Segway

By Tom Scherlis, Crosby Deliman, and Alex Zhanc

Term 1 Physics Report
SHADY SIDE ACADEMY




Contents
1[0 [0 [ox i 0] o LT PPTPPRRPPR PP 2
RALIONAIE: ...t e e e e e e e e e e e e e e e e e e e e e e es 2
(@] ][0 1)V PSPPSR 2
[ o O TP TSP P PR PUPRPP PP 2
(O o1 T T TSP 3
PAITS SEAICHL.... .o e e e et e e e e e e 3
L D PP URPPPPPPPRPRt 3
Yo =T = 1P TP PP PUPRPPPPPRPY 6
THE HAIOWAIE:. ...ttt e et e e et e e e et e e e n e e e e e nbae e e e anneee s 7
DL I = 1 o PP PP PP PPPPPPPPPPIN 7
LT 1= P PSP PRSP 7
1Y (o 18] 1] g o [ 1 F= 1 =2 TP PP P PP PPRPPRPP 8
HANAIEDAIS. ...kttt e ekt e e ekt e e et e e e e e e e e anne e e e e e 8
[T (0] 3ol PP PP PR PPRPPTTPPPPPPPPIS 9
POWET EIEAIONICS. ...ttt ettt e et e et e e e e e st e e e e e s bbb et e e e e e e s nbber e e e e e e nannnnneeeeeeaaan 9
(O] a1 fo] =1 =Tox 1 (0] o103 T PP PPP R PPPPPPRRPP 10
Jaguar MOtOr CONIOIEIS: ... ettt e e e e e e e e e r e e e e e e s annreees 11
L A 28 Y ettt ettt ettt eeean. 11
N o o111 T 3PP PESRP 11
(01 0 F= 11 1= o T[T PP PP PP PRPPP PP 12
MOTE PICTUIES OF EIECIIONMICS ... tiieiieiiiiiti ettt e e e s s e e e e e e e e e e s nnbbrneeeeeeans 12
RETIECHIONS ...ttt e bt e e ekt e e ekt e e e e e e e e et r e e e aanneas 14

Yol (Lo =T Lo =T g =T o £ 14



Introduction:
We decided to build a Segway this term, a-balfancing single person mobility vehicle. Consumer
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retail for upwards of 600$. Our goal was to create our own Segway, because why not, it will be fun!

Rationale:

First of all, building a Segway has a large i@hemotivation in that it will result in the builders having a
Segway. Segways are unquestionably fun, and it is always a positive to own one. However, they are
usually difficult to get access to outside of tours and other rental services, and ownirigroraurself is
very expensive.

Second, the process of building a Segway is an incredibly good learning experience. It allows us to learn
metal working, high power electrical design, control electrical design, computer modelling, and

algorithm design. Th8egway is difficult, but as a project it has been done often enough that there are
plenty of resources available for those looking to build their own.

Objectives:
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Plan:

Support adult rider without breaking

Maintain balance without falling

Steer by tilting the hadlebars

Be battery powered with reasonable battery life (>15 min)
Drive at a reasonable speed (>10mph)

Have an unobstructed foot area for rider to stand on

Fit through a doorway (be around 2ft wide max)

Be relatively small and compact

Be durable

Building a Segway requires an organized design to fabrication process in order to end up with something
that works well and is safe and welhgineered. Here is the comprehensive 12 step process we mapped
out ahead of time to build the Segway:
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Extensive oline research of similar projects

Look for parts that we can already use to make this feasible

Design in Solidworks

Waterjet aluminum sheets and base plate

Build and mount the drivetrain

Inflate and mount wheels/tires

Mount handlebars and bearings

Mount Jgguar motorcontrollers and motor controller mounting board
Wire power electronics for motor controllers, battery, fuse, charger, etc

. Wire control electronics and perform diagnostic checks/firmware upgrades on all motor

controllers<- we are here
Write and program all cdrol algorithms for balance, and steering.
Test it!



We are approximately at step 10 as of writing this report, but it is unclear how easy it will be to actually
be to complete the Segway from there.

Challenges

One of the major challenges this project was designing the CAD model. We needed to be precise and
accurate with our CAD model, which needed to perfectly fit all the equipment such as the batteries,
motors, and motor controls. There was no room for error. We also had problemisguitte wheels on

the tire. The wheels wouldn't fit on the tires.

