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Dublin City University
— 12,000 registered students

* Faculty of Engineering & Computing

* Research
— Computer Vision, 3D Graphics

» Teaching

— Electronics, 3D Graphics,
— OOP & Embedded

» User of the Beaglebone!
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Teaching Innovations
EE223 - Digital & Analogue

Electronics (5 ECTS)

140 students p.a.

* Flipped labs
— Borrow kit of components fora s ester . o
— Replace components free of " ‘
— Built in to summative assignments

* Encourage learning-by-discovery

« Supported by a YouTube channel

« Also deployed to fully on-line modality (DCU Connected)
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Teaching Innovations
EE402 — OOP with Embedded

Systems (7.5 ECTS)

Qi F/o<F )
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90-100 Students p.a.
Object-oriented Programmil
C++, Qt, Java, embedded Li

Assignments, computer-based exam
— Beaglebone-based — wrap low-level hardware
— TCP Client/Server assignment (loT-like)
— Supported by videos (screencast & YouTube)
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« AM335x 1GHz ARM A8 (2,000 MIPS)

512 MB DDR3 RAM

« 4 GB eMMC (rev.C) (plus SD card)

 HDMI Video output (3D graphics engine)
 10/100 Ethernet (wi-Fi, Bluetooth via USB)

* Huge range of interfaces (GPIOs, buses, USB)

* Low power (1W to 2.3W)
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P8 and P9 Headers Buses

GPIOs (x65) I°C (x2) MMC (x2)
PWM (x8) UART (x4) LCD
Analogue Inputs (x7) CAN Bus (x2) McASP (x2)
Timers (x4) SPI (x2)

Supplies (5V, 3.3V, 1.8V) GPMC
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Hardware Comparison
BeagleBone Black versus Raspberry Pl B+, Intel Galileo

BeagleBone Black Raspberry Pl B+ Intel Galileo

E ARMA8 1GHz /

512MB RAM

$45-55

HDMI Video (not full HD)

Ethernet 100

Key Features:

- eMMC 2GB/4GB

* Micro SD

* 2 x Programmable real-
time units

« 7xADCinputs

* 86 x GPIOs, many buses/
» 3D Graphics Accelerator

EDERC 2014

ARM A11 700 MHz

512MB RAM

$40

HDMI Video Full HD
Ethernet 100

Key Features:

« 4xUSBslots

+ H264 h/w decoder /

* Micro SD

* Audio jack output

* 40 GPIOs

e Camera and DSI display
connector

» 3D Graphics Accelerator

32-bit 400 MHz Quark
256MB RAM

$80

No video

Ethernet 100

Key Features:

Arduino Compatible \/

6 x ADC inputs

Mini-PCI Express Slot
RS-232 Serial Port

14 x GPIOs

8MB NOR Flash

12-bit PWM available

The BeagleBone and its Application in Engineering Education, Derek Molloy, DCU, Ireland DC U
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* No such thing!

— mainline “Linux on an embedded system”

« Embedded Linux:

— Linux is efficient and scalable

— Huge number of open-source programs and tools
— Excellent support for peripherals and devices

— Downside for real-time — non-preemptive by default

* Are non-Linux solutions:

— TI StarterWare for ARM-based Sitara Processors
— QNX Neutrino RTOS on OMAP and Sitara

EDERC 2014
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BeagleBone Black (BBB)

Linux on the BBB

Power is applied or the CPU invokes the reset vector to start
the program counter at a defined location in the boot ROM.

L| NUX D | St” b u t| ons fo r B B B : | Texas Instruments Boot ROM (inside AM335x)

Internal/First Stage Bootloader
(enough knowledge to access the SD card/eMMC/UART to find the MLO)
Fixed at manufacture by Texas Instruments.
Performs minimal peripheral configuration, finds boot image, loads x-loader.

— Debian — specifically packaged.
— Angstrém
— Ubuntu, Arch etc.

 Boot from eMMC

The X-Loader (MLO on the FAT partition)
Second Stage Bootloader
Provided by Texas Instruments.
Sets up the pin muxing, initializes clocks & memory, and loads U-Boot.

