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RCGs

Achieved

Attempted

Requirements

Draw with laser light

Implement with DC
motors

Consiraints

Control Frequency of
3000 Hz due to speed
of code execution
time

Max Motor Current
( < 2A per motor )

Max Encoder
Resolution
( 400 pulses )

Goals

NNHIInE
(<0.0175s)

Overshoot
(<10%)

Simulink Model of
Motor Within 5 % Error

Support shapes with
>5 vertices

Multi-shape
animations

Live orientation
lifelel {gle]




LASER LIGHT SHOW

break;
case s_home_g1:
// Set_laser on/off
digitalWrite(LASER_CONTROL, HIGH);
// This state should move motor 1 until it i
control_motor(MOTOR1_EN, -255);
. § . Max // Put yaw motor to position @
Electrical Dynamics V8% apply_control(true);
// Poll for when laser hits the sensor
if (analogRead(HOMING1) > 580) {
g state = s_listen;
stop_all();

// Rest position
vg_ql_pos = -PITCH_HOME_OFFSET;

System
Integration

Design and build a 2 degree of freedom spherical wrist that

includes 2 mechanically commutated, permanent magnet
DC motors that can draw a shape on a flat surface




MOTOR DESIGN DECISIONS
N NN AN
=

Stranded wire
*  Wears out
quickly

*  Flimsy

Carbon Brush

 Durable

* Large surface area
tfo conduct current

Circular Magnets

Weak magnetic
field

Large quantities;
light weight

v/

60mm x 1T0mm X 5mm
Rectangular Magnets

Length to cover rotor core

Strong magnetic field
Small quantities; heavy
weight

o

Copper Tube

. Durable

*  Fixedradius
. Difficult to

implement brushes

Copper Tape
*  Wears out quickly
« Difficult to

implement brushes

FR4 (Copper Disk) ./

Durable
Adjustable radius for
the disk

+ Small magnetic
flux through the
rotor

* Large magnetic v/
flux through the
rotor




YAW MOTOR

Closed casing

6.35 mm
diameter
steel shaft

- NP

Spring mechanism
for the carbon brush

6 rectangular magnets

Strong connection (60mm x 10mm x S5mm)

between front & back
casing using nuts/bolts

38 mm diameter

7 poles for
reduced
3mm steel Sleleleligle’
lamination W!Th ease of
winding
40 windings

(26 AWG copper
wire to allow
higher current)

.

Maximizes torque by
winding over 3 poles
at a fime



PITCH MOTOR

Scaled down version of yaw motor

Closed casing 4 rectangular magnets

(30mm x 10mm x 5mm)

20 mm diameter

5 poles for
reduced

3mm diameter steel shaft

cogging
Steel rofor (limited by size)
core (helical
for reduced
elelele]igle))
Maximizes torque by
winding over 3 poles
at a time
Spring mechanism ® 110 windings
for the carbon brush Length: 33 mm —— @ (36 AWG copper wire

Strong connection
between front & back
casing using nuts/bolts

to maximize windings)



MOTOR PARAMETERS

Kinetic Friction

torque

Kinetic friction from
load conditions

B =Kt X

speed at no

Ino load

Wno load

Rotor Inertia

Calculated from mechanical time
constant (time to reach 63% of

final speed)

Torgue Constant

Torque determined from
conservation of power

Back EMF

VXI=wxXK,

Back EMF calculated using KVL

Vi

Resistance and Inductance

easured

Measured using multimeter and oscilloscope

MOTORS

—IXR=K,Xw

Resistance
Inductance

Max Power Out
Torque Constant
Back EMF Constant
Inertia

Kinetic Friction

Resistance
Inductance

Max Power Out
Torque Constant
Back EMF Constant
Inertia

Kinetic Friction

418 Q

1.51 mH

6.49 W

0.00125 Nm/A

800 rad/Vs
0.00593 kg m?

