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Design

ANALOG AND DIGITAL CIRCUITS

VNCIL asls
slave. 7

- Configurable options to interface to external Com-
mand Monitor via either UART,FIFO or SPI slave
interface.

- Entire USB protocol handled on the chip.

- Integrated pull-up and pull-down resistors.

- Integrated FTDI proprietary, 8/32-bit embedded
MCU processor core — Vinculum MCU (VMCU) -
usig “enhanced CISC” technology.

- Integrated, reconfigurable, 64k bytes of embedded
Flash (E-FLASH) memory to store firmware. 4k
bytes data RAM.Field upgradeable firmware over
UART or USB.

- Integrated Numeric Co-Processor (NCP) enhances
32 bit arithmetic speeds.

- Twin DMA controllers (one per USB interface)
provide hardware acceleration of data transfer
from USB to external 10 bus.

- Operational configuration via a choice of
free,downloadable firmware — no external software
control required.

- Four fully configurable data and control I/O buses
providing up to 28 pins of general purpose 1/0.

- Integrated firmware allows read from and write to
FAT format USB Flash keys.

- Supports bus powered, self powered and high-
power bus powered USB configurations.

- Programmable via UART interface.

- +3.3V single supply operation with 5V safe in-
puts.

- Low power operation (25mA operational, 2mAin

e b
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 VNCIL-1A i lasio
The VNCL1L is a single chip embedded
dual USB host controller with the
following advanced features:
- Two independent USB 2.0 Low-speed/Fullspeed
USB host ports.
- Individual ports can be configured as host or
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standby).

- -40" to +85" extended operating temperature
range.

- Available in compact Pb-free 48 Pin LQFP pack-
age (RoHS compliant).

MI).? )).3)[{ 4.:9.0.:

» Add USB host capability to embedded products.
* Interface USB Flash drive to MCU/PLD/FPGA.
» USB Flash drive to USB Flash drive file transfer
interface.

* Digital camera to USB Flash drive or other USB
slave device interface.

* PDA to USB Flash driver or other USB slave
device interface.

* MP3 Player to USB Flash drive or other USB
slave device interface.

« USB MP3 Player to USB MP3 Player.

* Mobile phone to USB Flash drive or other USB
slave device interface.

* GPS to mobile phone interface.

* Instrumentation USB Flash drive or other USB
slave device interfacing.

* Data-logger USB Flash drive or other USB slave
device interface.

* Set Top Box — USB device interface.

» GPS tracker with USB Flash disk storage.

VNCIL-1A asls Ll ksl



oSl 5 6olge 4 6w SIUSB wledbl fias i onl 4y
oz oo ool 352 la s ) 2 9 2L (8

CRC generation / checking, USB frame generation
:12MHz Oscillator -

) 5,80 VY GuilS 3 65 25l o (6l Jalis ik
osz oo Sl alys 5 4 Jate 55,060 1Y Yl S el
I, Clock Multiplier PLL _isu ez 5l 3,90 pulS )3 a8
3 s opses

Clock Multiplier PLL o

Gazg by as S ol 511 sgs adsl Gl 8 Gise ol
L 55,0 FA 9 YF Gla sl )8 55,06 VY (539,9 Luils )
s 5 MCU CORE iy USB SIE sl i sl
S (50 g L Jl e G0 9 Sl als

Program and Test Logic e

oyl 1, Jsls E-Flash absl> o5 ,8 rn)fg)_; aiby ise ol
S Sy 1) lae 9 0S8 Juog aey 40 |, #PROG by a5 339
bl S KoS” 4 E-Flash abisls> jlae 0o gy )l
g8 o oolal wart b 3l 03,5 0,59 4 e TOM

DMA Controller 1 and 2 »

Ry &5 ABlge 55 > &S sghue ceb dma JUI Y 5929
e calise sla Glsy e 5L 2ok CPU 69 ils 4 UL
o bl s (29,5 9 62909 sla by UART 5 SPT ales
9 Slay b ¢ JSie 09 s 4 Juate 5 S 5 (J5Is sTam
ey bl ) 595 sk

Data SRAM.

oL daby Ailus i A b obS F alisls Joli a5 iy ol

VNCIL &y

command oMbl dsls sy b YA b Giolisl cubl o
monitor

sla US55, b 5 MCU / PLD / FPGA 4 Jlasl culG o
UART, FIFO, SPI

5 ooge Jlasl 5 3,008 5 puge SS90 Gkl Jlasl <ol e
398

P31y 2z Sl ek B e

b Glan 9 45 4y 455 &y 43 oMbl Jlo )l o Sl o
bus powered, self powered, highpower ;| sl o
Juaze sla oKiws bus

0 Wyl 5 cblis ol ea 4 <y VoV 51y Lo L cublb @
Sd909 <y

bYW ey S slazis 5 USB 2.0 L Juls 5,650 o
1, 0MDbpS b e o 5 ) YMbps

3,8 olw as oV G- o sz, e

Ssl Gub o T cilie sl oy guds 4 Gisy b

(3 eualys Y ,.l,flp
:USB Host / Slave Transceivers 1 and 2e

USB o,k 5l oledbl wilys s oyl a5 bgype Gids o
salys Joe SLAVE 3 USB HOST & 50 4 o5 silus
A8 o Glariy [, USB 2.0 5 USB 1.1 5l a5 iz a5 8
2l g oo 4 6,8 )15 0y 5 cuglin 5l eslizal L
9 HOST USB 0lje curdg 95 53 1T Olgie 095 Jgs 9
s 1,3 SLAVE

:(USB Host / Slave Serial Interface Engine ( SIEe

VNCIL asl s L;Lmsx)L{gajiLm[el)flp Ssby

www.ECA.Ir

‘A



VNCIL &y

8 f)fs)-; L

BOOTSTRAP LOADER ROM.