IigBone, by Derek Molloy

5 f i o O
° Boot fro m S D — usin g bo Ot U-Boot (u bo]:'i:d 'sﬁ:?sm I:I:; ::AT partition) (_g
. Specifies the root file system. Uses uEnv . txt configuration. Performs %
Ima g e additional initialization. Loads and passes control to the Linux kernel. ?O:L
X
LL
Linux Kernel (Ext4 partition on SD card/eMMC)
p F I a S h e M M C Decompresses the kernel in':) memory, sets up peripherals USB, I°C, g
. HDMI etc. Mounts the file system that contains all of the Linux applications. |
— Use flasher image from SD card &
Calls the first user-space process - init. £
. See WWW. beag I e boa rd .0 I’g Moves from kernel context to user context.
v
EDERC 2014
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Connecting to the BeagleBone (Windows):
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Connecting to the BBB

Physical Connections

.....
PPPPP
L 1

Sy, regular networ

eoll=

fallback

EDERC 2014 “\.
The BeagleBone and its Application in Engineering Education, Derek Molloy, DCU, Ireland DC U



EDERC 2014

BeagleBone Black
A First Circuit Example

| < > e
MK>__
LN
[a)] ml
5V Power Z o
[¥a]
— LR ~ ©

N
BS270 (". - .

S D

GND 220Q =i +5V

Use FET/BJT to limit GPIO to 3.3V below 4mA.
GPIO1_17 is GPIO(1x32)+17 = GPIO49

Image from Exploring BeagleBone, by Derek Molloy
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Cloud9 IDE, nodejs and BoneScript Example:

>, {; BeagleBoard.org- bonell x § %

(8

€ - C |[§192.168.7.2/Support/bonel01/

board.org

BeagleBone 101

r'd

V Your board is connected!
BeagleBone Black rev 000C S/N 1814BBBK0323 running BoneScript 0.2.4 at 192.168.7.2

BeagleBone 101
Software
o Update image

¢ Cloud9 IDE
e BeagleBone: open-hardware expandable computer

> Headers

o Capes Artist-tested, engineer approved
BoneScript The left-hand navigation bar will help you explore your board and learn how to program it.
Functions

o getPlatform()

o pinMode()

> getPinMode()

> digitalWrite()

o digitalRead()

o  shiftOut()

analogWrite()

» analogRead()

o attachinterrupt()

o detatchinterrupt()
‘ readTextFile()

> writeTextFile()
JavaScript
{ o console()

cotTimaniitil
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Software Development Tools

Cross-Platform Toolchain

» Difficult building large-scale projects on BBB

» Cross-development brings:
— Typically faster build times
— Single development point — multiple BBB boards
— Rich Ul development environments
* Need a Toolchain
— Tools (e.g., gcc, gdb) and libraries (e.g., glibc)

EDERC 2014 |
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ross-compile test running on desktop (64-bit x86) Linux:

molloyd@debian:~$ sudo apt-get install g++-4.7-arm-linux-gnueabihf

molloyd@debian:~$ nano testToolchain.cpp
molloyd@debian:~$ more testToolchain.cpp

#include<iostream>
using namespace std;

int main () {
cout << "Testing Toolchain" << endl;
return 0;

}
molloyd@debian:~$ arm-linux-gnueabihf-g++ testToolchain.cpp -o testARM

 Transfer to BeagleBone (sftp, scp, rsync...) and execute on ARMHF
« Caninstall a chroot and QEMU to simulate ARM on the desktop Linux image
« Better to link to Integrated Development Environment (IDE) - e.g., Eclipse, Qt Creator

> EDERC 2014
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Software Development Tools

Eclipse CDT

Supports:

Cross Platform
Toolchains

Multiple Languages

Remote System
Explorer (RSE)

Remote Debug
Git/GitHub Integration

Doxygen Integration

EDERC 2014
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Debug - BBBCrossCompTest/src/makeLED.cpp - Eclipse
File Edit Source Refactor Namgate Search Project Run Window Help

Jevsiess | ;} B & Boc [§

%5 Debug & B - o 9= Variables 33]"- Breakpoints i R s B4 Modul (=]
< [€]BBBCrossCompTest BBB Debug [C/C++ Remote Application] 5 B
~ i BBBCrossCompTest [30822] [cores: 0] Name Type
= o Thread [1] 30822 [core: 0] (Suspended : Breakpoint)
= main() at makeLED.cpp:27 0x8d68 b » argv i char **
v gab b #cmd std::string
Lita Eakoihks sl
Name : argc
Details:2
Default:2
a
lc) BBBCrossCompTest.cpp [€ makeLED.cpp 8 - 5F Outline =¥ Disassembly 2 i =
#define LEDO_PATH "/sys/class/leds/beaglebone:green:usr3"
L/ Sece/beag & Enter location here | ™ | | &1 ) 3
~void removeTrigger(){ -
//dre;\ove theftrlgger from the LED
std: :fstream fs; =
fs.opel;l( LEDO_PATH “/trigger", std::fstream::out); ¥ ggxggcs - fgi.‘:zrs'[r;?'#’o?
fs << nonezs 00008d6e cmp r3, #2
fs.close(); 00008d70 beq.n 0x8dde <main(int, char
28 cout << "Usage 1s makeLED
| *mtl;";r':;g;:z arac. char* argv(1){ oot et el
| cout << "Usage 1s makeLED and one of: " << endl; gg%g;: m:: :i' :g”oa s 10X9220
?% cuut.<< » on, off, flafh or status" << endl; 00008d82: blx GxE;‘fc <_zZstlsIStllchar_
cout << " e.q. makeLED flash® << en 1; A0008d8S:  mov 3. ro
—77 a I D)
B Console ¥ Tasks [/ Problems @ Executables 8 0 Memory T m = B8
Executable Name ~  Project Location Source File Name A Location
BBBCrossCompTest : BBBCrossCompTest ; /home/molloyd/workspace
B

