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RESUMO

MAQUINA CNC PARA USINAGEM DE POLIURETANO EXPANDIDO

Este projeto trata-se do desenvolvimento de uma méaquina para usinagem de
materiais moles como madeira ¢ poliuretano expandido, Com controle numérico
computadorizado em dois eixos cartesianos

O prototipo tem a capacidade de usinar pecas bidimensionais, através da
movimentagio da mesa na diregio x, executada por um servomotor € a
movimentagio da ferramenta na dire¢io y (também feita por servomotor). O controle
da maquina é efetuado por uma placa microcontroladora utilizando o processador
Rabbit 2000 conectada a placas controladoras de motores que utilizam o controlador
LM629. O movimento x é executado por uma transmiss3o por correia sincronizadora

e o movimento y por um fuso com castanha de esferas recirculantes.



ABSTRACT

EXPANDED POLIURETHANE CNC MILLING MACHINE

The project is about the development of a CNC Machine, which purpose is
the milling of soft materials as wood and Expanded Poliurethane.

The prototype will have the capacity of milling two-dimensional parts,
through the movement of the table in direction x, executed by a servomotor and
movement of the tool in direction y (also made by servomotor).The control of the
machine is affected by the microcontroller plate Jackrabbit 2000, linked to control
boards I.M 629.

The X movement is made by a synchronizing belt, and the Y movement using

a Liner Slide System. (Ball Screw Assembly and Carriage).
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1 INTRODUCAO

Através da execucdio do trabalho de conclusdo de curso temos, efetivamente,
a oportunidade de produzir um projeto de engenharia, a partir dos conhecimentos
adquiridos durante estes cinco anos do curso de Engenharia Mecatronica. Sob a
orientacdo do Professor Julio Cezar Adamowski (Professor do Departamento de
Engenharia Mecatronica e de Sistemas Mecanicos) e da utilizagdio dos recursos das
oficinas e laboratorios do Departamento, desenvolveremos o projeto e efetuaremos a
construgio do protdtipo de uma Maquina CNC para Usinagem de Poliuretano
Expandido.

A usinagem é a forma mais tradicional de manufatura de uma pega, processo
pelo qual ha remogio de material a fim de atingir as dimensdes finais do produto
acabado. Para este projeto, a usinagem serd controlada e efetuada com o auxilio de
um computador (Maquina CNC). Uma maquina CNC consiste de uma parte
mecanica, uma eletronica ¢ uma unidade CNC. O CNC consiste de uma unidade
computadorizada capaz, a partir de sensores de posigio, revelar a posigio e
velocidade da ferramenta. O operador da maquina so precisa entrar com o programa
de execuciio da pega desejada. Os comandos numéricos sdo convertidos em sinais
elétricos de voltagem e mandados para os amplificadores de sinal, que amplificam
para a voltagem requerida pelos motores.

Uma versio desta maquina foi desenvolvida pelo professor orientador deste
projeto em meados dos anos 90, com o intuito de atender as necessidades de um
“Hobista”. Com o decorrer dos anos o negécio, que a principio era em pequena
escala, se tornou rentavel e volumoso, de forma que a necessidade de uma maquina
mais rapida e mais precisa se tornou imprescindivel para a sustentagio do fabricante
no mercado gue se tornou competitivo e exigente.

A fim de tornar esta méquina mais rapida e precisa, com velocidades
proximas das existentes no mercado, o grupo reprojetou-a, ndo s a parte mecénica,

mas também, a formulag3o do seu controle.



2 OBJETIVOS

O objetivo deste trabalho de formatura é projetar uma Maquina CNC para
Usinagem de Poliuretano Expandido (material utilizado na concepgdo de pranchas de
surfe), e a criagdo de um prototipo da Maquina CNC.

Para tal, foi realizado o projeto da parte mecanica da maquina, como: calculo
de redugdo e transmissdo, calculo de rigidez, calculo da distincia entre ceniros para
as polias, dimensionamento de polias, desenho das pecas a serem usinadas €
construgio do protétipo. E também o projeto da parte elétrica do equipamento, como:
estudo das necessidades de hardware e software, criagdo da interface, criagdo do
programa de controle da maquina, interpolagéo, setup dos pinos do microcontrolador

e construgio do joystick.



3 MOTIVACAO

Atualmente, ha uma méquina para usinagem de pranchas de surfe (shapes)
comercializada mundialmente e que apresenta resultados satisfatorios, em relagdo a
sua usinagem. O material empregado é o Poliuretano Expandido e o processo de
usinagem é o fresamento de topo. Uma prancha ¢ usinada em torno de 20 minutos,
periodo apds o qual a prancha ja possui praticamente sua forma final. Entretanto, ha
a necessidade que o “shape designer” lixe a prancha manualmente para que se
chegue ao acabamento desejado. Este processo manual tem uma duragiio de 30
minutos.

A fim de se reduzir o tempo de usinagem da maquina, € apresentado um novo
projeto utilizando motores DC com uma nova configuragio de reducdo e

transmiss&o.



4 MAQUINA CNC

Uma maquina CNC consiste de uma parte mecinica, uma eletronica e uma
umidade CNC. A parte mecinica é composta, basicamente, de uma mesa, colunas de
suporte, fusos e mecanismos de alimentagio. Os fusos e os motores de alimentagéo e
seus amplificadores, unidades de suplemento de energia de alta voltagem, sdo parte
da parte eletrdnica. O CNC consiste de uma unidade computadorizada capaz, a partir
de sensores de posicdo, revelar a posigio e velocidade da ferramenta. O operador da
maquina s6 precisa entrar com o programa de execugfio da peca desejada. Os
comandos numéricos sdo convertidos em sinais elétricos de voltagem ¢ mandados
para os amplificadores de sinal, que amplificam para a voltagem requerida pelos

motores.



5 DESCRICAO DO PROJETO

Figura 1: Desenho do Protétipe

Como apresentado acima, o projeto trata de uma Miquina CNC para
Usinagem de Poliuretano Expandido. Foram fornecidos alguns materiais para
utilizagdo neste projeto. Entre eles estéo:

e Mini-retifica (tipo Dremel) com porta-ferramenta
e Microcontrolador Jackrabbit da série BL1800

e Drivers de acionamento dos motores (LM629)

¢ Dois Servomotores DC

Os sistemas de movimentacdo se resumem a uma mesa se movimentando em
um Unico eixo (x) e a ferramenta de usinagem se movimentando no eixo y. A mesa
se movimenta sobre um tritho de apoio continuo simples em “T” com suporte linear
aberto de esferas recirculantes e acionada por um motor DC com o auxilio de uma
correia sincronizadora. Enquanto que a ferramenta € movimentada por um motor DC
no eixo v, através de fuso e bloco deslizante.