AXOVY Las b ROM S ol 45 sl (S2s8 i o
D (o0 03kl 03,8 [o)fg).; &lgo y3 9 20k = bits
UART and FIFO Logice

L s5lsn 5 b bl sl 33 losiis ol i o
FIFO bLs,l 3 UART S, Jols a5 sl VNCIL
A0l (o0

ol 4 iz b 315 | 29,5 g Ml il 5 sl
P9 o S s dma by s

(NPU (Numeric CoProcessore

0 bl sia g A T ol 4 Juate sla 9 ,SKn o ptdan
deog o ST ol 2 55 YV 9S04 sl (Koo 55 (Bl
4 Gl Dbl g5 9 ce s Gl opl adby 9 o9
Al o STy e

UART Prescalere

e uart ¢l 5k 5,50 SN (slw oslel sy ol Lol aibsy
&r el pid ol )8 Gisu ool by Olgs (0 (1 457 3L,
3,5 ol [ Kol B oSl Jsls

SYSTEM TIMERe

hol G b bl s p5Y sla colinl csle aiby s ol
Sl ) VMS Oloj 9 )15 0age 5 1) 9 Keay

VINCULUM MCU COREe.

o wgd (o0 Sb IC ol LB Olgie 4 i ol Sl Jeol)s
iz A g 4 9 FTDI (655)5iS5 olul 2 45 el VMCU
u,o|.\>,Pm)lhuu)ﬂgubnamwl)o‘wlomwu
Y05 9 Lo ol olS #F 9 p,59 0 sla 35 culigls £F 519 055
Sl (01093 2 58 (79,59 6999 S ez sl Lad s
E-FLASH Program ROMe.

VNCIL asls sl ab 5 Sloe

GPIO Blockse

79> 9 63909 S om Sl kel i Jold s ()l
W PR KV

UART JU s sla & y900 45 0L e IC 1 ledbl il 55 0950
b e fifo s SPI

www.ECA.Ir

5Ws 5L 5 il e ol ol SF slls VNCLI o ol
S5l 3,90 Jol e ples 9 5)ls 05 5 ro/fg).;c,@.?&ab

L VMCU s i 513 oz 2 bags 03,5 55
03,5 p 595 Slp 92,8 Do UART S5y, 5l oslisal
28 Sl [z 9 olawsy 595 uey #PROG 4l b
oz 28k 59, py¥ firmware a5’ s 5l eslaial b a5 oul b



JU e blo,l 3,k 3 VNCIL (55, 4ol 5

oad 03l isgel pe e G oled 3 s sl cwas

o

oo Byl S sl 55855 Son b Bl 0 igai e

VNCIL wils slesbl &
S 35 ol o

Skl el 3oLo ¢ 2y
mohammadsa_2@yahoo.com

VNCIL &ifyi

13905 naze OT 4 Oleyon |y [oee o&iws 95 b 0lgs (o0 (yaimons
bl sl &l

pull down L pull up alws USB2DP s USB1DP
s sl 1) 0sg Host L g slave olg o cwglan 054
09 Host L 5 slave ol : USB2DM 5 USB1DM
.pull down 5 pull up ceslie

43 550 sla 4l

Qs S o NYMHZ Jlis S 5395 XTOUT 5 XTIN
O G ol ea 435,85 o Juae 0 9 F sla 4L 4 \Ymhz
BV YMhz cele Gl G 0l (o0 ot o) 4 cnlin
Sgad dleel s opl @

w25 PLL il ,lus 39,5 PLLFLTR

sl sole 5 Sae sl IC s e s oKiws 05 o TEST
23,8 Juata (o) 4

oK Reset 4 pladl (o)l aluwy G L Olys o #RESET
A3l 5 SKe5ly 0as 3l #PROG G b lys (oo ooy 0l 2908
g0 o3liwl UART bls)l sl

Jas g s sla aly

tse 55 bl :BDBUSO-7
Cax oy 00 daS 9 s el
BD 0-7

9 W el 9w 93 bls,l :BCBUSO-3
BCO-3cw cdyo U8

9 W el 4gw 93 bls,l TADBUSO-7

AD 0-7Tcw g0 J a8

9 s el dgw 95 bls,l tACBUSO-4
ACO-7 e ey 0 J,u8

9 Los ool drgw 95 bls,l 1 ACBUS5-6

S bl e Sl e 2y 0 S
AC5-6

J,iS8 9 s el dgus 95 bl )l ACBUSTY

AC7 s 2Jy 0

o VYMHZ s 5 51 oslizad sl

2L pull down &g 1, FYK cuglis

g 030> )18

bl A 4 035 migw 6 |n lelive
Coaglin s sl 5l SIS oS

ol 3l oslizal sl o ol 39 wsls L5 Fvk pull up
235 oo 03wl XTIN 0 59, FAMHZ el

www.ECA.Ir




ECA &g pusdl g @9 (anaini colu g Y gaswo (5 s

S g SIS Olakad pnd

lebéu.b&:uwgwl)}.gywsgh))@udgd)ucﬁcbwd\f&yg)lﬂ|ul>|)bo|))wfsyyom)|6§i
gﬁioKlw.)wlMoKTuTU:I)}ﬂu',SGAu%MMmtwgwuwk};u)mwﬂogétmﬁfo)yégﬂl
Elyl s g Sl Syl o5 15l o 5l 46> Ololb Sl 31 SinY 5 5 oKislosT ogaaien o8 A 845
PNP ) BJT Gl g 3l 5 ooles cns 9 5,51 sla LCD s - Op-Amp 5 CMOS 5 TTL sla oslgls 5 5,6, sla IC