DCU




Software Development Tools

Qt Creator

D rarsson s e e T chwe

file Edit Build Debug Analyze Jools Window Help

Supports:
* Cross Platform ol 5 e =~ = D5 |om o 1o
Toolchains

0 Fiter - . Object Class
- Layouts B Menu  Type Here S QM
=3 Vertical Layout Min Celsus - 4 B centralWidget QWidget

i1

Cler clearAlertButton (=) QPushButton
3 Form Layout Alert Hert
-

Spncer . 2 o Right-Click

B#ll Herizontal Spacer

isCelsiusLabel " QLabel
isFahrenheitRadio @ QRadioB
maxEdit &0 QlineEdit

i maxLabel D Qlabel
! Vertical Spacer minEdit &) QLineEdit
« Qt GUI Tools ' B = oty Sam
(2] Push Button = e 2] QPushB
usl o Select signal temperatureLCD @ QLCDNumber
Tool Button B Q B
) dlicked() QAbstractButton J - B i
« Remote System ® tasobn e P
. Check Box pressed() QAbstractButton J actionExit QActio L
S rt e Command Link Button released() QAbstractButt, Filter
toggled(bool AbstractButt:
u p po . Button Box :sgg (J:o) 2nhi:: il - i | MainWindow : QMainWindow
a Item Views (Model-Based) Property Value =
ListView [ ] H
* Remote Deploy & 4 e - : | —
Q dg
5 Teble View enabled
D e b u S u 0 rt 1 column View . - - = T
g p p 4 Item Widgets (tem-Based) X 0
Debug List Widget Name Used Text Shortcut Checkable ToolTi Y 0
Q:B Tree Widget actionbxit Exit Exit Width 405
* Sockets, Thread -~
ockets, Threads, 8 .
" = Containers Horizontal Policy  Preferred
Networking etc T oo [ e
g P - ~| Acton Edtor & Slots Editor Horizontal Stretch 0 -
Il £- Type to locate (Ctrl+K) Issues Search Results Application Output Compile Output QML/1S Console |

EDERC 2014

= The BeagleBone and its Application in Engineering Education, Derek Molloy, DCU, Ireland DC U



Derek Molloy DCU QT Application

Pitch Level Accelerometer Data

Roll

Roll Level

-
S

LED On at Rotation Level

LED ON
LED AUTC ) 62

LED OFF
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e

GPI0O Digital Output/Input

Analog Input

PWM Output

Bus interfaces (e.g., I°C, SPI, UART)
USB Devices

The AM3358/9 has BGA with 324 pins
— Only 2 x 46 pin headers on the BBB!
— Need pin mux

EDERC 2014
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Default P8 and P9 Pin assignments

e
—_—

Name P9
GND P9_01
DC_3.3V P9_03

- VDD_5V P9_05

| SYS_5V| P9 07
- PWR_BUT P9_09
' UART4_RXD P9_11
- UART4_TXD P9_13
.~ GPIO1_16 P9_15
~ l2C1_SCL P9_17
.~ l2C2_SCL| P9_19
- UART2_TXD P9_21
~ GPIO1_17 P9_23
| GPIO3 21| P9_25

GP103 19 P9 27

SPI1 DO P9_29
SPI1 SCLKI P9_31

AINO

EDERC 2014
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\Na Name
P9 02 GND GND P8_01
P9 04 DC_3.3V GPIO1_6 P8 03
P9 _06 VDD_5V GPIO1_2 P8 05
P9_08 SYS_5V TIMER4 P8_07
P9_10 SYS_RESETn TIMERS P8_09
P9 12 GPIO1_28 GPIO1_13 P8_11
P9_14 EHRPWMI1A EHRPWM2B P8_13
P9_16 EHRPWM1B GPIO1_15 P8 _15
P9_18 [2C1_SDA GPIO0_27 P8_17
P9_20 12C2_SDA EHRPWM2A P8 19
P9 22 UART2_RXD GPIO1_30 P8_21
P9 24 UART1_TXD GPIO1_4 P8 23
P9 26 UART1_RXD GPIO1_0 P8_25
P9 28 SPI1_CSO GPIO2_22 P8_27
P9 30 SPI1_D1 GPIO2_23 P8_29
VADC UART5_CTSN P8_31
AGND UART4_RTSN P8_33
AINS UART4_ CTSNI B8 35
AIN3 UART5_TXD P8 37
AIN1 GPIO2_12 P8_39
GPIO0_7 GPIO2_10 P8_41
[GND—— GPIO2_8 P8 43
GND GPIO2_6 P8_457|