Parts search

Before starting the projects, we looked to see what parts we already had available to build the Segway.
Unfortunately, we realized that gearboxes, motors, and motor contreftegether cost a large amount

of money, as in several hundred dollars each, so we had to find a way to get them for free.

We contacted Mr. Wizzard, who coaches robotics team, to see what he had. SSA used to compete in
FIRST Robotics Competition, so thieatics team had a large amount of unused motors, motor
controllers, and high power motor controllers laying around, which Mr. Wizzard kindly let us use for this
project.

CAD

The first step was to figure out the drive train, which everything else wasarailind. We knew which
wheels, motors, and gearboxes we were using, as well as that we needed a shaft coupler and bearing to
support the weight of the rider. Therefore we made a computer madglist those components first

Here are some screenshots:




Here are soméancyrenders:







Materials:

We used an abundamecof parts we akady owned, including #hdrivetrain parts and th@luminum

plates for theSegwayWe also left out parts such as theunting hardware, because we had most of it

already laying around except for the 3/8in ai*2in bolts.

Thing

Wheels

Motors

Motor controllers
Gearboxes

wires

Axle

Platform

Key

Tires

16x1.752.125
Schrader Valve Bicycle
Tube, Black

Shaft Coupler
IMU

Flame decals
Underglow RGB

lights
Bearing Blocks

Place

http://www.staton-
inc.com/store/index.ph
p?p=product&id=1839
http://www.andymark.c
om/CIM-Motor-p/am-
0255.htm
http://www.vexrobotics.
com/217-3367.html
unknown

Thickwires and speaker
wire

http://www.staton-
inc.com/store/index.ph
p?p=product&id=792
Under feet

http://www.staton-
inc.com/store/index.ph
p?p=product&id=791
https://www.amazon.co
m/gp/product/BO039R
G6YA/ref=oh_aui_detai
Ipage_000_s00?ie=UT
F8&psc=1
https://www.amazon.co
m/gp/product/BOOMJIY
OXTE/ref=oh_aui_deta
ilpage_o000_s00?ie=UT
F8&psc=1

McMaster

https://www.adafruit.co
m/product/2472
Did not buy yet

Did not buy yet

Mcmaster 5913K62

Qtty

2

10

lots

Lots

Qtty
owned

0

none

none

price

57

12

0.48

21.08

10.98

120
35

22

notes
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keyway
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From
wizzard
From
wizzard
From
wizzard

Sold by the
inch

1ftx2ft

to lock axle

Y»to 5/8 solid
shaft coupler

Very
important
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http://www.staton-inc.com/store/index.php?p=product&id=1839
http://www.staton-inc.com/store/index.php?p=product&id=1839
http://www.staton-inc.com/store/index.php?p=product&id=1839
http://www.andymark.com/CIM-Motor-p/am-0255.htm
http://www.andymark.com/CIM-Motor-p/am-0255.htm
http://www.andymark.com/CIM-Motor-p/am-0255.htm
http://www.vexrobotics.com/217-3367.html
http://www.vexrobotics.com/217-3367.html
http://www.staton-inc.com/store/index.php?p=product&id=792
http://www.staton-inc.com/store/index.php?p=product&id=792
http://www.staton-inc.com/store/index.php?p=product&id=792
http://www.staton-inc.com/store/index.php?p=product&id=791
http://www.staton-inc.com/store/index.php?p=product&id=791
http://www.staton-inc.com/store/index.php?p=product&id=791
https://www.adafruit.com/product/2472
https://www.adafruit.com/product/2472
http://www.mcmaster.com/

Battery Amazon 1 0 35 12v x 20Ah
SLA
Charger Direct from Powerlet 1 0 50 Came with
LLC plug for
BMW
motorbikes

The Hardware:

Drive Train

Two motors were attached to eagearboxfor extra power An axle was theattached to eaclgearbox.
The wheel®ach spun on two separatxlesso that they could spin at different speeds allowing the
Segwayto turn. In orderfor the wheels to be attached to thaxles we used a tapping kit with oil to
threadthe axel and bolt the wheel to thaxle The wheels are from a joggand have a 5/8n axle with
a key.We added newtires with separaténnertubing aroundthem.