O controlador tem como fungio receber os deslocamentos na diregioxeyea
velocidade para a movimentggo, calculando assim, a aceleragfio inicial, a velocidade

méxima desenvolvida durante o percurso e desaceleragio final, tudo segundo um



perfil trapezoidal, para enviar os sinais corretos para os respectivos motores para a
realizagdo do processo de usinagem.

A maquina sers capaz de realizar usinagens com interpolago linear 2D,

porém ndo realizara interpolagfo circular.



6 CRONOGRAMA

E apresentado abaixo o cronograma geral do projeto da Maquina CNC para
Usinagem de Poliuretano Expandido. De maneira geral, o cronograma foi respeitado
no decorrer de todo o projeto. Entretanto, houve entraves em algumas atividades. Na
parte de usinagem das pecas algumas alteragbes tiveram que ser realizadas de
maneira a facilitar a fabricacio das mesmas. Fato que atrasou a montagem do
protétipo. Outra dificuldade encontrada foi em relagio ao envio das palavras de
comando do JackRabbit para 0 LM629, reduzindo o tempo habil para a integracio
da parte elétrics.

[CrONOGRAMA 2004 &mpm_mmmm_ | outabeo |1
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Figura 2: Cronograma do Projeto




7 PARTE MECANICA

7.1 ESPECIFICACOES TECNICAS E CONSTRUTIVAS

» Especificacbes Técnicas

Curso no eixo x; 2000 mm — Guia de Esferas Recirculantes - Servomotor
Curso no eixo y: 500mm — Bloco Deslizante — Fuso - Servomotor
Ferramenta de corte: Tupia

Rotagéo: 2000 rpm

Material da Pega: Poliuretano Expandido

. . 5 It
Precisdo de posicionamento: L =2,5-10"%mm
200 passos / volta

Mesa transportadora acionada por servomotor

» Especificacdes construtivas

Fixacdo feita com parafusos, rebites ou solda a eletrodo revestido.
Nio devem ser usadas pegas fundidas.
Todas as pecas devem ser elementos normalizados ou possiveis de serem

construidas a partir de chapas ou perfis ocos ou macigos.

¥ Cdlculos de inercia, reducdo e forque

Torque estatico devido ao atrito nas guias:

];,u :%ﬂg[(mm‘i-mpk_FFm] (1)

Torque devido a forga de corte:

_p
T,=2-F

2z ¢



(2)
Onde:

massa da mesa: m,,

massa da peca: m,

coeficiente de atrito das guias: [,
forga de corte: F¢

componente da forga de corte normal & mesa: Fy

Inércia do conjunto pega e mesa: J,

J,= (mm +mp{2—p—J 3)

T

Inércia da carga: J;

Jo=J,+J,

4
Sendo,
d 2
—m.| =L
Jy mf[ 5 ] 5
Torque a ser fornecido pelo motor: T
T=alJ, +J )+T,+T,
o pe L T ©)
Onde, J, = inércia do rotor do motor.
Torque total:
T=Ja,+ %
g (7)
Onde n:
Je
=>n=

I (8)
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» Projeto da Caixa de Redugdo

Figura 3: Numeragio das polias
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A partir da analise dos dados (figura 5 e figura 6) fornecidos no catalogo da
empresa de motores BALDOR, temos um torque de 1,3 N.m para a rotagdo de 2000
rpm, que seré utilizada para usinagem, sugerida pelo Professor orientador Julio Cezar

Adamowski.
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Figura 4: Curva de Torque do Servomotor
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Order Number | MT-2363-BLYAN MT-3363-CLYAN
Ganeral
Conlinuous Stak f-in 11.25 11.75
Torque Nm 1.27 1.27
Cont. Currern amps 4,76 598
Paak Torque ib-in 75 75
Nm 8.5 85
Peak Cusrent amps 28.5 35.9
Viscous Damping [b-In/kprm 0.07 0.07
Nrm/krpm 7.8 E-03 7.8E.03
Thermnal Resistance Crwatt 2.1 21
Machanical Time Constant msec 9,99 11.88
Elecirical Time Constant msec 2.54 2.06
Rated Speed Tpm 2800 1800
Raied Vollage voits 100 50
Electricat
Toicjua D-inamp 2,63 2.09
Constant Nm/amp 0.297 0.297
Voltage | Vok/lpm 311 24.7
Conrstant Yits (0,297 0.287
Resistance oNms 2.4 1.8
Inductance mnH 6.1 a7
Mechanical
Inerth |b-k1-5* 0.00325 0.00325
Kg-eim 3.67 367
Max Specd RPM 4000 5000
Weight Ibs 11 11
Kg 5 5

Figura 5: Especificacbes do Motor
% Estimativa das Redugoes

Com as especificagdes de torque e rotagho acima, foi feita a escolha por uma
polia de 22 dentes ¢ 8 mm/dente, que resulta em um deslocamento de 176 mm/volta.

Assim para serem percorridos 1000 mm, é necessario 5.68 voltas. Uma vez
que foi estipulada uma velocidade de 1 m/s de operago. Resultando, dessa forma,
em uma rota¢do de 5.68 rps, ou ainda, 340.9 rpm.

Supondo usinagens com o motor trabalhando em torno de 2000 rpm. Sera
preciso uma redugdo de pelo menos 6 (2000 /340.9 = 5.87).
A redugBio seri realizada em duas etapas, como mostrado na figura acima. Ja que
redugdes diretas de 1 para 6 nfio sdo recomendadas para correias.

O projeto final foi auxiliado pelos técnicos da empresa CORREIAS
SCHNEIDER.

A correia sincronizadora, M8, 30mm de largura, aberta, sera utilizada com:
POLIA 1: 22 8m 30 (22 dentes, passo 8, com 30 de largura)



As correias sincronizadoras, M5, 25mm de largura, fechadas, serdo utilizadas

com:

Polia 2: 60 5m 25

Polia 3: 30 5m 25

Polia 4: 56 5m 25

Polia 5: 18 5m 25 (Motora)

» Cadlculos das Velocidades e Torque

Polia 5: 18 5m 25
(Motora)

Polia 4: 56 5m 25
(Eixo 2)

Polia 3: 30 5m 25
(Eixo 2)

Polia 2; 60 5m 25
(Eixo 1)

Polia 1: 22 8m 30
(Carga)

Raio = 14.32 mm
Torque =127 N.m
Forca=88.69 N

Raio = 44.56 mm
For¢a =88.69 N
Torque =3.95 N.m

Raio = 23.87 mm
Torque = 3.95 N.m
For¢a = 16556 N

Raio = 47.75 mm
For¢ca=165.56 N
Torque = 7.9 N.m

Raio =28.01 mm
Torque = 7.9 N.m
Forca=282.21N

13



Supondo uma carga de massa 50 Kg, obtenho uma acelerago de 5.64 m/s”.