=

Xy,
Xy,
Ny

me
GND

GPIO1_7

GPIO1_3

TIMER7

TIMERG

GPIO1_12

GPIO0_26

GPIO1_14

GPI102_1
GPIO1_31

GPIO1_5
GPIO1_1

GPIO1_29

GPIO2_24

, UART§ERJSN

GPIO2_25

UART5_RTSN

UART3_CTSN

UART5_RXD

GPIO2_13

GPI02_11

Image from Exploring BeagleBone, by Derek Molloy

GPIO2_9
GPIO2_7
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P8 Header Pin Allocations:

Mod;

Image from Exploring BeagleBone, by Derek Molloy

SPINS GPIO Name Maodes
Fa_1 Offset from: DGHD Ground
F8_02 44210800 DGND Ground
P8_03 ] 181018 38 GPIO1_6 geioi[s] mmeci_dat geme_ade RS Allocated emmc2
P8_04 T (eBiciic k1) GRIO1_7 goiai[7] mmci_dat? gomc_ad7? TS Allocated emme2
P8_05 2 OnB08/008 34 GPIO1_2 goiol[2] mmc1_dat2 gomc_ad2 RE Allocated emmc2
PB_06 3 OxBOCA0C s GPIO1_3 goio1[3] meci_dat3 gome_ad3 T8 Allocated emmec2
P8_07 8 OxBO0NIG0 88 TIMERS goiazR2] timerd gpenc_advn_ale R7
P8_08 a7 OWED41034 57 TIMERT goiaz[3] timerT gpme_oen_ren 7
P8_09 9 OxE9e09¢ 59 TIMERS goi2[5] timers gpenc_beon_cle T
P_10 38 OxB98098 58 TIMERS gon2[4] timers apme_wen us
P8_11 13 OmE3AN034 45 GPIO1_13 gpo1[13]  pri_pr0_pey_r30_15 QEP28_in mme2_dat1 mme1_dats led_data18 gpene_sd13 R12
Pa_12 2 OxEIN30 a4 GPIO1_12  gpol[1Z]  prl_prud_pru_r30_14 EQEF2A_IN MMC2_DATO MMC1_DAT4 LCD_DATA1S  GPMC_AD12 Tz
Pa_13 9 OnB24/024 23 EHRPWMZB gpic0(23] ehmpwmZB mme2_dats mmec1_dati led_data22 gome_ad9 T10
Fa_14 10 OnB28028 26 GPICO_26 gpicd{25] . ehrpwm2_trpzone_in mmc2_dats mmc1_dak2 lcd_data21 gemec_ad10 ™
P85 15 OB3c03c 47 GPIO1_15 griol[15]  prl_pru0_pru_r31_15 eQEP2_strobe mmc2_dat3 mmc1_dak7 led_data16 gpme_ad15 U1z
P8_16 14 OnE38/038 46 GPIO1_14 gpioi[14] pri_pru0_pry_r31_14 @QEP2_index mme2_dat2 mme1_dats led_datai? gpme_ad14 Vi3
P8_17 11 Owd2ci02e 27 GPIO0_27 gpicd{2T] 0_synco mmc2_dat? mmc1_dat3 led_data20 gpme_ad11 Uiz
PB_18 35 Ox38c/08c 65 GPIO2_1 goia2(1] measpd_fsr mmec2_clk gpme_wait1 led_memory_cik  gpmc_clk_miund) V12
P8_19 8 200020 22 EHRPWM2A  gpio0|22] mmc2_datd mmc1_datd Icd_data23 gome_ads u10
P8_20 33 OnBB4/084 53 GPIO1_31 gpic1[31]  pei_prui_peu_r31_13  pri_prul_peu_r30_13 mme1_emd gome_beln goms_csn2 vy Alceated emme?
P8_21 32 62 GPIO1_30 pri_prul_pru_r31_12  pri_prul_pem_r30_12 mmeci_dk gome_clk gome_csni uw emmc2
oz [ OO I GROLS Ml gas  gomeals VB Alceswdemme?
P8_23 4 OxB10/M010 36 GPIO1_4 menci_datd gome_add us Alccated smme2 |
Pa_24 1 OxBOAN04 33 GPIO1_1 menct_date gome_ad1 w7 Allecated emme2
P825 0 OxBOM000 32 GPIO1_0 mmecl_datd gome_adD u7 Allocated emmc2
PB'ES B MB7cTc LA GF‘IO‘I__!Q w_ﬁsﬂ V§ 1
P8_27 OnBe0iled 88 GPIO2_22 pri_prul_pru r31 8 pri_prul_pru r30 8 gpmc_a8 led_vsync us Allocated HDMI