6.5 x 106 Nm s/rad

26.7 Q

4.37 mH

1.21 W

0.02269 Nm/A
44,077 rad/Vs

411 x 1072 kg m?
3.3 x 107> Nm s/rad



PWM Value Maps PWM

SN to Average Static Frlc’n‘on Output
Voltage and Cogging Position
KTs 0-255
21 Plg Vftxlu‘es
) ontrol Torque (Nm)| Static Friction
C::;;lejrl‘;;zd Count Pulses | Gain Duty Cycle " a : and Cogging
< N P(u) N g Y(s) k Y(s) (rad/s) 1
I (rad) Pl > : d v "l omp= " Average '\2’; Uls) " Current (A) U(s) T s g D
Desired Angle P Gain Limit PWM  Round to nearest integer Map PWM to Voltage Limit Voltage Voltage Supplied Electrical Dynamics Max Current Torque Constant Mechanical Dynamics Integrator | Angle of Motor
Derivative J
: K-
\ Gain on I
' Velocity ‘ Back EMF ,
Quantizes

Open loop
response
verifies motor
parameters

Model PID
confrol as

Angle to
Encoder
Resolution

Motor
Transfer
Function

implemented

) Quantize to 2pi/400
in software

Motor 0 Open Loop Test Motor 1 Open Loop Test

300
Z 250
® 200
3 150
5 100

50

SIMULINK
MODEL

eammActyal Motor essNMATLAB Simulation e Actyal Motor essMATLAB Simulation

Speed (pulses / s
(@]
(@)




CIRCUITS
\V el

Motor output

on same side swifches, external

of PCB for light fixtures,

neater wiring : bypass

capacitor, etc

LSS R :

Limited 5V i

pins ARRRNRRAD : Alternate power

P " source
Inefficientuse IESSEEEEEEEEES Ll @3 HI SO SRR Optimized
of space microcontroller

vwewewwwweew

pins Mapping

............

..............

Better mechanical

Single current driver /

supports max 2A per Inefficient 2 current Fjrivers to support
motor placement support higher
of mounting current per motor

holes




Pins from Encoder

PCB

4 pins from each encoder PCB for Motor
signals, 5V, and ground gg:es Drivers
for motor
NOT gates f,i,ecﬁon) o
« Direcl outputted from microcontroller e I ouTL wilh Heatsink ormy
, , , , e N e T
« Direc2is always inverse of Direcl Bl ol 5 4 o s 1 s eE N &N B
=t Pinsfrom T e iss
12V Input v w7 Encoder %2 oo
5 NI N-Not e EEERITES <
12V supply for motors o oo
NotB urrentiinver
Oulputy Oulpni G
Microcontroller Dock ‘ ! L PP o I8N A wibtiesak SENB TS =
3 3 X GND : OUT2 OUT: pi———
. . 4 4 ) \'m'— VCC T — Vs [__\H < —_— :‘.;
Maps microcontroller pins to PCB 5 5 D-Ner {%;, e Nl T
H 6 8 Direc B EN_A N .
signals : : AN N R
H C-Herlxd C-Herlx® % G-Cap
Extra header pins for access to each o e 5V Pins SR e
microcontroller pin , D elyps A4
Nanotutl Nanolu Nanoln. NanoChar? 1 12V |npu‘|‘ ) . GND
° . D13 D13 D12 - D12 it <|— 2
Diode Bridge i — D0 J{%ﬁ}{} D1 ek Pins ; \T \
. . . Al omed 4] e e — | ' '
+ Diode H-Bridge to support PWM signals A2 A2 D7 i D7 ST s o OO ks s
v Toms | A2 D Enable? De S | INHAS NS INHAS | N8
to motor As TN D4 D4 — v ! | — SR — b
A6 A6 D:‘ D} 111- 510 cru-Hlock
R oy T & o (3] i I D3 D D Ds
Motor Driver RST — RST RST RST I | i | IR | s | IRAE
g o =
Current drivers su pplymg motors ‘ Header 13 Header L Header 15 Header 15 , X XD CND ,
Extra 5V Pins ! ;I2V Input |
ug

Supplied by the microconftroller to be
used for off-board components

Microcontroller Dock Diode Bridge




MICROCONTROLLER

o Arduino Uno and Arduino Nano are chosen
for their ease of use and safety features

o Considered using FPGA for hardware
accelerated tasks but compilation is too
slow and debugging is difficult =

Laser control

o Considered using 8051 microcontroller but
setup is too cumbersome and does not
support C++ software x

(¢
(

» Sensor input

Motor direction

control PWM motor

control

C
L
L
C
[
L
I
[
E

Homing detect

Pin Configuration




QUADRATURE DECODING

State Machine Software Implementation

« Extremely fast ISR (4us execution time)
« NoO quadrature decoder hardware needed
« Faster than using quadrature decoder

Slot Detector A Slot Detector B
Interrupt Interrupt
Read Encoder B
‘ /' Increment :

. EndSR | EndIsR




CONTROLLER LOGIC

i, Sensor Input
4 )
Proportional Integral Derivative
Timer ISR
1000 Hz
NG J

A

PID gains are obtained

through a hybrid of model

prediction and gradient

descent via trial and error

f'| Output Logic ) Execution time to control

both motors is only 180us!