ke pasia | ankd 039 O3 b 0oy ol 5 s 1) Slabd (Sen Oloy o8 o Bl 0 9 1iL (0 (NPN

s Jgame Ob gina : ol s JB Olabad

S o TTL 5 5,5 5 sl IC «

0w 5l 590 43385 2iia « CMOS 5,5, 5 s IC «

s o sla IC cuiliys ol yot a0 oK 3l oslitl (2590l Juli CD « 3,5 5 sla Op-Amp «
o 1 osletwl slesal, 45,285 « (P Y18 ) o 5L sla LCD «

s aale VY dslisles a5 5 « NPN-PNP Gl gt 5l 5 oles «

TTLICs: 7400, 7401, 7402 , 7404 , 7405, 7408 , 7409 , 7410, 7400 , 7412 , 7415, 7420, 7421 , 7422 ,

9. 7426 , 7427 , 7428 , 7430, 7432 , 7437 , 7438 , 7440 , 7442 , 7447 , 7448 , 7474 , 7476 , 7483 , 7485, 7486 ,
7495, 74138, 74147 , 74148 , 74151 , 74153 , 74173 , 74194 , 74748

CMOS ICs : 4001 , 4002 , 4008 , 4009 , 4010, 4011, 4012, 4013, 4014 , 4021 , 4023 , 4025 , 4027 , 4042

Op-Amp ICs : 358 , 324, 3130, 3140, 741

o (pauass dlme - Slay

niwww.ECA.Ir



Design

ANALOG AND DIGITAL CIRCUITS
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Surgery

ANALOG AND DIGITAL CIRCUITS
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135l ol |, Configure s as 58

Project 54 ;| Configure (s as ;3

FAT & i g 032935 Juma )3 00 osliiwl ¢ ailsols”
L as il o0 29290 la Aol o ,adalS 9 o 5 asd i Sl
Lot 40 45" ol 00 o3lazwl €IM-ChAN.OMG cols 1 ums o8

s> o |, FAT12,FAT16,FAT32 ;1 oslitwl ol
as syl ,1,8 FFhy g abols” )0 @buls” pl 0 bgs e &ly
Aol p 4 1) alsols” ol include jgaws 5l oolizwl b aulys o0

S aslsl 595
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:FAT 5 aslbsols” 5l oslawwl 51 8 4G s

MMC L bUs,| 5l oslizul g FAT (s asbsulis 51 oslinal cago 5
L sdcardh s albols ) @3ly disk_timerproc &b b
23,8 Sle31,3 1 -mS ja el (5 iyl esliwwl

DOS 8.3 L L5k sla L pb 31 ks FAT s ailsuls’ 3
o Slatde 0509 ol 03 5 GYgb sl pby 48 (o Slunly
Sy

Unicode sla 5,15 31 1,05 o b s o adgy 5 b o6 b s 3
Do 03 letwl

@ Sguals bwgs |, MMC/SD ilsols™ 5l oslawwl 1 L3 3%
28 Joos FAT s

: (Struct) b ;L5 g(enum )b K& ylow
: FRESULT Xyl
Jg)@)lfhelf,_sd:ujauxb;fd@)ﬁb)m Uﬂl

typedef enum
{
FR_OK =0, [*0*
FR_DISK_ERR, [*1*
FR_INT_ERR, [*2*
FR_NOT_READY, [*3*
FR_NO_FILE, [*4*
FR_NO_PATH, [*5*
FR_INVALID NAME, [*6 *
FR_DENIED, [*7*
FR_EXIST, [*8*
FR_INVALID OBJECT, [*9*
FR_WRITE_PROTECTED, /*10%
FR_INVALID DRIVE, [* 11 */
FR_NOT_ENABLED, [*12 */
FR_NO_FILESYSTEM, [* 13 */
FR_MKFS_ABORTED, [* 14 */
FR_TIMEOUT [*15*/
} FRESULT;
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. FATFS ,tsLlo
XS <° b).?:) .)9."> PR I) LS)L? 9.1').) C)Lm )L“\.‘>l.w U‘ll

‘typedef struct FATFS

{

unsigned char fs_type;
unsigned char  drive;
unsigned char  csize;
unsigned char n_fats;
unsigned char  wflag;
unsigned short id;
unsigned short n_rootdir;
unsigned char fsi_flag;
unsigned long last_clust;
unsigned long free_clust;
unsigned long  fsi_sector;
unsigned long  cdir;
unsigned long  sects_fat;
unsigned long max_clust;
unsigned long fatbase;
unsigned long  dirbase;
unsigned long  database;
unsigned long  winsect;
unsigned char  win[512];

\

[* FAT sub type */

[* Physical drive number */

/* Number of sectors per cluster */

/* Number of FAT copies */

/* win[ ] dirty flag (1:must be written back) */

/* File system mount ID */

/* Number of root directory entries (0 on FAT32) */
/* fsinfo dirty flag (1:must be written back) */