P8_28 OnBedidet a8 GPIOZ_24 pri_prul_pru_r31_10  pri_prul_pm_r30_10 gpme_al0 lod_paik V5 Allocated HDMI
P8 29 OnBediled a7 GPIOZ_23 pri_prul_prur31 8 pri_pui_pru_r30_9 gpme_ad led_hsyne RS HDMI
P8_30 OxcBeciOec 89 GPIOZ_25 gome_ali lod_ac_bias_en RE Allocated HDMI
P8_31 OnBd80d8 10 UARTS_CTSN  gpic0{10] uart5_ctsn vartS_rad 0_axr eQEP1_index gpme_ald lcd_datats W4 Allecated HOMI
Pg_32 OxBdc/Ode 11 UARTS_RTSN  gpicd{11] uarts_rtsn mcaspd_awrd mecasp0_ahaioc eQEP1_svobe gpmec_ald Icd_datats T5 Allccated HOM|
P8 _33 OnBddfdd4 9 UART4_RTSN goio0fE] wartd_rtsn measpd_anrd measpl_fsr eQEP1E_in gpme_al? led_datal3 V3 Allccated HDMI
F8_34 OxBeciOce a1 UART3_RTSN  gpio2[17] uart3_rtsn measpd_awr2 mcaspl_ahdkr ehpwmiB gpme_ais led_datatl us Allecated HOMI
F8_35 8 UART4_CTSN goio0fs] uartd_ctsn mcaspd_axr2 measpd_aclkr eQEP1A_in gpmec_als lcd_datai2 V2 HOMI
P8_35 OxBeBi0cB 80 UART3_CTSN gpic2[18] uart3_ctsnm measpl_axrd ehrpwm A gpmec_aid led_data1l uw Allecaied HDMI
| Paar OxBc0/0c0 78 UARTS_TXD gpio2[14] uart2_ctsn vart5_ped measpd_aclkx ehrpwm1_tripzone_in gpmec_ai2 led_datad ut Allccated HOMI
F38_33 OxBediDcd 79 UARTS_RXD gpio2[15) wari2_risn warts_nad measpd_fsx ehpamd_synce gpme_aid led_datad w2 Allgcated HDMI
P8_33 OnE08008 6 GPIO2_12 gpic2[12] pri_prul_pru_r31_6 pri_prai_pru_r30_6 eQEP2_index gpmc_as led_datab T3 Allecated HOMI
P8 40 OxBbc/be 77 GPIO2_13 gpic2[13] pri_prul_pru 1317 pri_pral_pru 30T  pel_edo_data_outT eQEP2_strobe gpme_a? led_data? T4 Allccated HDMI
P8 41 OBbONIL0 74 GPIO2_10 gpic2[10] pri_prul_pru 1314 pri_prsl_pru r30 4 eQEP2A_in gpme_ad Icd_datad T Allecated HOMI
P8_42 OnBo4/0b4 5 GPIOZ_11 gpio2[11] pri_prul_pru_r31_5 pri_prul_pru_r30 5 eQEPIE_n gpmec_as led_data5 T2 Allecated HOMI
 PB43 72 GPIOZ_8 o8] pri_peul_prs r31_2  prl_pral_pry_r30_2 _tripzone_in gpmec_a2 led_data2 R3 HOMI
P8 44 OxBacac 73 GPIO2_9 goio2(8] pri_peul_pas r31_3  pri_pasl_pru_r30_3 ehepwm0_synco gpme_a3 lcd_data3 R4 Allccated HDMI
F8_45 OnBali0al ) GPIO2_6 gpi2[E] pri_prul_pru 310 pr1_prul_pra 130 0 ehrpwm2A gpmc_al led_datad R1 Allecated HOMI
| P3_45 OnBadi0ad ta GPo2_7 ge2[7] pri_peul_pru_r31_1 pri_pral_pru_r30_1 ehrpwm2B gpmec_al led_datal R2 Allgcaied HOMI|
PS Header  cal SPINS ADDR + GPIO NO. Name Mode 7 Mode 6 Mode 5 Mode 4 Mode 3 Mode 2 Mode 1 Mode 0 cPU
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Interfacing to the BBB

Device Tree Overlays

compatible = "ti,beaglebone”, "ti,beaglebone-black";

part-number = "EBB-GPIO-Example";
version = "0O0AQ";

fragment@0 {
target = <&am33xx pinmux>;