—




INTEGRATION PROGRESSION

)

INITIAL SKETCHES LEGO PROOF MILESTONE Il RESULT
OF CONCEPT

INTEGRATION



Controller PCB

Pitch motor assembly
Ventilation

.'w,ﬂ.rwb.@w — .
) T2 s )
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Yaw motor assembly
Cooling fans
Laser cut wooden box

MECHANICAL

FEATURES

INTEGRATION



Slot detector PCB
Encoder wheel

Sensor mount

Stator shell

v, < Omega ring (mount)

Stator shell
Magnets
Sensor mount

Rotor core

Roller bearing

Magnets

Steel shaft ——

Carbon brush mount

Stator cap

Pulley gear (127) v

Brass standoffs

Laser cut acrylic plates

INTEGRATION

Vi Arm
FErs Plastic bushing
Laser holder
Locking bracket
=— Pulley gear (24T)

Timing belt (1:2 ratio)
with easy to adjust belt
tensioner



EXTERNAL CONTROL

¥ | 4 HOMING 1

<4 HOMING 2

e Limiter switch at
platform edge

« Triggers calibration
event

 Prevents further

movement of motor

 Photoresistor sensor

+ Resistance chosen o

" iadgay h o fit laser light
Photoresistor « Triggers calibration

Output ° 2 even'l'
100

LASER SAFETY SWITCH
RESET SWITCH »

« Overrides laser control
from controller

« Turns off laser to
prevent eye damage

» Resets conftroller
« Easily accessible
« Safety switch

INTEGRATION



SYSTEM FLOWCHART

Mobile
Controller

Master control devices
connected to server via
socket

Mobile Sensors
Gyroscopic data

INTEGRATION

[
>

Mobile
Controller

Node Server

Server that is handling mobile
control and Serial interface
runs locally on the host PC

Host PC

Host connected to the
socket server that also
communicates with
microcontroller via

Microcontroller

Takes care of all the real time control
including PID output and position sensing

Serial
Server
A
Start
Server Webapp >
response
User commands Parsed Serialized
command data/command
Desired x,y
Shape Vertex (read)
S ————
Memory
Memory
Holds all the desired locations of B
each vertex of the shape to be < -
drawn Modified
desired x, y
(write)

Reset

A Y
[

~
I
Home 1
Motor O
I
I
I
I
Home 1
Motor 1
I
!
-
Reset
command

Electro-Mechanical

Abstracted feedback device

Pu e mm Em mm Em o mm Em Em Em Em Em Em Em EE Em Em Em Em Em Em Em Em R Em Em Em mm o Em

A

Yaw
Quadrature Encoder

‘Yaw motor

Listen

Dual Current Drivers

f 3

Pitch motor

Y

Pitch
Quadrature Encoder

Mechanical
Motion



REMOTE CONTROLLER

« Internet enabled device connects Host computer generates realistic

Shape data received and stored

to the conftroller server via web laser preview in memory
browser + Time vector for each vertex « Draws shape stored in memory at
« Draw shape by tilting the device automatically generated full speed

+ Shape datais serialized and
transmitted

INTEGRATION



SHAPE VERTEX MAPPING

I. Map desired laser
path to list of
coordinates in
memory (passed by
host computer)

EXPORT

o Position: x and y are
exported in two arrays
of floats

2. Inverse kinematics
are applied to
obtain angles

o Time Vector: relative
time between
commands are
exported in an array
of integers

3. Angles are
converted to
encoder positions

o The exported data is
sent through serial
and parsed in
microconftroller

4. Time vectoris
generated based
on length of each
line segment

0, =7 pulses

INTEGRATION
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