Velocidade{mm/s) = Rotag&o(rps) * Dist/Vol(mm/volta)

Estimando rotagdo de operagio de 2000 rpm ou 33.33 1ps.

Polia 5; 18 5Sm 25 Polia 18 5Sm = 90 mm/volta
(Motora) Rotacgio = 33.33 rps
Velocidade = 3000 mm/s

Polia 4: 56 5m 25 Polia 56 5m = 280 mm/volta
{Eixo 2) Velocidade = 3000 mm/s
Rotagdo = 10.71 rps

Polia 3: 30 5Sm 25 Polia 30 5m = 150 mm/volta
(Eix 2) Rotagdao = 10.71 rps
Velocidade = 1607 mm/s

Polia 2: 60 5m 25 Polia 60 5m = 300 mm/volta
(Eix 1) Velocidade = 1607 mm/s
Rotagfio = 5.36 1ps

Polia 1: 22 8m 30 Polia 22 8m = 176 mm/volta
(Carga) Rotagdo = 5.36 rps
Velocidade = 943 mm/s ou seja 0.94 m/s

Na configuragio especificada, obtivemos uma velocidade de operagio de
0.94 m/s, quando esperavamos uma velocidade de 1 m/s em regime de trabalho,

portanto satisfatonia.



» Cdlculo de Rigidez

kL

K==
Cl

onde:
K: rigidez
k: constante de elasticidade

L: largura da correia

Cl: Comprimento Livre da correia
Primeira reducfio: Polia 18 5M 25 para Polia 56 5M 25

2340025
240

K = 2437

Segunda redugdo: Polia 30 5M 25 para Polia 60 5M 25

_ 2340025

K =2340

Transmissdo: Polia 22 8M 30 para Polia 22 8M 25

3747030 _
6000

187

(10)

15



» Cdlculo da Distdncia entre Centros das Polias

g, = Zarcmsl %]

ﬂz ZZ'H—HI

Y+ of¥2-2-{dy—dy )
4

H'(dl +€f1)

.

where V=L —

onde:

81: dngulo de abragamento 1
02: éngulo de abragamento 2

C: distdncia entre centros

16

(11)

(12)

(13)

Y(d1,d2,L): fungio do comprimento da correia, didmetro da polia 1 e didmetros da

polia 2

L: comprimento da correia
d1: didmetro da polia 1
d2: didmetros da polia 2



» Cdlculo da Tensdo na Correia de Transmissio

Figura 6: Detalhe da Transmissiio

Férmulas para o calculo da forga de pré tenséo da correia. (Quando 61= 62,

que é o caso da transmissédo utilizada no projeto).

Fa=T+
onde T1 e T2 sdo as tensdes de aperto de folga laterais, respectivamente.
F,=T+T)
52 2 2 (15)
guando a mesa est4 se movendo na diregdo da polia motora.
=Ty +T,
quando a mesa esta se afastando da polia motora
T =T+ Fy
2 2 ai (17)
. 2-J;-a
I = i
¢
(19

Ji: inércia da polia
a: aceleragdo angular da polia

mi: massa da polia



» Ajuste de folga de rolamento

E apresentado no anexo 5.

7.2 DESENHO

A partir do projeto definido e pré-iniciado, e com os requisitos da estrutura e
transmissio atendidos, os desenhos das pecas foram realizados no programa
Microstation.

Todos os desenhos das pegas foram acompanhados de perto pelo professor
ortentador deste trabalho, sendo que alguns deles sofreram alteragSes para a obtengio

do desenho final e serem usinados com maior facilidade.

7.3 MOTORES

» [Especificagoes

Velocidade de usinagem 1 m/s;

Correias sincronizadoras

MOTOR MM3300

STANDARD "L" FLANGE MOUNTING
(Termination Option "A")

FACE MOUNTING

OPTIONAL "C" MOUNTING

18
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Figura 7: Detalhe das dimensdes do Servomoter

7.4 MANCAIS

Construidos com rolamentos radiais e tendo distancia entre os rolamentos de

no minimo 3 vezes o didmetro do eixo.

Figura 8: Numeragfio dos mancais e eixos



Mancal 1 — Desenho 1.1:
Desenho de fabricacgo 1.1.2

Mancal 2 - Desenho 1.2:
Desenho de fabricagdo 1.2.2

Mancal 3 - Desenho 1.4;
Desenho de fabricagfio 1.4.2

7.5 CAIXA DE REDUCAQ

Parede 1:

Desenho de fabricago Pega C.1.

Parede 2:

Desenho de fabricacéio Peca C.2.

Parede 3:

Desenho de fabricagio Pega C.3.

Dimensionamento Distancia entre Eixos:

Desenho de fabricagdo Pega C 4.

76 EIXOS

Fixagiio das polias nos eixos sera através de parafusos sextavados internos

posicionas com uma angulagdo de 90 graus entre si.

Eixo 1 — Desenho 2.1:
Desenho de fabricagio 2.1.2

20
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Eixo 2 - Desenho 2.2:
Desenho de fabricagdio 2.2.2

Eixo 4 - Desenho 2.4:
Desenho de fabricagiio 2.4.2

7.7 DESENHO DE COJUNTO/MONTAGEM

Conjunto 1 — Desenho 1.0
Conjunto 2 — Desenho 2.0
Conjunto 3 — Desenho 3.0
Conjunto 4 - Esbogo Caixa de Redugéo

Conjunto 5 — Conjunto Caixa de Redugéo

7.8 POLIAS

E apresentada abaixo uma descrigio das polias {Tabela 1) que serdo utilizadas

na construgdo do protétipo, juntamente com uma foto (Figura 8).

ESPECIFICACOES DAS POLIAS

diam diams
preco R$ cédigo Dentes Tipo Polia_primitivo flanges Cubo L1 L2 furo min furo max

41.00 18 5M 25 18 6F 2864 33 20 30 36 6 14
142.00 56 5M 25 56 6w 89.12 - 33 30 38 8 23
59.00 305M25 30 6F 47.74 51 34 30 ¥ 6 21
158.00 60 5M 25 60 6WR 95.49 - 40 30 38 10 25
54.00 22 8M 22 6F 56.02 64 40 28 35 9/ 28

Tabela 1: Descricdo das Polias
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Figura 9: Detalhe das Polias

7.9 CORREIAS

E apresentada abaixo uma descri¢do das polias (Tabela 2) que serfio utilizadas

na construgio do prototipo, juntamente com uma foto (Figura 11).