__overlay  {
ebb example: EBB GPIO Example {
pinctrl-single,pins = <

0x070 0x07 // P9 11 $28 GPIOO 30=30 Output Mode7 pulldown
0x074 0x37 // P9 13 $29 GPIOO 31=31 Input Mode7 pullup

1

0x27 (0100111) Fast, Input, Pull-Down, Enabled and Mux Mode 7
0x37 (0110111) Fast, Input, Pull-Up, Enabled, Mux Mode 7

0x07 (0000111) Fast, Output, Pull-down, Enabled, Mux Mode 7
0x17 (0010111) Fast, Output, Pull-up, Enabled, Mux Mode 7

. EDERC 2014 e
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Interfacing to the BBB

Cape Manager

molloyd@beaglebone:/lib/firmware$ sudo su
root@beaglebone:/lib/firmware# echo EBB-GPIO-Example > $SLOTS
root@beaglebone:/lib/firmware# cat $SLOTS

0: 54
1: 55:
2: 56:
3: 57
4. ff
5: ff:
o: ff

: PF—--

PF---

PF-—-

:PF—--

:P-O-L Bone-LT-eMMC-2G, 00A0, Texas Instrument, BB-BONE-EMMC-2G
P-0O-1L Bone-Black-HDMI, 00AO,Texas Instrument, BB-BONELT-HDMI
:P-0O-L Override Board Name, 00AO0,Override Manuf, EBB-GPIO-Example

* Allows pins to be allocated for capes
 Virtual capes

— Build overlays using the device tree compiler
— Can add and remove dynamically or on boot

EDERC 2014
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Interfacing to the BBB

Digital Output

I DWF 1 - Oscilloscope 1 - Zoom 1
Window | [f ZoomTime [X]AddXY [ad]Histogram [~]EFT [E]Data [&, Measure g Cursor
Zoom & % F Measureme
/DIV: M:250us M1:5mA ggl- deadd 8 & &
1
1

r Avg. 5.6142kHz
2274kHz

! 802.68 kHz
..... '0s vg. 55.07 %
525 ns (12 slope)

: i : Fall Time Avg. 430 ns (11 slope)
| OmA  Siet t 1 ! M1 | Overshoot %7%
11.815mA

: H 1 : : M1 High
Ell.ZSms -1ms -0.75ms -05ms -025ms Oms 025ms 05ms 075ms

+ C/C++ Linux userspace code available

— Perfect for low-frequency switching

— Limited switching frequency, suffers from jitter
— Can directly memory switch (dangerous?)

— Can use the PRU-ICSS

, EDERC 2014 Y.
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Interfacing to the BBB

Digital Input

: -
Bowr 1 -Covper zooms o

Window | Ef ZoomTime [Xy]AddXY [ad]Histogram B Rk

/DIV: M:2ms C1:1V M1:5mA (]
.

: LED éurrent

33Vt b G ‘
6=t T Buttory; (GPIO 49)
Press :
ep— Voltagé ..... T e
(GPI048)
. - B
P9_15 Configured with
internal pull-up

resistor (Mode 0x37) |g —

» C/C++ Linux userspace code available
— Must configure internal resistor characteristics
— Response latency as low as 324uS in Linux
— GPIO-Keys allows for generalized interface

— Can directly memory switch (dangerous?)

— Can use the PRU-ICSS
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Interfacing to the BBB

Analogue Input

* Analog Input

— 7 x ADC inputs
— Pins 1.8V tolerant — use Vref (not a supply!)

— 12-bit SAR ADC 200,000S/s (8:1 switch)

— Load device tree overlay, C/C++ code available

o EDERC 2014 e
The BeagleBone and its Application in Engineering Education, Derek Molloy, DCU, Ireland DC U

1 LMm358P

Image from Exploring BeagleBone, by Derek Molloy



Interfacing to the BBB

PWM Output 50% @ 100 kHz 50% @ 1 MHz

‘WFI-MWI-MI% F=arey | @ oWF1-Osciloscope 1-Zoom1 =

Window | Ef Zoom Time Window | ZoomTime [%]AddXY [ud|Histogram

/DIV: M:5us C1:2V

IDIV: M:500ns C1 2V

4v ~

sssmssnssssnsnsfassssnssmansnnsasnsfosnsarnnshisinianes . v wasasannnn ; ; essssnsnen A

« Pulse Width Modulation (PWM) Outputs

— 14 x PWM (configurable from Linux userspace)

/sys/devices/ocp.3/pwm test P9 22.15$ sudo su
/sys/devices/ocp.3/pwm test P9 22.15# echo 5000 > duty
/sys/devices/ocp.3/pwm test P9 22.15# echo 10000 > period
/sys/devices/ocp.3/pwm test P9 22.15# echo 1 > run

. EDERC 2014 iy
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Interfacing to the BBB

I12C Interface

0

20 12C2_SDA

19 12C2_SCL

3DC_3.3V

BeagleBone ADXL345 Slave (0x53)
(Master) ]

ADXL345 . .