/* Last allocated cluster */

/* Number of free clusters */

[* fsinfo sector */

/* Current directory (0:root)*/

[* Sectors per fat */

/* Maximum cluster# + 1. Number of clusters is max_clust - 2 */
[* FAT start sector */
/* Root directory start sector (Cluster# on FAT32) */
[* Data start sector */
[* Current sector appearing in the win[ ] */
/* Disk access window for Directory/FAT */

J

Mislo £6 5l (5 pmrin ,3 £ mount &b |2l 51 an I 55k

5,5 o ,,8 FATFS
fypedef struct _FILINFO_ \
{
unsigned long  fsize; [* File size */
unsigned short fdate; /* Last modified date */
unsigned short ftime;  /* Last modified time */
unsigned char fattrib;  /* Attribute */
char fname[13]; /* Short file name (DOS 8.3 format) */
.} FILINFO; J
| | | ftime . FILINFO =L
ol 42 28l 0 BB b 0loj oains Olis Bl Slsde 2l f stat s el Sl ae ) G oledbl sl o
oS g8 S 0 0,53 595, f_readdir
(YJ‘U’)Y}M@UAMJUL&JYU'%J =fdate

B +) aads saas olas V- GO cw

qml{w&léwu@)lsow(,m* Jsle 5l guae ol

(YY) celwoxas gl VO B Y)Y cw oS 8 ol

(T”\...\))g)oma ul.&.o\c G o
YV o 1 3A- 5D Jlo oias 0lis 10 54 cas
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Volume J;6: AM_VOLe

6095 pls bl AM_DIRe

gei,T s : AM_ARCe

I sla (S50 ples sbls . : AM_MASKae

.DIR sl

0,33 395 ,5 ) 6ol (6,558 puls 4 by o Slasin jlsle oyl
o <un freaddir 5 f opendir mlys Slssl,3 L g 1

U}.g'g.k{ PRI PAT L: )L{ é)|93 .)9.».3

fattrib

(... Hide Read) J,b oluasuis 0018 cpens sl 5l gure 0l
A0l (o0

23 g ) il o5 5 5 o iz Sl gaie ol 1o
Define & g0 4 a5luls” )5 b guac cpl polie (gungs 4ol o
(Aol o0 0

silss baas : AM_RDOe

5 : AM_HIDe

amsns 43 b9 0 o6 : AM_SYSe

fypedef struct _DIR_

{

FATFS* fs;
unsigned short id;
unsigned short
unsigned long
unsigned long  clust;
unsigned long  sect;
unsigned char* dir;
unsigned char* fn;

} DIR;

/* Pointer to the owner file system object */

/* Owner file system mount ID */

index; /* Current read/write index number */

sclust; /* Table start cluster (0:Static table) */

[* Current cluster */

[* Current sector */

[* Pointer to the current SFN entry in the win[] */

[* Pointer to the SFN (in/out) {file[8],ext[3],status[1]} */

\

J

ep ol ozl ,o Ll LK con (object) = o &b ol

ke o FIL

la 5399

Slasin UJ;O)PJQQJFIL)t?L‘:&yﬂ)?O)LJ:‘&fp.

WP VEA WY W E R

RV Jg'lS U.n)JT :patho

L3S 69, 2 096 51l b ol
[logical_drive_number:][/][directory_name/lfile_name

U")')T Jb.c t5|)-’
0:\ECA.txt

2ok 0 0 glys s &ly ECA txt P.wl 4 Lk ool

&l o P Sl ld o mb gal Glsz5 51 Guy 200l ansls azgs
S 355 15 4 5 3 oolisl bl (55, ke plail g S0
awlizs o K &l ) path lae

03,5 Lasin |y bbb & (s iwd KoKs 00i8 Lasie : Mode
o Define Y L5 clgw cgz) 3,5 01y 55 polie hib 5
s (ol

g o0 033le3 L6 5l ks his .FA_READ

Dgdb o0 dibgs b (59, hss Lus : FA_WRITE o

Spgpo o XS o 50 1, b FA_OPEN_EXISTING e
g (o Co;l,.o s b @ls (Jobb 03405 39> 90

Spgo 3 IS oo 5L 1, L FA_CREATE_ALWAYS «
2 b L Bl G 9 03,8 sl ) 6 lasl Lol 039 39240
S

ol Spgo s x> b slxl - FA_CREATE_NEW .
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. f mount &b
FRESULT f_mount(unsigned char vol, FATFS *fs)
O1 69) 5 g aidls 5l s K Goluass]
0 b G5 a5l g bl L £, slanl s @b ol
g Lzl el
o (539,9
(49--9Y 9V 5 )gal,5 o e : VOlo
Jlsis 3l an a5 22l o FATFS jlislu g4 51 8 o)lsl < Fse
5,8 23 ol 9y o oad 5 ey Slasine  adsl as
b (9,5
2 plsl iy b Sllae : FR_OKe
sl yuz2als 31,5 o )l : FR_INVALID_DRIVE-

s Jlo
Main() )
{
FRESULT res;
FATFS drive;
if ((res=f_mount(0,&drive))==FR_OK)
printf(“Logical drive 0: mounted OK\r\n”);

while(1);
; )