Thesquare steel tubing had to be cut and drilled in order for it to be bolted down to the mdimies
were drilled on each end through the layers of gwiare tube wih the vertical drilling and tapping
machine. Theswere used as angle bracketsatiachthe motorsto the mounting base plate.

Large bearings were mounted to tBé8 in axle tohold the fore of the rider, and hopefullihe whole
system is frictionless enough fgood driving. However, due to some slack in the gearboxes the
drivetrains hae a lttle bit of hysteresisyhich could be an issue witelf-balancing ItQ pobably
10degreeson the wheels or so, maybe less.

Another possible issue is syncing the left and right halves. Proper shaft encoders are very expensive at
this sze, so we did not use them and as such we have an opgnclontrol algorithmOur plan is to run

them on a constant voltage supphyth a camera or something tmeasure the speed of gwheel, then

cyde through the power levels to create a lookup tableraftor power versus actual RPM for the left

and right side to preveat them from running at different speeds.

Wheels:
We used inflatable 16 inch tires ony8lay BMX whels.The hubs were already bored to Sf8with a
precut keyway, which made taiching them relatively straigforward. With Dr. Petersa® help, we



mountedthe tires, inserted then onto the shafts, drilled and tapped 6mholes then bolted them o
the ends to prevent them from sliding them off.

Mounting plates

All mounting plates were cut froszinch aluminum mte on thewaterjet cutter & Techshop. The
cuttingtook a few days, but it was definitely worth doing as all ofltbkes were lined uglready
because it is CNO.he challenges we fad waterjet cutting were numeroudyut ultimately it was worth
it. First of all, breaking #hwaterjet is venpad, and tley chage hundredsf dadllars if you brak the
nozzle.The base plate for example wabnost as big as thglate we were cutting from, sd was
difficult to create a toolpath that did@intersect the mounting clamp.

Anotherissue with cutting a plate as small*agch aluminum is that itis lightweight, and tbs the force
from the jet @n cause ito vibrateon the mountirg ribs resulting in a jagged edd&/e also had to do a
lot of finishing work to clean up the mounting tabs on the parts, which are necessprguwent them
from falling into the garnet pool of the cutter.

Here are some pictures:

Waterjet facts:

9 It uses moreenergy when running than eveother tool at lechshop corhined
9 The pump is 60,000 PSI

9 The water jet isupersonic and filled with abrasigarnet

1 It costs 3% per minute to run.

9 It can cut up to 8 inches of granite éinches of titanium

After waterjet cutting the base plates, we had to do extensive finishing work. That included brushing
them to clean them and grinding off sharp tabs, but we &isd to drill out all the holes to clean them
up and file the tabs so thayouldlocktogether. Gregat Techiop kindly let us use his biggavrench so
we couldtap the 3/8 in holes for the battery plate.

Handlebars

To achieve our goal of tilt steering, wieeded a sebf handlebars. Wenounted high force mounted
bearings on the base of tHmse plate, and attachedheapproximatey 4ft long steel square tube to it
with a half inch bolt and a lock nut. The result is a very strong commme&nd you capick up thewhole
Segwayby the handlebars.



The handlbars hemselves were jugieneric 10$ handlebarsdm amazon and mounted with&20
bolt and locknut. We need to reinfoedt though because with some force you can rotate them a bit on
the mounting bolt.

Hectronics:

Power electronics
The requirements of thpower electronics were as followed:

Powered by 2v sealed lead acid (8 battery

Provide up to 100A to each motor controller

Provide up to 300A for the entire system before tripping the fuse

Beprotected by a 300A fuse

Power distribution using high currentdOA bus bars

Havehardwarebattery disconnect for safety and power saving

Centralized pwer distribution (nodaisy chainingdo remove criticafailure pointsand to cut down on
power cablegaugesize
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We ended up using 12AWG speaker wire fa thotor controllers and 2AWG cabling for the battery,
with a 300A fuseni series with the battery before the bus bars. Here is a pictumuopower
distribution scheméefore the motor controllers were wired to the bbsrs.
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Control electronics

Unfortunately, wedidn®@have time to totally finish the control systems. \Wiliel however do extasive
planning forthem, and we plan to ordea PCB foit shottly as we realized that using protoard would
be a massive pain after trygrto wire it for a couple hoursSeriously protoboard is awful.