NS

* I°C Bus
— 2 x public, 1 x private
— 3.3V bus — be careful of logic-level translation
— Have Linux userspace tools (I2C-Tools)
— Can use Linux ioctl calls to control the bus in C/C++

Image from Exploring BeagleBone, by Derek Molloy
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Interfacing Applications
Connecting to Motors using GPIOs

6  P8ae

Solder bridge connection
for 3.3V logic levels

U3B S g

« Motor boards (e.g., TI DRV8835), stepper boards
* Interface to servo motors using PWM pins
« Can integrate Posix threads, wrap with classes
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2|3 USB
] Host
5151 %
5V Power K|R] 5 O 3
[T ® il o QBN / ©
7~ 3 =
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— i O0OQPO000000QPOODO . - 3 2
» D o S ] P N O
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o] 1
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o
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Desktop Computer with
Bluetooth Adapter

(RealTerm Serial Capture)
Applications: Wireless control, Serial
control, Desktop audio, File Sharing

TR

Phone/Tablet Computer

(Google Play - Bluetooth Module CI)
Applications: Robot control, Bl 85 Biuetooth: Connected to 888
diagnostics, sensor calibration ‘

IR Temperature Sensor Accelerometer

Buttons Pressure Sensor Magnetometer Gyroscope

[Sending] Hello BeagleBone

rror 509 AcceptConnection: Unable to accept
£ ion from a h device.
[Android device connected]

rying to connect to 00:02:72:C8:2F:FF
b ebone-0

w w e @ )n
INSTRUMENTS Y

Mode CC2541Sensor T

Image from Exploring BeagleBone, by Derek Molloy
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Interfacing Applications

Platform as a Service (PaaS)

g‘a /' I BeagleBone Temperature x\\_\
€« - C A B httpsy//xively.com/develop/RDtD12yPa8g4MuR0o90EX =

™

E— ,
XIve SOLUTIONS ¥ PLATFORM ¥  INSIGHTS ¥ COMPANY ~ Q- 2 molioyd

-

-
- - -
- - - g S
- e 8 e N e

-

b Channels (.o uposiec 10 minutes ago N Graphs API K.y. __________________________

by LogMetn
Settings Developer Center Logout
) Deactivate
BeagleBone Temperature 7 Activated
e S TS a1 08-07-2014 20:09:57 Deploy ¥
L s =2 STE D OOMRIIED YT ISR ~

tempSensor 26.552731 Auto-generated BeagleBone Temperature device key
*c

for feed 57555452
s ST S et rZNQLUSKOS50UZ)nUXsWsLHAjHozyhwKHHBUwAXeaXdylizn Feed ID
permissions READ UPDATE,CREATE.DELETE

private accesss

+ Add Key

12:00 18:00 00:00 H
‘ ® 1day averaged datapoints DeV|Ce Key

<+ Add Channel

Image from Exploring BeagleBone, by Derek Molloy
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 Limitations of non-preemptive Linux...

* Real-Time Kernels (preemptive Linux)
— RT-Preempt patch (PREEMPT_RT)
— Xenomai co-kernel

 Interface BBB to Stellaris (e.g., using UART)
* Use the AM3358 PRU-ICSS

— Programmable real-time units and industrial communication sub-system
— 2x PRUs @ 400 MHz, 5ns per instruction

— small RISC ISA (~45 instructions)

— 8KB instruction memory + 8KB data RAM for each PRU

— 12KB shared memory and full access to Linux memory space

EDERC 2014
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Real-time BeagleBone

Architecture

The subsystem available on the BBB is the next-generation PRU (PRUSSV2)
Interface/
L4 Fast « OC;SIaveporl l PRU ICSS
& —_ Data MemO
OCP_HPO PRUO Core o (8KB)
L3 Fast €| (interface/OCP Master port) [ (8KB Program) @) =
pr_pru0_pru_r31[16:0] 2 Data Mem?1
pri_pru0_pru_r30[15:0] ¢ Emanceacrio PLECP |[ MAC | Q2 (8KB)
Scratch Pad c @ Shared RAM
=]
28 "  (1kp)
OCP_HP1 PRU1 Core D5
o Casi ¢ (Interface/OCP Master port)[47] (8KB Program) E g —DI eCAPO +—>
pri_prut_pru_r31[16.0] o =op T MAC B=E
pri_prut_pru_r30[15:0] Enhanced GPIO T e = —»  MIORT |[¢—»
Oa 'I ¢
To Host ARM Interrupts wep U IEP pel_uarifiie e
To TSC_ADC Event 4 NTe e 18 L Uarto e Priueioen
Events from Select Interrupt Controller -g :: m :g
Peripherals g CFG —>
Figure modified from the AM335x PRU Reference Guide
Customized for the BBB from an image that is courtesy of Texas Instruments
EDERC 2014
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Real-Time BeagleBone