. f_open &b

FRESULT f open(FILs fp, const chars path,
unsigned char mode)



ol 0393 i w6 bls)l pae s :FR_DISK_ERR o
cwss @b FAT ksl s s JJs 4 :FR_INT_ERR »
(g S )58l s bls)l) 5,95

f open &b eais 5L L FR_INVALID_OBJECT «
(3™ oo laal

- f_write &b

FRESULT f write(FILs fp,
unsigned int btw, unsigned ints: bw)

el 005 5L f_open mb g Y a5 LG s ledbl iy

b (539)9

0318 Lot a5 A5l (o0 FIL Jlislo g4 51 3 o,lal 2 fp e

Ded atbgs Ol ol )8 a5 il (LB

const voids buff,

25 sl 51,3 85 el Sledbl 9l> a5 sl (sl 1,7 buff
Dg dibgs ol
g axbgs bl o cawl 1,8 a8 b slaws s btwe
el 00 aigs o6 o a8 ub sl :bwoe
o (29,5
A el cbge b ollee - FR_OK o
o s Lol aSal s 45 b 4 e 2w : FR_DENIED e
Al 0l 0l eas 5L (Read only) Juslys bas
absl> 0390 03kl : FR_NOT_READY e
03,55 ki @b byl pac s 4 : FR_DISK_ERR e
ol
W FAT sl ,5 s JJs 4 : FR_INT_ERR »
(39 Ko 5153l s bl ) 5,55
f_open g 5 sais 54 b : FR_INVALID_OBJECT e
EWLE FrW
- f_close pb

FRESULT {_close(FILs fp)
sy o [ foopen o buwgs sad sbul e (b @b ol
: (539,9
A)ls OT iy paonas &8 (Ll 5l oad axslo e+ fp
o (29,5
A plosl cuiiga b oldes : FR_OK
abisl> 9595 03bT FR_NOT_READY
el 395 i @b blol pac Jus> & FR_DISK_ERR
5055 ks wb FAT Jlislu 55 bas s 4 FR_INT_ERR
(39 S 6,158l s bls )
f_open &b ;) sais L b :FR_INVALID_OBJECT
(38" sslawl
: Jle
b6 9, o |, buffer ¢ 4l,T ;5 39590 Sledbl 55 5 4l 5
oo 52l Ve dol) Al e 95 3 G < 05,5 0,53 ECAtxt
buffer2 buffer3 sl al,T Jslss sxslys |, Sledbl (b 6
A8 o S

4%l Lo 53 2aar o6 sbul: FA_CREATE_ALWAYS e

5T Slgimn 903,85k 1) g b sl ansls 3929 Jd 51 o6

(overwritten) s o S

@b 295

s plonil cabge b lbes FR_OK

25 1 b iz : FR_NO_FILE o

VAR Gw)JT x> : FR_NO_PATH .

Gy puinn 6 oL :FR_INVALID_NAME «

s pizn g2l o : FR_INVALID_DRIVE »

3,15 3929 Jub 51 L6 : FR_EXIST e

20 25 Je¥s 5l K 40 b & e FR_DENIED

3l s

(Write only) s, lksg bas 6 oxlgs sl (oMo

sai oy Read only & 90 4 Slasin ¢ dwy 45 LB o

abol> 0o o Juds a4 bl csle 5 0lgl e

abil> 9395 05T : FR_NOT_READY o

Jos 5 o6 sbowl b yzbes s FR_LWRITE_PROTECTED o

0395 y93ke Job bislona

03,55 Canks @b sl pac Ju> & - FR_DISK_ERR »

Canl

ok s FAT Jlslo 55 Ws Jus 4 - FRINT_ERR »

(53 Kz 5139 s bl I) 3,55

il obwl akil- olke : FR_NOT_ENABLED s

- a5l oslatul &b 51 f_mount

» &bty 6 iyl g FR_NO_FILESYSTEM e

it L 92,5 59,

. f read &b

FRESULT f_read(FILs fp, voids buff, unsigned int
btr, unsigned ints: br)

ol 005 5L £ 0pen mb g Yd a5 6 51 ledbl sl

b (539,9

& oS Laxin &5 FIL jlsle g9 51 5 o)lal G fp e

35 exilss T 51 Sledbl sl 1 a5 ol L6 lasio

STl b ol 55 Sl ool 3l szl 51 L6 &5 il axils g

PPER) ol s b6 Slasin b s solawl f_open @LS 93 ol

.J.))f

o6 5150 0 lg5 oMbl (5 6,53 g 4, K, buff e

g 0x5lg3 canl )18 a5 SleMbl slaes - btr e

si ol L 5l ol din AiSes Lasiue 45 (5,5 o)Ll br e

25l oo o Oy 5T 4 el 53 aite ol 3,0 ¢

)

i plosl cadgs b ollee FR_OK o

o 55 b aSol Js 45 Job 45 s y2ws FR_DENIED e

b o5 s Ol oas 3L (Write only) xigs aas

abil> 0345 »3LT FR_NOT_READY »
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ftinclude <mega64.h<

#Hinclude <ff.h<

#Hinclude <stdio.h<

#include <delay.h<

Hasm

.equ __lcd_port=0x15 ;PORTC

Hendasm

#Hinclude <lcd.h<

#Hdefine T1_OVF_FREQ 100

#Hdefine T1_PRESC 1024L

Hdefine T1_INIT (0x10000L-(_MCU_CLOCK_FREQUENCY_/(T1_PRESC*T1_OVF_FREQ)))
unsigned char buffer[15]="ECA the BEST..”;

unsigned char buffer2[10];

unsigned char buffer3[5];

FRESULT res;

unsigned int nbytes;

FATES fat;

FIL file;

char path[]="0:/ECA.txt”;

interrupt [TIM1_OVF] void timer_comp_isr(void)