5M-B

25 500 | CORREJA SINCRONIZADOR OMEGA OPTIBEL ESP. BORRACHA
5M-B

25 580 | CORREIA SINCRONIZADOR OMEGA OPTIBEL ESP. BORRACHA
8M 30 [6.5 | CORREIA SINCRONIZADORA PU/ACO METROS OPTBELT

Tabela 2: Descrigio das Correias
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Figura 10; Detalhe das Correias

7.10 ANEIS ELASTICOS, PORCA DE FIXACAO E ARRUELA DE
FIXACAO

Figura 11; Detalhe da Arrucla de Fixaciio



Figura 12: Detalhe da Porca de Fixacdo

Figura 13: Detalhe dos Anéis Eldsticos
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7.11 ROLAMENTOS

Figura 14: Detalhe dos Rolamentos

7.12 PROTOTIPO

O protétipo foi construido nas dependéncias do Laboratério de Magquinas
Operatrizes da Escola Politécnica da USP, com o auxilio dos técnicos do mesmo ¢

com a participacio da dupla.
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Figura 15; Detalhe do Protdtipo
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PARTE ELETRICA

e TR i -

Figura 16: Detalhe da Parte Elétrica

8.1 PROJETO ELETRICO

E apresentada abaixo uma descri¢do do projeto elétrico que sera adotado para

implementagdo do protétipo da Miaquina CNC para Usinagem de Poliuretano

Expandido.



)
@
b
A

» MICROCONTROLADOR

L.M629

T

ENCODER || MOTOR

FONTE

h 4

Figura 17: Detalhe do Projeto Elétrico

8.2 CONTROLADOR

O microcontrolador é responsavel por todo o controle de acionamento dos
motores. A movimentagio da ferramenta ¢ feita através da inser¢do de dois valores
de entrada: os deslocamentos no eixo x e y e a velocidade desejada para o
movimento.

A implementagio de controle da maquina & feita através de uma placa

microcontroladora JackRabbit que controla o movimento dos servomotores.

Figura 18: Detalhe do Kit da placa microcontroladora

29



Figura 19: Detalhe da Placa JackRabbit e componentes

8.3 LM629

O LM629 da National Semiconductor é um processador dedicado para

controle de movimento e pode ser usado com uma variedade de motores CC que

possuam um sinal incremental em quadratura para realimentagio (encoder). Ele

implementa um controlador PID digital e executa as tarefas em tempo real

necessarias para o controle do movimento. O software de controle da CPU

desenvolvida faz a interface com o CI através de um conjunto de comandos.

As caracteristicas do CI sdo:

L4

Registradores de posigéo, velocidade e aceleragéo de 32 bits;

Coeficientes dos filtros do PID com 16 bits;

Perido de amostragem derivativo programavel;

Saida sinal-magnitude PWM de 8 bits;

Velocidade, posigio alvo e os filiros do PID podem ser alterados durante a

execu¢io do movimento,

Este equipamento pode ser operado de duas maneiras: modo posigdo e modo

velocidade. No modo posigéio define-se a posigdc alvo, a velocidade méxima e a

aceleragio e controlador se encarrega em produzir um perfil de velocidade
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trapezoidal, como o descrito anteriormente. No caso do modo velocidade o motor ¢
acelerado até a velocidade alvo com a aceleragio desejada e mantém a velocidade até

receber um comando de parada, quando desacelera até parar.

8.3.1 SETUP

8.3.1.1 PARAMETROS PID

Para que o LM629 funcione de maneira adequada, deve-se carregar os
pardmetros apropriados para o controlador, de forma a se obter uma resposta com o
sobre-sinal (M,), tempo de subida (t,) e tempo de acomodag@o (t;) convenientes.

Sera descrito abaixo, 0 método experimental utilizado para estabelecer os parametros
do PID de forma a se conseguir um sistema com amortecimento critico, isto €, com o
menor tempo de subida sem sobre-sinal.

Os parimetros que devem ser definidos para o filtro do LM629 sdo: K,
(ganho proporcional), K; (ganho integral), Ka (ganho derivativo), Ty (periodo de
amostragem derivativo) e I} (limite integral). Para tal, ser4 utilizado o modo
“Funning”.

Este método consiste dos seguintes passos:

1. Preparar o sistema:

Deve-se realizar um reset por hardware do LM629 que controla o motor,
carregar K= K= Ir=0, K4&=2 e dy-i1, onde Ts= 256 pus x ds enviar um
comando para que o motor mantenha a posigio atual. Qualquer
movimento do eixo do motor serd um erro, porém com K, e K; ajustados
para zero o loop de controle ndo pode corrigir.

Usando o modo “Tunning” este procedimento é executado quando se

seleciona o motor para sintonizar.

2. Determinagdo do Ganho Derivativo:
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O ganho derivativo amortece o sistema para diminuir o sobre-sinal e
tempo de acomodagio. A constante de proporcionalidade é d; x K.

Estes coeficientes sdo determinados por um processo iterativo. Kq €
aumentado sistematicamente até o sistema comegar a oscilar em alta
freqliéncia. Entdo se soma 1 a d,. Este procedimento € repetido até se
chegar ao valor apropriado para o sistema.

Em geral, Kq e d; devem ser selecionados para que o produto deles seja
igual o maior valor possivel.

Uma maneira sugerida pelo AN-693 da National ¢ iniciar K4 em 2 e
dobrar seu valor a cada passo. Ao aumentar K4 e tentar girar o eixo do
motor, senie-se que a resisténcia aumenta. Por K4 propiciar uma forga
proporcional a velocidade, quanto mais rapido se gira o €ix0 maior a

resisténcia.

3. Determinagio do Ganho Proporcional:

A parte proporcional diminui o erro devido 4 inércia e a carga. Esta for¢a
é proporcional ao erro de posigio e a constante de proporcionalidade € K.
Para determinar K, deve-se aumenta-lo e verificar o amortecimenio
critico.

O amortecimento é verificado manualmente. Ao girar o ¢ixo do motor
com a mio, percebe-se que a constante de “mola” aumenta conforme o K,
fica maior. Quando se gira o eixo, o controlador percebe o erro de posi¢ao
e tenta retornar o eixo para a posigHo inicial. Se K, € muito pequeno, este
retorno ¢ muito lento e o sistema estd superamortecido. Se K, € muito
grande, o retorno é rapido e haverd um sobre-sinal, assim o sistema
demorara a se estabilizar. O valor de K, deve ser o maior possivel de
forma a nfo causar sobre-sinal.

O AN-693 sugere iniciar K, com 2 e dobra-lo a cada iteragio ate a

situacgio ideal.

4. Determinagéo do Ganho Integral:
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A parte integral (K;) prové uma forga que pode eliminar o erro de
seguimento enquanto o eixo esta rodando, e a deflexdo de carregamento
estatico enquanto o eixo esta parado.

Alto valor de Ki faz com que haja ripida a compensacio do torque, porém
aumenta o sobre-sinal e o tempo para o sistema se estabilizar. O valor de
K; deve ser o menor que dé uma solugio de compromisso entre o sobre-
sinal, tempo de acomodagiio e o tempo para cancelar o efeito de um
torque estatico.