Deploying Program to one of the PRUs

1 ; Communicates to C Host Program:

BeagleBone Linux Host Loads bin to PQU_? ' 1PRU-ICSS !
) 1
. 12’ 1
Create and load a Host Code (.c) C Compiler C Host Program ! . PRU Program :
device tree overlay A ] ! !
le GPI
(to enable GPIOs) PRU Code (.p) pasm Assembler PRU Progam (.bin) g [ ;
1
1
1

r-_-———-— — — —

PRU-ICSS package already installed

* PRU has access to Enhanced GPIOs

— Use device tree overlay to set up the PRU EGPIOs
— Access to Linux memory slower than PRU local memory

« C Host program loads PRU binary into PRU
— Shares memory with the host (PRU memory mapped to userspace)
— Use interrupts to trigger events

EDERC 2014
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.origin O // start of program in PRU memory
.entrypoint START // program entry point (for a debugger)
#define INS PER US 200 // 5ns per instruction

#define INS PER DELAY LOOP 2 // two instructions per delay loop

// set up a 50ms delay

#define DELAY 50 * 1000 * (INS PER US / INS_PER DELAY LOOP)

#define PRUO_R31 VEC VALID 32 // allows notification of program completion
#define PRU_EVTOUT 0 3 // the event number that is sent back
—> START:
SET r30.t5 // turn on the output pin (LED on)
MOV r0, DELAY // store the length of the delay in REGO
DELAYON:
r> SUB T0 «F0,"'1 // Decrement REGO by 1
OBNE DELAYON, r0, O // Loop to DELAYON, unless REGO0=0
LEDOFF':
CLR r30.t5 // clear the output bin (LED off)
MOV r0, DELAY // Reset REGO to the length of the delay
DELAYOFF:
[> SUB B0, -l 1 // decrement REGO by 1
OBNE DELAYOFF, r0, 0 // Loop to DELAYOFF, unless REGO0=0
QBBC START, r31.t3 // 1s the button pressed? If not, loop
END: // notify the calling app that finished
MOV r31.b0, PRUO R31 VEC VALID | PRU EVTOUT 0
HALT // halt the pru program
EDERC 2014
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#include <stdio.h>

#include <prussdrv.h>

#include <pruss_intc_mapping.h>

#define PRU NUM 0 // using PRUO for these examples

void main (void)

{

ol I It 1a]l i zet dtBUCtUTERNsEd, by pleassdr v URCETTREE Ninte

J/SPRUSS, TNICIBINWTDATANT s ‘found f1Muemuss Ty Gc fmapping h
tpruss_intc_initdata pruss_intc_initdata = PRUSS_ INTC_ INITDATA;
// Allocate and initialize memory

prussdrv_init ();

prussdrv_open (PRU_EVTOUT 0) ;

/Y Map PRUSss: B EErupt s
prussdrv_pruintc_init(&pruss_intc_initdata);

// Load and execute the PRU program on the PRU

prussdrv_exec program (PRU_NUM, "./ledButton.bin");

// Wait for event completion.frem«PRU, returns the PRU EVTOUT 0 number
int n = prussdrv_pru wait event (PRU_EVTOUT 0) ;

printf ("EBB PRU program completed, event number %d.\n", n);

// Disable PRU and close memory mappings
prussdrv_pru disable (PRU_NUM) ;

prussdrv_exit();
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Conclusions
Positives and Negatives of the BBB in Education

Low-cost per unit * Supply of boards constrained

Practical integration of electronics, Difficult to support range of

software and Linux software/hardware issues that can
arise — especially corporate

Exposure to embedded Linux laptops!

USB-over-Internet on-campus Embedded Linux is a moving
target

Easy to burn new image to eMMC
Device tree overlays complex
Great for project work
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Introduction

| have developed a full series of wdeos on the
started. The Beaglebone original retailed for a
videos will describe the Beaglebone Black, wi ~ 576 pag eS

cost of €45

Describes everything in this

presentation (properly!)

Getting Started

In the first video | introduce the Beaglebone —
DDR2 Memaory. It has full support for 10/100 g
x 12-bit ADCs, and support for canbus and L(]
the board. The Beaglebone boots using the M|
demonstrate the first steps with the board an
values to the input/output pins and the 4 on-by

~ December 2014

Available for pre-order on Amazon:

~ $24.92

~ £20.68
~ €25.84
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