{
TCNT1H=T1_INIT>>8;
TCNT1L=T1_INIT&OXFF;
disk_timerproc();

}
void main(void)
{
TCCR1A=0x00;

TCCR1B=(1<<CS12)|(1<<CS10);

TCNT1H=T1_INIT>>8;

TCNT1L=T1_INIT&OXFF;

TIMSK=1<<TOIE1;

Hasm(“sei”)

Icd_init(16);

Icd_clear();

[T T ]

if ((res=f_mount(0,&fat))==FR_OK)

Icd_putsf(“FAT mounted = OK”);

delay_ms(1000);

[T T |

Icd_clear();

if ((res=f_open(&file,path,FA_CREATE_ALWAYS))==FR_OK)
Icd_putsf(“File opened”);

delay_ms(1000);

[T T |

Icd_clear();

if ((res=f_write(&file,buffer,15,&nbytes))==FR_OK)
Icd_putsf(“Writing Data”);

delay_ms(1000);

M T T T ]

Icd_clear();

if ((res=f close(&file))==FR _OK)
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fcd_putsf(“File closed”);

delay_ms(1000);
[T L ||

Icd_clear();

if ((res=f_open(&file,path,FA_READ))==FR_OK)
Icd_putsf(“File opened” );

delay_ms(1000);
[T L T

Icd_clear();

if ((res=f_read(&file,buffer2,10,&nbytes))==FR_OK)
Icd_putsf(“Reading Data”);

delay_ms(1000);
[T |

Icd_clear();

if ((res=f_read(&file,buffer3,5,&nbytes))==FR_OK)
Icd_putsf(“Reading Data”);

delay_ms(1000);
T | H o

Icd_clear();

if ((res=f_close(&file))==FR_OK)

Icd_putsf(“File closed” );

while(1);

}
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MATLAB

ANALYSIS AND SIMULATION

wdio 40 S dw S (o aw o
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pzde

an—
A e
e et eesis =
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70
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mesh D gRwd 5l eslanl Lv I

surf jgiws 5l oslizwl b (29,5
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P.:.w).; |) G dw le.m ool Le) .b,.:).ﬁ 6)9.\'.)[{ chu) Dghawd u.i'
S @b Gl Lzl 5l e sl s 4y Jlogal iz L8 08T 0

dw sla ol sl oo ol e Sl bl il oz 95 Hlages
9 MeshC sla yguws 5l Al (oo uizmes . Abl o sbul (G
surf 9 mesh sla,lsges b )lagas 51 g6 cul 8 5 sl surfc
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>> contour(X,Y,Z);
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z = exp[—(a’ +y']]
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>>y=-2:0.2:2;
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S o0 03litwl 5 )90 4 meshgrid
>> [X,Y]=meshgrid(x,y);
S (0 Al 25 Dogo 4 L) e dn Slaise Jb
>> Z=exp(-(X.A2+Y.A2));
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S 0 Dls b oole cnl giws cal slzl 6l 39, (0 U8
>> mesh(X,Y,2);

ssurf ygawd
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>> surf(X,Y,Z);
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Software &2 SR

DESIGN , ANALYSIS AND SIMULATION

L g FPGA g jlw ooly
Altium Designer 1391 ¢ 3
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s a5le 5,05 429
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Activ HDL Lo 3
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File > New > Other > Constraint File
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1039 3 0 4>
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S b oign ol oy Do
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Verilog L owss 55
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28 5L 1 3 5 sbwl M asl, Vreilog Ll e

9 3y 1) ol oais axigs Vreilog ol 4 a1, 55 sla a5 e
S 03D

module divider27(clkin,clkout);
input clkin;
output clkout;

reg [26:0] cnt;
always @(posedge clkin) cnt<=cnt+1 ;

assign clkout = cnt[23] ;

endmodule
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Robust Control of a Mobile Inverted Pendulum Robot
Using a RBF Neural Network Controller

Abstract — This article presents robust control
of the mobile inverted pendulum system(MIPS)
whose structure is a combination of a wheeled
mobile robot and an inverted pendulum with
two arms. The MIPS navigates on the horizon-
tal plane while balancing the pendulum. Con-
trol of the MIPS is difficult since the system is
non-holonomic and nonlinear so that simple lin-
ear controllers may have poor performances for
the system. The radial basis function(RBF) net-
work is used as an auxiliary controller to help the
primary PID controllers to perform better. The
back propagation algorithm has been developed
for the RBF function network. Real time control
of the RBF network has been achieved by embed-
ding the learning algorithm onto the DSP board.
The performance of the RBF network controller
has been tested for the remotely controlled MIPS
by conducting experiments of climbing the slant-
ed surface while balancing.

Index Terms —RBF network, mobile inverted pendu-
lum system.

I. INTRODUCTION
Balancing systems are quite attractive to educators
and researchers in the educational purposes as well
as research purposes. Our bodies are balancing sys-
tems whose balance is controlled to keep from falling
while walking. When humans are walking, they are
simply considered as an inverted pendulum system.
Thus, balancing control has become an important
subject in the control and robotics communities. The
inverted pendulum system has been considered as a
well known prototype system of representing non-
linear systems for testing control algorithms[1-4]. A
single input to the inverted pendulum system has to
control both the pendulum angle and the cart posi-
tion simultaneously. The typical characteristic of the
inverted pendulum system has attracted researcher
as well as educators to demonstrate control perfor-
mances by the designed control algorithms. PID
controllers can balance the pendulum by select-
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ing suitable gains. However, simultaneous control
of both angle and position by PID controllers has
been known to be very difficult since the inverted
pendulum system is nonlinear. As an extension of
the inverted pendulum system, the mobile invert-
ed pendulum system(MIPS) is a more challenging
system whose uncertainties are more complicated.
The MIPS can navigate on the plane by differen-
tial wheel velocities while balancing the pendulum.
Control of the MIPS is difficult since the system is
non-holonomic and nonlinear so that simple linear
controllers cannot satisfy the specifications.