A forga corretiva proporcionada pela parte integral aumenta linearmente
com o tempo. I; limita esta forga, prevenindo para que ela ndo aumente até
o infinito.

Em muitos sistemas I; pode ser configurado para seu valor méximo sem
prejuizos. Se I; for zero a parte integral ndo tera efeito.

Sendo assim, configurar Ki e I; é o ultimo passo do modo “Tunning”.

84 ALGORITMO DE INTERPOLACAO LINEAR

O método ¢ baseado na integracdo digital da velocidade para dois eixos. O

algoritmo faz com que o centro da ferramenta saia de um ponto inicial P, e chegue

até um ponto final P, percorrendo uma trajetoria reta.

No instante t a posi¢io dos eixos sera:

() =x, + j F.(0)dt

<

y() = x, + [ £,(0dt (20)
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onde os f sdo as velocidades dos eixos e o periodo de integragdo T, varia com o

tempo de aceleragio e a desaceleragio. O algoritmo é executado N vezes nos

intervalos 7, e a equagdo (20) em tempo discreto fica:

(k) = x(k -1+ £ ()T (k)

e
yik) =y -1+ f,(NTL (%) 21)
Note que as velocidades dos eixos para o intervalo de tempo & sdo:
Ax
By=——
1 (&) T
e
Ay
k)y=—— 22
£, (k) T (22)

A variacdo de T, resulta na variagio da velocidade de avango dos eixos,

entretanto o acréscimo de deslocamento sdo constantes dados por:

Ax:xe_xs
N
e
Y. ¥
Ay=2¢ =% 23
y == (23)

Substituindo as equagdes 22 e 23 em 21 chega-se a:

x(k)=x(k—-1)+Ax
e
yky=ylk-)+4Ay 24



Os incrementos sdo constantes e calculados no inicio da rotina de

interpolagiio. Os implementos da interpolag8o linear sio dados abaixo.

T, periodo de interpolagdo

f : velocidade de avango

x,, ¥, posi¢do inicial

x,,¥,: posigdo final

Ax : distincia total no eixo X

Ay - distincia total no eixo Y
sign(x): dire¢do do movimento em X
sign(y): diregdo do movimento em Y
N: niimero de iteragdes

dx,dy . tamanho dos passos
x,, . passos que faltam em X

¥, . passos que faltam em Y

Todos os valores sio inteiros com excecio de f e 7.
Apbs a iniciagdo dos eixos, cada um pode ser calculado por todo periodo ;.

As posigBes geradas a cada interpolagio sio enviadas ao controlador.

8.5 PERFIL DE VELOCIDADE TRAPEZOIDAL

A aceleragio e desaceleragiio sdo definidas dentro do programa do CNC. As
unidades sdo convertidas para “counts” (o menor deslocoamento que o sistema pode
detectar) no sistema CNC. O caminho da ferramenta ¢ dividido em N pequenos

segmentos na diregiio dos eixos durante o periodo de interpolagao T.

O menor tempo de interpolagdo deve ser igual ao periodo de amostragem T

ou miltiplo deste. O avango f ¢ definido no programa e o periodo minimo de
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interpolagic T.. ¢ definido com o sofiware de controle do CNC. O passo de

interpolagio é calculado como:

Au= [T, (25)

Quando o avango muda durante o processo, Ax ¢ mantido constante mas o

tempo de interpolagio 7, ¢ atualizado como:

=2 (26)

f

Através do uso do periodo de amostragem variavel, muitos eixos sdo
sincronizados a partir de um calculo unidimensional. A adigio de outros eixos n&o
tem efeito no perfil de velocidade; portanto a posigdio e a velocidade de interpolagio
sdo desacopladas. Assumindo um deslocamento L em uma dire¢do arbitraria, o

interpolador é executado N vezes com intervalos de interpolagdo L,

N=— @7

O namero total de iteragdes (N) ¢ dividido em um numero de estagios
dependendo do perfil de velocidade utilizado para geragdo da trajetoria.
Para um perfil de velocidade trapezoidal, de simples implementagdo, o

nimero de estagios de interpolagdo ¢ trés: aceleragio (N,), velocidade constante

(N, ) e desaceleragfio ( NV,), como apresentado no perfil trapezoidal abaixo:
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Figura 20: Perfil Trapezoidal da Velocidade

Se o avango inicial é zero e a aceleragiio A ¢ constante, a disténcia total

percorrida durante esse periodo de aceleragiio pode ser calculada por:

1 =]Atdt=—— (28)

Como ¢, = Jy ,o nimero de intervalos de interpolagdo €:

2
N=h_ S (29)
A 24Au
Para o estagio de desaceleragdo D é semelhante.
2
P L B | (30)
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Em algumas aplicagSes nfio € interessante realizar a parada total da méaquina

antes de iniciar um novo segmento. Sendo assim, para acelerar de um avango f, para

um avango f o deslocamento fica:

ll:_[ﬂfo+A(t—t0)]:1t=TLﬂ)+Ar]dr=fra+A;" B

Onde 7, =1—t, =(f - f,)/ 4, dessa forma temos:

_ =
I = e (32)
[+
iy s
M= 2A4Au B3)

Para desacelerar de f para f, o processo €igual a:

-1
N = Dhu (34

Os ntimeros de iteragdes (N, , N,, N,) so inteiros arredondados.
O intervalo de interpolagio 7, deve mudar a cada intervalo durante a fases de

aceleragfio para manter o passo de interpolagdo Au constante. Assim, temos:

% A A
Au = _[ Atdt =E(‘tk2 —4. 12)25(115 "tk-l)(tk 'HH) (33)

ey

Substituindo T, =(t, —1,,) e t, = f(k)/4, t,, = f(k-1)/A temos o periodo

de interpolagiio para cada intervalo:

2Au
"= 76 =
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Note que os estagios sio realizados em fungbes diferentes e s&o executados

quando necessario.
Note também que o avango, aceleragio e desaceleragio séo regulados pelo

vetor deslocamento, o que garante sincronismo e valores corretos de velocidade em
todos atuadores ativos, contribuindo para o movimento vetorial no espago. Tomando

um movimento em dois eixos, o vetor deslocamento Au pode ser escrito como:

Au = Axi+Ayj 37

Dividindo ambos os lados por T, temos:

f=rivfi (38)
onde a amplitude do avango € f = 1/ fx2 + fy2 , e f.e f, sdo as velocidades nos
atuadores x e y. Assim, uma vez definido Ax, o periodo de interpolagio 7, ¢ o
namero de iteragdes N,,N,e N, calculados, as velocidades e o incremento de

posigio para os atuadores X € y estdo automaticamente definidos pelo algoritmo,

como foi mostrado no algoritmo de interpolagio exposto anteriormente.



