maneuver shall not be performed if out of ranges or beyond maximum rate
« Program voltage limitations of motor controller in LabVIEW to bound

movement rate
* Failsafe hardware installed for software and power failure

« Passive and active stops installed if software check fails to validate range, or
If power is cut to COMPASS

« COMPASS system will be physically prevented from exceeding range limits

 Failsafe hardware
* |nstall 'power off' braking system on motor shafts (active)

 Fill in gear valley or have non-formation of gear teeth at location of range limit
on gears to halt'gear motion (passive)

casoue (= @MPARSS
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Software Rectification of Human Error
START

Inform user of User « Ask for positioning
invalid input Correction and rate input

¥

Yaw range within £30°

NO Pitch range within +30° YES T P
Roll range within +45° —p pleme i
Plunge range within movemen
+10mm

casoue (= @MPARSS
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Fallsafe Hardware: Power Off Braking

Friction pad — ..

« Permanent magnet brakes f
- Engages to hold a load when power , :
Is cut to COMPASS friction — § *[' /-
 When engaged, a magnetic field seree)
attracts an armature to the rotor shatft,
holding the torque of the motor
 When disengaged, an alternate
magnetic field pushes against the
armature, freeing the rotor shatft
 More economical in size than spring  Teraveam
brake, but require constant current -
control when disengaged. ) .
‘.._

g .. ———— Coil

Permanent magnets




Failsafe Hardware: Power Off Braking

¢ Sprlng bl'akeS Coil % ﬁ Armature
. housing : /
 Engages to hold a load when power is cut to 6\ /
COMPASS oL B
* When disengaged, coil housing generates magnetic | | Roer
field that attracts an armature (pressure plate), leaving

gap between plate and friction disk

 When engaged, magnetic field decays and springs
push against armature, engaging rotor shaft

* Does not require constant current control, but larger in

size to deliver similar torque as permanent magnet
brakes

University of c S
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Power Off Braking Feasibllity

« Holding torque required from power off brakes should be 50% larger than
required holding torque
« Largest required holding torque: Plunge, requiring 8.75 N-m holding
torque: 8.75*1.5 = 13.13 N-m
* Brakes should provide holding torque of at least 14 N-m
« ERS Warner provides spring brake of sufficient static torque rating
 ERS-49 supplies 20 N-m of holding torque
« KEB provides permanent magnetic brake of sufficient torque rating
« KEB COMBIPERM Size 06 supplies 18 N-m of static braking torque

University of c
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Requirements
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Functional Requirement 1

COMPASS shall be able to position the model.

DR 1.1: COMPASS shall have defined ranges for 4 degrees of

freedom.

DR 1.1.1: T
DR 1.1.2: T
DR1.1.3: T
DR 1.1.4:T

ne pitch range of the model shall be +- 30 deg min
ne yaw range of the model shall be +- 30 deg min
ne roll range of the model shall be +- 45 deg min

ne plunge range of the model shall be +- 10 cm min

DR 1.2: The position of COMPASS shall be given from sensor data
from both static and dynamic cases.

University of c
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Functional Requirement 2

COMPASS software shall interface with the user and the hardware
such that models can be positioned at the required range and rate.

DR 2.1: LabVIEW Iinterface shall facilitate the user's operation of the
COMPASS machinery.

DR 2.2: COMPASS shall incorporate position feedback in order to control
the system via the control law as well as to display the position to the user

and save to a file.

DR 2.3: COMPASS shall incorporate safety within the software to determine
If the commanded static or dynamic position is within the capabilities of the
COMPASS hardware.

DR 2.4: COMPASS shall couple motion for the different degrees of freedom
to result in smooth, realistic motion

casoue (= @MPARSS
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Functional Requirement 3

COMPASS shall be integrated with the wind tunnel test
section

DR 3.1: COMPASS shall prevent damage to itself and the wind
tunnel in the event of a power failure.

DR 3.2: The installation/assimilation of COMPASS shall not
Impede the basic functions of the wind tunnel.

cazone (2QMPARSS
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Wind Tunnel Specs and Drawings
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Wind Tunnel Specs

 Max Speed = 65 m/s
* Length of Wind Tunnel = 63.32 ft (19.3 m)

* Length of all 3 Test Sections= 11.69 ft (3.56 m)
 Single Test Section = 3.90 ft ( 1.19 m)

 Test Section Width = 2.53 ft (0.76 m)

cazone (2DMPARSS
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Test Section Schematics
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Test Section Schematics

. i;n_i‘i.'}' .
-

..........

DETAIL A
SCALE 1:
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Estimated Delivery Dates for Products

 Motors 6-16 weeks
 Sensors 3-4 weeks
* DAQs 5-10 days
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