There has been active research on the mobile pendu-
lum systems. Successful demonstrations by the com-
mercial product Segway have affected on the possi-
bility of applying the inverted pendulum system to
the real world problems such as a human carrier de-
vice[5]. Currently, the research of using the Segway
as an astronaut in the space has been introduced[6].
A small MIPS called ‘JOE’ has been implemented
and successful results have been presented[7]. The
state feedback control algorithm has been applied to
the MIPS to control velocity and position[8].

To overcome nonlinear behaviours, nonlinear con-
trol methods, adaptive control methods and intelli-
gent control approaches have been proposed. In our
previous research, an intelligent technique has been
applied to control tracking the desired trajectory of
the BalBot 11[9]. A neural network controller has
been implemented and position tracking tasks have
been successfully demonstrated. The pendulum was
a simple rod and navigation of the system has not
been considered.

In this paper, therefore, the different MIPS, called the
BoxingBot has been built to have two arms to move
instead of a simple rod The robust control of the
BoxingBot by using the radial basis function(RBF)
network is presented. The RBF controller is added
as an auxiliary controller to help the primary PID
controllers to perform better. The backpropagation
algorithm for the on-line control and learning has
been developed for the RBF function network. Real-
time control of the RBF network has been achieved



by embedding the learning algorithm onto the DSP a left wheel. Combining (1) and (2) yields the Jaco-

board developed in our Lab. bian relationship between velocities in two domains.
Experimental studies are conducted to show the _ i,
performance of the RBF network controller. The imc__ﬁa_ﬁgm ¢ ic05¢§|+E5i11¢§

MIPS is controlled by the joystick located remotely X 2 L 2 : .
through the wireless communication and tested for Pl=| Dsing+ 2 cosg —sind———cos s
experiments of balancing under impacts and climb- é 2 L 2 L ¢,
ing the slanted surface while balancing. ' ’E _’E B

II. THE MOBILE PENDULUM SYSTEM
A. Kinematics In our system, wheels are located in the center of the
The kinematics of the MIPS is the same as the body such thatd = 0.
wheeled drive mobile robot as shown in Fig. 1.

B. Dynamics

The MIPS is a nonholonomic system whose Kine-
matic equations are constrained. The motion equa-
tion of the wheeled drive mobile robot with kine-

Fig. 1. Mobile inverted pendulum system matics constraints is described as
The Cartesian velocities have the relationship with . , -
a linear velocity v and an angular velocity o of the M(q)g+C(q.q)+G(q)=Pr—-A4" 4
robot as
Where T

RL ¢=[x.v.6.6.60,.6,1" ,M(q) is the inertia ma-

trix, C(q, q&) is the Coriolis and centrifugal force

vector, G(q) is the gravity force, A is the constraint
matrix, P is the input transform matrix, t is the input
torque vector, and A 1s the Lagrangian multiplier.

A new velocity vector v is defined as T v=[v.4.¢]
where ¢ is the heading angle, d is the distance be- where ¢ is the pendulum pitch angle. Then the Jaco-
tween the center of an actuating axis, and the center bian relationship yields
of Fh_e mass. The Car_tesiar_m velocities and joint ve- i =S(qv
locities have the relationship as

where the vector ¢ =[x.7.4.6.0,.6,]" . To satisfy
o ] the relationship 57471 =0. S(¢)1s given as

) "1 é;

7
2
7
I I

where r is the radius of a wheel, L is the distance
between two wheels. R 0& is the angular velocity of
the right wheel and L 0& is the angular velocity of
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where the constraint A(q) matrix is given by
kinematic constraint equations.

Differentiating (6) yields the acceleration
qg=Svu+Sv

Considering the gravity term and substituting (9)
into (5) yields

MSO+MSv+C+G=Pr—A'A

Multiplying ST to both sides to eliminate the Lagran-
gian multiplier yields

STMSO+STMSv+ST(C+G)=S"Pr

I11. RADIAL BASIS FUNCTION NETWORK
CONTROL

A. PID Control

Two separate PID controllers are used for the pendu-
lum angle and the cart position as shown in Fig. 2.
Although the MIPS is a nonlinear system, PID con-
trollers can stabilize the system by balancing itself.
The PID controller output for the angle control is
given by

Uy =k qpe,(t) + k?.b,jeg (1)dt + I ;,e,(1)

where the pendulum angle error is defined as €,=0 -0,
where 0, is the desired angle of the pendulum and 6
is the actual angle of the pendulum, k, , k., k , are
PID gains for pendulum control. The PID controller
output for the position control is
”.1' = A_‘m'e:r (f} N A_ﬂ' I e.T (f}(ff v ffﬂ-__t_{?x (I}

where the mobile pendulum position error is defined
by e =x -x, where xd is the desired cart position and
X is the actual position of the cart. k , k , k,, are
PID gains for the cart control. The overall control
input is the sum of two PID controller outputs, u,
and u_ .