8.6 SOFTWARE
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Para apresentagio do funcionamento da maquina ¢ demonstragio da

capacidade do sistema controlé-la, foi desenvolvido um software que implementa 0s

comandos basicos para o funcionamento do controlador e do LM629.

O programa segue as especificagdes descritas nos manuais do LM629.

7] Fie Edk Comple Run Inspect

00| (| Y|0Gh + ]+ Edn |Compite| Assemb| Regs | Stack |

22 Dynamic C SE Jackrabbit 7.03] - [Stdio]

Options Window Help

=8| x|

Fin do LH629Reset por Harduarel

Fin do LH620Reset por Softuare X!
IFin do LH629Rasat por Softuara ¥
Firt do Carregame/o dos Filtres B!
Fin do Carvegame/o dos Filtres ¥!

Entve un valor da POSK[mi digite ENTER:
Entre un valor de POSVinn] digite ENTER:

Entre un valor de VEL(nn#'s] digite ENTER:

500

100

3

ol

‘Lines8

Col 45

Inset | Run Polled | IF

Figura 21: Interface
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8.7 INPUTS E OUTPUTS

HARD RABBIT
PORTAS
out out out out out in in_in
[ T [wr] csx| |
GND|K  |HV |AV |PE |PE |PE |PE |GHD|{WD |PB |PB [PB |PE [GND
(1) FE - 2l 0
1 ] R
vcc|rw [HY [Hv |on [PE [PE |PE |PE [CK |PB [PB |[PB [PB |GND
IRD |PS CSY |
out out out out out in in n
HARD LMB25
PORTAS

Figura 22: Detalbe dos pinos utilizados



9 ORCAMENTO

Conjunto 1
# descriciio quant. preco un. obs.
1 mancal 1 0.00
2 parafusos MEx15/porca-arruela 5 0.30 sextavado interno 1.50
3 andis elasticos (502.048) 2 0.80 1.60
4 anel eldstico {(501.025) 2 0.80 1.60
5 rolamentos 6005 ZZ 2 10.00 20.00
13 porca de fixagZio M 20x1 - ANO4 ou BM4 1 2.00 200
7 arruela de fixagio AWO04 X ou KM4 1 0.60 0580
8 eixo 1 - didmetro 25 1 0.00
9 polia sincro 22 8M 30 1 54.00 54.00
10 pofia sincro 60 M 25 1 158.00 158.00
1 parafusos M4x10 sicabega 3 0.20 polia-eixo 0.60
Conjunto 2
# descricdo quant. prego un. obs,
1 mancal 2 0.00
2 parafuso M6x15 fporca-arrueia 10 0.30 sextavado interno 3.00
3 anéis etasticos (502.044) 2 0.80 1.60
4 rolamentos 6004 ZZ 2 9.00 18.00
5 porca de fixagdo M 15x1 - ANO2 ou BM2 2 4.00 8.00
& arruela de fixagio AWO2 X ou KM2 2 2.00 4.00
7 eixo 2 - diametro 22 1 0.00
8 polial sincro 30 5M 25 1 59.00 59.00
9 polia2 sincro 56 5M 25 1 142.00 142.00
10 parafusos M4x8 s/cabega 6 0.20 polia-eixo 1.20
11 correia sincro 580 SM-B 25 omega rel 1:2 1 78.10 78.10
Conjunto 3
# descrigio quant. prego un. obs.
1 polia sincro 18 5M 25 1 41.00 41.00
2 correia sincro 500 SM-B 25 omega rel 1:3 1 72.05 7205
3 parafusos M5x15 /porca-amuela 10 0.25 sextavado interno 2.50
Conjunto 4
# descrigio quant. preco un. obs.
1 mancal 1 0.00
2 parafusos M6x15/porca-arruela 5 0.30 sextavado interno 150
3 anéis elasticos (502.048) 2 0.80 160
7 anel elastico (501.025) 2 0.80 1.60
4 rolamentos 6005 ZZ 2 10.00 20.00
5 porca de fixagio M 20x1 - ANO4 ou BM4 1 4.00 4.00
6 arruela de fixagho AWO4 X ou KM4 1 1.00 1.00
8 eixo 3 - didmetro 25 1 0.00
9 polia sincro 22 8M 30 1 54.00 54.00
10 parafusos M4x10 s/ cabeca 3 0.20 polia-eixo 0.60
1 correia sincro aberta 6.5m 8M 30 65 116.00 754.00
12 rolamentos 5202 ZZ 1 8.50 gixo de esferas 8.50
[ TOTALRS 1,517.15 |

Fabela 3: Detalhe do Orgamento da Méaquina
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10 DISCUSSOES

Durante o desenvolvimento das pecas que compdem a parte mecdnica da
maquina algumas alteragdes tiveram que ser realizadas, entre elas a mudanga no
suporte dos encoders — tivemos acesso a0s mesmos somente na segunda semana de
dezembro, alem das dimensdes serem maiores que o esperado.

Apbs a montagem da caixa de redugdio, do poste oposto e da fixacdo da mesa
(eixo x), pudemos observar uma interferéncia. Identificamos que a distincia entre os
eixos (na caixa de redugfio) era a causa da interferéncia e solucionamos o problema
afrouxando levemente os parafusos que fixam os mancais e desgastando os furos
onde sio acoplados os mancais — permitindo assim uma pequena folga. Foram
utilizadas as formulas para o calculo da distdncia entre eixos e a situagdo tedrica
encontrada, quando aplicada na montagem resultou nas correias esticadas demais
causando a interferéncia.

O hardware solicitou mais tempo do que planejamos, alguns problemas
enfrentados serdo descritos abaixo.

Terra ou Referéncia: E fundamental que o terra da Rabbit e do LM629 esteja
conectado (flat cable), novamente & necessario verificar se a referéncia da
alimentagdo da placa LM629 (12V) é a mesma da fonte que alimenta o motor.

Uma resisténcia foi ligada em série com os capacitores para haver a descarga
ap6s a utilizagdo, evitando acidentes.

Os encoders precisam ter seus cabeamentos realizados minuciosamente, a
inversio dos canais A e B causa o n3o funcionamento do mesmo. E qualquer folga
no acoplamento com o motor pode causar trancos durante a movimentagio.

A utilizagiio de uma fonte de 12V e 0.8A na alimentacio da placa do LM629
causou o seu mal funcionamento, tornando-o instavel. Problema resolvido quando
ligamos uma fonte de 12V e 2,5A.