Here is a block diagram

12v 20Ah SLA
Battery

12C bus

12C bus
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As you can see, there @that much to actually do here, and @2 S | laidbi# thé&kflamework The
key elements controllng the Jaguar otor controllers, and we lected to use another Arduino to do
that because we already hadfew laying aroundand they have a lot of nice features. First of allp&ll
the hardware register etling code is already handled by thedAino library,so writing code is
incredibly smple. Seond, the Arduinodev boards already haveoscillatorsand FTDI chipattached, and
a 5v regulator. fie advantage othe FTDI chip being btih is that wecan communicate over BS
without a special adapter or and RS232 cableArduinoalso hasts own bootloader, so
reprogramminganddebuggingcan be done without fancy ISP or Atmel ICE debuggkawever, | think
using an independent MCU would still be more fun and we might end up doing that to finish this project
if we have timeWe needed some big decoupling capacitors because thagmliropsrom drawing
several hundred amps are pretty substantial.

JaguaMotor Controllers:

The Jaguars come in two typdsack and gray. The grdaguars rely on usirggControlled Area Ne/ork
(CANbus) to communicate, and the blak oneshave a built iIFJART to CAN converter on the input side.
Wehad3 gray and 1 black, so we daisy chained them like shown abdve advantage of CAN is that it
is vel high sped, and because it uses differentgfgnalingt is resistant to the huge amounts of digital
noise created by the massive motofi$ie UARProtocoldoes not have that, and relies on heavy cable
shieldingHowever, theArduinocannottalk to CANvithout a special CAN transceiver IC, which we
didn@want to use so we just used UART.

We created a special UART to RS232 cable to upgrade the sfdigmavare using Texas Instrume@t
progrcam BD@COMbefore trying to use themOn thecontrol board we used a pair of MOSFETS to
isolatethe Arduinoand Jaguarfom any sort of revese voltage or voltage spikes acrdlss UART line

IMUQa Y

We used 12C to communicate with the dual BNOO55®&thicheach provide high speaatientation

and gyroscopic data used seltbalanceand determine handlebar orientatiothuckily, the IMI@ havea
built in 1 bit address pin,osup to two can be used on the same 12C busatit using a clii select to
alternate between themWe modified Adafru®@ IMU control IMU to support a variable address,
because out of the boit defauls to only using the default 0x28 address, but with two Bbhe of

them willuse the 0x29 12C addresksickily the library had the capabilities to use a variable address built
in, butthe constructor defaulted to 0x28 which meant a slight modification was necessary.

Algorithms:

The softwarewill use a PID loop to balance the Segway when it is complete, but we®@aveng NA (0 G Sy § K
code yet unfortunately. We initially pfed on doing extensive torguand angulamomentum
calculations, but relized that becase we lave a high speed closed loopstem, that would® & 6 S
necessarylnstead, we decided to usmn arbitrary system and just spend time tuning #k control
constantsin this case, ther®portionalvalue waild probably be fairly high tenable a quick response
time to a tilt The Integral termvould probably be fairly low, to prevent th&egwayrom accelerating
too fad from learing forwards for a while. Theebvative value would need to be tuned to see what
feels comfortableThe P and | values would use the orientation data from the IMU that headyl been
run through a Kalmafilter to get absolute orientation fronacceleratiorand gyroscopic data. Tz
value would just use the raw gyroscope data.
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We would needseveralsafety shutofs to prevent any sort of driver harmalthough w&e not sure what
that would include quite yet.

Challenges:
We ran out of time before we could finish this systéhowever, hee is the prototype that we made but
did notprogram

1 R

Hopefully we can finish it soofit takes a longime to work with protobard, so maybe we will make a
PCB with some proper plugs for the UAIR@ ard 12C bus with RJ11 or 6p6c connectors.

More pictures of electronics:




Partially complete Segway
What it cando:

9 Look cool

1 Support a person

9 Boot up successfully

I Complete a Paul Blart cosplay
1 Look cool

What it car2do:

9 Actually drive
i Balance
1 Workat all
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