U =uU, +Ug.
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Thus, control of the MIPS is dependent upon the
combination of two PID controllers. Since controller
gains are quite sensitive to the performance of the
system, careful selection of gains is required. In this
paper, controller gains are selected through experi-
mental works by trial and error procedures. There
are many cases of different angle position and differ-
ent cart position for the PID controllers to satisfy the
specification. Each PID controller fights each other
to satisfy the requirements of the angle and the cart,
but not enough to control both control actions. This
leads to the introduction of the RBF network to im-
prove the performance.

o PID Control
d for Angle &

Mobile
x PID Control
d AT_ o
for Position
— ux

Inverted
Fig. 2. RBF neural network structure

Pendulum
System X

B. RBF Network Control

The RBF network is known for simplicity and well
formulated whose analysis is easier than other neural
network in control applications. The RBF network
consists of input, hidden, and output layer whose
hidden layer is the only nonlinear layer as shown in
Fig. 3. The nonlinear function for the hidden layer of

| X, —u, I
y (X ;) = exp( —17:“’)‘

the RBF network is given by the Gaussian function.
where X is an input vector, 1} is the centre value and
o, is the width value. Then the output of the RBF

Ng
.Tn'c = Z ]'Jg,f _}'11._;".'-.' + b.ir

j=1

network can be calculated as the sum.
where N, is the number of hidden units, W, is the
weight value and b is the bias.



Fig. 3. RBF neural network structure
The RBF network outputs are added to the PID

controller input to form the new control inputs as
shown in Fig. 4. The RBF network compensates for
uncertainties by adding signals to the controller.

Uy =k, z(e, + @)+ kg, +0,)+ kg, (J. e dt + @)

iy = ‘{—p.‘.' (‘?\ + '7?)4-]I + ‘{—.1‘.1' (‘?1 - ';‘9“) T J]'r‘—r'.‘.' (j (_?_.l_(ff - @c}

Fig. 4. RBF neural network structure

C. RBF Network Learning Algorithm

When neural networks are used in control applica-
tions, online learning and control is preferred. To
achieve on-line learning and control, real-time con-
trol hardware has to be implemented in advance[10].
In this paper, we developed a DSP board for fast cal-
culation of the learning algorithm called the back-
propagation algorithm based on the gradient. In this
section, the back-propagation algorithm for the RBF
network is derived.

Define the neural network output as

O=0,+0,
where @ ,; = ;‘7_1:-5‘?”1 + k00, + k05
D x Jﬁ—p};‘rJDJl T kcf‘r@i + ki‘r(pﬁ

Then From (14), (17), and (18), we have
koees + Fpby + ky [epdt + ke, +kyé, +k, [ed

=7r-0

The back-propagation learning algorithm is derived
to generate neural network output signals i to iden-

E=k, e, + k58, +k;e.| e dr +k e +k,é +Fk_ |e.dt

d6© ¢ ix
v

tify the inverse dynamics as given in (20). The left
side of (20) is the error functions to be minimized.

-

E =

-

I-J|'—

Then, the training signal & is defined as
If =0, then ® = t in (20). Define the objective

function to be minimized as
Differentiating (22) yields the gradient with respect

-

Ao, =n,ky J.-Z 3 Zﬂ €rW ji

i=1 < i k=1

to weights, w(wjk,bk,pj,cj)as

The detailed weight update equations are given by
where n is the learning rate, N, is the number of
inputs, and N_is the number of outputs,. The gain
k becomes kpo,kdo,kio,kpx,k oK, Wwith respect to
compensating points. The DSP has to update 4
weight values at each sampling time.

IV. EXPERIMENTS

A. Experimental Setups

The BoxingBot is shown in Fig. 5. It has two
arms and each arm has 3 d.o.f. The BoxingBot is
remotely controlled by the joystick through wireless
communication. Fig. 6 shows the overall system
structure of the boxing robot system. A user can
control the movement of the boxing ro-
bot by a joystick controller through Bluetooth
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communication modules.

Fig. 5. The BoxingBot

Fig. 6. The overall system

B. Balancing Control

First experiment of balancing control is conducted.
The BoxingBot is required to maintain balancing
under external disturbances. The BoxingBot is able
to maintain balance even if impact has been applied
to the system as shown in Fig. 7.
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Fig. 7. Balancing Task

The next experiment is a turning task. The Boxing-
Bot is required to make turns while balancing. Fig. 8

Fig. 8. Turning Task

shows the clip of turning motions.

C. Climbing the Slanted Surface Control Finally, a
more challenging task is for the BoxingBot to climb
the slanted surface as shown in Fig. 9 whose mate-
rial is wood. The wooden surface is not too slippy.
Initially, the BoxingBot is commanded to balance
itself and then a user sends signals to move on the
surface by a remote controller.

The BoxingBot successfully climbed up although
there is a discontinuity at the beginning. Fig. 10
shows video clips of the BoxingBot of moving up.
The results confirm that the proposed intelligent
control algorithm is robust enough to control both
the pendulum angle and the cart navigation.



Fig. 10 The Mobile inverted pendulum climbing the slanted
surface

IV. CONCLUSION

The mobile pendulum system has been
implemented and controlled. The RBF network
works quite well to control both balancing of the
pendulum and tracking of the cart. The robots
are remotely controlled by a joystick through wireless
communication. Althoughthe BoxingBotinthispaper
mainly balances itself, the idea can be extended to the
boxing robot whose arms move while balancing.
The RBF network seems robust enough to be used a
boxing robot systems to balance the BoxingBot under
uncertainties such as arm moving conditions,
disturbance by intentional impacts, and surface
conditions.
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