O mesmo pode ser observado para a fonte do motor. Teve desempenho
satisfatério quando utilizamos uma fonte que suportava até 12A. O sintoma
observado anteriormente era um movimento falho do motor. (Estavamos arriando a

fonte antiga).
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Uma alimentaciio de 27V foi nos motores DC, na versdo final. A fonte
construida permite também tensdes de: 56V ou 112V, corrente mixima de 12A. O
objetivo era a utilizagdo de tensdes maiores, mas durante as experiéncias queimamos
duas vezes a placa de controle. Na primeira vez, estavamos lendo os sinais com um
osciloscopio quando a ponta de prova escapou causando o acidente. Na segunda vez,
claramente estouramos o capacitor quando utilizamos uma tensfio de 112V,
mostrando que os capacitores da placa ndo estavam dimensionados corretamente.

O ajuste dos pardmentros do controlados foram realizado seguindo as
instrucdes do manual ¢ os valores 6timos estdo no anexo do software.

O software necessitou um cuidado especial em relagdo aos ajustes dos pinos a
serem utilizados (comunicagdo entre Rabbit e placa LM629).

Testes mais detalhados precisam ser realizados objetivando velocidades
maiores, que estio diretamente relacionadas com a tensdo a ser utilizada. Atentando
que modificagdes devem ser realizadas na placa LM629 para a mesma suportar tais
tensdes. Nesse contexto, os pardmentros dos filiros tem de ser ajustados novamente.
Os parametros podem ser facilmente alterados no programa de controle.

Pequenas modificagdes no software podem ser realizadas para o acoplamento
de mais um eixo, no caso o eixo z. O cabeamento ja estd disponivel, mas ha a

necessidade de: mais uma placa LM629, bloco deslizante e servomotor.
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11 CONCLUSOES

Ficou claro com o desenvolvimento do projeto no decorrer do primeiro e
neste segundo semestre que o nosso maior objetivo, que € aprender a projetar um
sistema mecatronico por completo, foi alcangado.

Por se tratar de uma dupla, ambos os integrantes do grupo estiveram
presentes no desenvolvimento de todas partes existentes do projeto, diferentemente
da matéria do semestre passado, PMR2450 — Projeto de Maquinas, onde o grupo era
composto por 15 alunos, onde cada integrante tinha sua funcdo definida devido ao
tamanho do trabalho e também pelo periodo curto de execugio.

Dentro das propostas idealizadas inicialmente: analise da sugestdo de
melhoria da maquina, pesquisa das referéncias bibliograficas, dimensionamento
mecdnico das partes (redugdo, polias, correias, eixos, mancais), desenho de
fabricacdio, avaliagio e compra dos materiais necessarios, levantamento de hardware
a ser utilizado (Jackrabbit, LM629, Joystick, motor de passo, servomotores DQC),
desenvolvimento do programa, dentro do software da Z-World, de controle da
maquina, desenvolvimento da interface grafica e acoplamento dos hardwares,
resultou na viabiliza¢do do prototipo da maquina.

Alguns entraves ocorridos durante o desenvolvimento deste Trabalho de
Formatura, prejudicaram o resultado programado para este. Isto se deveu ao super
dimensionamento do projeto, por parte dos integrantes deste grupo, para as tarefas a
serem realizadas. Uma vez que a solugdo de tais problemas tomou mais do que o
esperado, devido 4 falta de experiéncia da equipe.

Problemas estes, como as alteragBes necessarias, na reta final, para fabricaggo
e montagem das pegas, acarretou um tempo extra que prejudicou o acoplamento da
parte mecinica com a eletronica.

Novos estudos devem ser realizados para otimizagfio da maquina tanto na
parte de software como na parte mecéinica.

Entretanto, o trabalho apresenta-se de forma completa e protdtipo funciona de

forma satisfatona.
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12 ANEXO 1: DESENHOS
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13 ANEXO 2: PROGRAMA DA MAQUINA CNC

VERSAQ FINAL - 01/02/05

#define DFH 0X02  /#* define home */

#define LFIL  0X1E  /* load filter parameters */
#define LPEI  0XIB /* intrpt. on error */
#defing LPES  0X1A /* stop on error */
#define LTRT  OX1F  /* trajectory mode */
#define MSKI  0X1C  /* mask intrpts */

#define RDSIGS 0X0C  /* read signals reg */
#define RDIP  0X09 /* read indx. position */
#define RDDP  0X08  /* rcad desired position */
#define RDDV  0X07  /* read desired velocity */
#define RDRP 0X0A /* read real position */
#define RDRV  0X0B  /* read real velocity */
#define RDSUM (X0D /* read integration sum */
#define RESET 0X00  /* reset lm629 #/

#idefine RSTT  0X1D  /* reset interrupts */
#define SBPA  0X20  /* set bkpt. absolute #/
#define SBPR  0X21  /* set bkpt. relative */
#define SIP 0X03  /* sct index position */
#define STT 0X01 /* start motion */

#define UDF 0X04  /* update filter */

#idefine VEL_ M_X 200 /{ mm/s

#define ACEL_M_X 3000 {f mm/s™2

#define VEL MY 200 // mm/s

#define ACEL_M_Y 3000 /f mm/s"2

#define mm2revX 0.036 // revimm

#define mm?2revY 0.2 /f Tev/mm

#define N 4 /{ define perfil trapezoidal
#define rev2counis 2000 I/ (4*500)counts/rev encoder de 500 linhas
#define sec2sample 0.000621 {/ (2048-fixo/3.3MHz-LM629)s/sample
#define SCALE_FACTOR 65536 /f fixo 2E16

#define KpX 250 // define os filtros do conirolador
#idefine KdX 64

#define KiX 3000

#define 11X 3000

#define KpY 300

#define KdY 32

#define KiY 5000

#define ITY 5000

i

char leitura(void);

char status(void);

char busy_bit (void);

void comando (char com);

void dado (char dm, char dl);

void LM629Reset(void);

void LoadFilierParam(int aKp, int aKi, int aKd, int all),
void CalcTrajParam(float ax, float ay, float aF),

void SendTrajParam (long aPos, long aVel, long aAcel);
void SelectMotor(int Motor),

void ReadPosition(void);



J//

I Leitura de dados do LM629

char leitura{void) {
char dado;
BitWrPortI(PEDR, &PEDRShadow, 1, 5);
BitWrPortl(PEDR, &PEDRShadow, G, 4);

leitura  WrPortIl{SPCR, &SPCRShadow, 0x80);
BitWrPortl(PBDR, &PBDRShadow, 0, 7);
dado = RdPortI(PADR);
BitWrPortl(PBDR, &PBDRShadow, 1, 7);
return (dado);

}

i

/ Leitura de status do LM629

char status(void) {
¢har st;
BitWrPortl(PEDR, &PEDRShadow, 0, 5);
BitWiPortl(PEDR, &PEDRShadow, 0, 4);
/f escreve LOW na porta E4/DIR leitura
WrPortl(SPCR, &SPCRShadow, 0x80);
BitWiPoril(PBDR, &PBDRShadow, 0, 7);
st = RdPorti(PADR);
BitWiPortl{(PBDR, &PBDRShadow, 1, 7);
BitWrPortl(PEDR, &PEDRShadow, 1, 5);
return (st);

¥

I

/{ escreve HIGH na porta E5/PS
/ escreve LOW na porta E4/DIR
// seta porta A como input

{/ escreve LOW na porta B7/RD
// leitura da porta PA

// escreve HIGH na porta B7/RD

// escreve LOW na porta E5/PS

// seta porta A como input

/! escreve LOW na porta B7/RD
// leitura da porta PA

/{ escreve HIGH na porta B7/RD
// escreve HIGH na porta E5/PS

// Busy_bit: comando para verificar disponibilidade de ler/escrever dados

char busy_bit (void) {
char sta;
sta = status();
while (sta & 0x01) {
sta = status();
H
returnista),
¥
i

void comando (char com) §
BitWrPortl(PEDR, &PEDRShadow, 1, 4},
/ escreve HIGH na porta E4/DIR escrita
BitWrPortl(PEDR, &PEDRShadow, 0, 5);
WiPortl(SPCR, &SPCRShadow, 0x84),
WriPortl(PADR, &PADRShadow, com),
BitWrPorti(PBDR, &PBDRShadow, 0, 6);
BitWrPortI(PBDR, &PBDRShadow, 1, 6);
BitWrPortl(PEDR, &PEDRShadow, 1, 3);

¥

1
/# Escreve dado: fungdo para enviar dados ac LM629
void dado (char dm, char dl) {
nt j;
BitWrPortl(PEDR, &PEDRShadow, 1, 4);
{1 escreve HIGH na poria E4/DIR escrita
WrPortl(SPCR, &SPCRShadow, 0x84);
for(j=0:j<150;j++);
WiPort(PADR, &PADRShadow, dm);
BitWrPorti(PBDR, &PBDRShadow, 0, 6),

/f escreve LOW na poria E5/PS
/f seta porta A como output

/f escreve o comando na porta A
1/ escreve LOW na porta B6/WR
/1 escreve HIGH na porta B6/WR
// escreve HIGH na porta ES/PS

// seta porta A como output

/{ escreve o dado na porta A
// escreve LOW na porta B6/WR

63



BitWrPortl(PBDR, &PBDRShadow, 1, 6); /f escreve HIGH na porta B6/WR
WrPortl(PADR, &PADRShadow, dl}); // escreve o dado na porta A
BitWrPortl(PBDR, &PBDRShadow, 0, 6); 1/ escreve LOW na poria B6/WR
BitWrPorti(PBDR, &PBDRShadow, 1, 6); /1 escreve HIGH na porta B6/WR
}
I
/! Reset do 629
void LM629Reset(void){
et reset_flag, i, i;
reset_flag=1;
while(reset_flagh{
BitWrPortI(PEDR, &PEDRShadow, 0, 6); // escreve LOW na porta D6/RST
for(j=0,j<150;++);
BitWrPortl(PEDR, &PEDRShadow, 1, 6); // escreve HIGH na porta D6/RST
for(j7=0,j<150;j++);
if (status() == Oxc4 || status() == 0x84)
reset_flag=0;

¥
printf{™nFim do LM629Reset por Hardware!");

for (i=0;i<2;i++H){
SelectMotor(i);
busy _bit();
comando(RESET); /f teset por software
for(j=0;j<150;j++);
i printf("status = %x \n", status());
busy_bit();
comando(RSTI), /freset dos interruptores
busy_bit();
dade(0x00, 0x00); //reset dos interruptores
if (==0)
printf("\nFim do LM629Reset por Software X"y,
if (i=1)
printf("\nFim do LM629Reset por Software Y\n");
¥/fim do for

}

i}
void LoadFilterParam(int aKp, int aKi, int aKd, int all){
char filter[8];

busy_bit();

comando(LFIL); /* 0x1e: Load filier parameters */

busy_bit();

dado(0x00,0x01); /* 0x0f comando para carregar os valores de: Kp, Kd, Ki, I1 %/

filter[0}=(char)((aKp&O0x{f00)/0x100);
filter| 1]=(char)(alp&0xfD),
filter[2|=(char)((aKi&0xff00)/0x100);
filter|3 J=(char)(aKi&0xfT),
filter[4]=(char)((aKd&0x{f00)/0x100);
fikter[5]=(char){(aKd&0xfT),
filter[6]=(char)((all&0xff00)/0x100);
filter| 7]=(char)(all&0xff);

busy_bit{);
dado(filter[0], filter[1]);
busy _bit();



dado(filter[2], filter[3]);
busy_bit(),
dado(filter[4], filter{5]);
busy_bit();
dado{filter[6], filter[7]);

busy_bit();

comando(UDF), /* update filter */
busy_bit();

comando(STT), /* comando start */
busy_bit();

comando(RSTT), /* 0x04: reset interrupts */
busy_bit();

dado(0x00, 0x00);

i printf("status Interruptores = %x \n", status()); /fout

3
I"

void CalcTrajParam(float ax, float ay, float aF) {

// ParAmetro 1; X mm
/i Parimetro 2: Y mm
/i Parimetro 4: velocidade em mm/s

long PX VX, AX,PY, VY, AY;
float periodo, Posx, Posy, dx, dy, aFx, aFy, aAcelx, aAcely;

dx=abs(ax),
dy=abs(ay);
if (dx>=dy){ //calculo dos parametros

aFx = (dx*aF)/sqrt(dx*dx-+dy*dy); //projecao de aF em x
if (aF>>VEL_M_X)

aFx= VEL_M_X,
Jf verifica se a velocidade ndo excede a velocidade maxima
aFy = (dy/dx)*aFx,
aAcelx=(2*N*aFx*aFx)/dx; //dcfine aceleragio
aAcely=(2*N*aFy*aFy)/dy;
if (aAcelx>ACEL_M_X)

aAcelx=ACEL M X;
if (aAcely>ACEL_M_Y)

aAcely=ACEL M_Y,

Yifim do if

else §

aFy = (dy*aF)/sqrt{(dx*dx+dy*dy); ffprojecao de aF em y
if (aFy>VEL_M_Y)

aFy=VEL_MY,
J# verifica se a velocidade ndo excede a velocidade maxima
aFx = (dx/dy)*aFy;
aAcelx=(2*N*aFx*aFx)/dx; //define aceleracio
aAcely=(2*N*aFy*aFy)/dy,;
if (aAcelx>ACEL_M_X)

aAcelx=ACEL_M_X;
if (aAcely>ACEL_M_Y)

aAcely=ACEL_M_Y;

3/ fim do else

printf("valor posX: %f \n", ax);
printf("valor posY: %f \n", ay);
printf("valor velX: %f \n", aFx);
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printf("valor velY: %f\n", aFy);
printf("valor acelX: %f \n", aAcelxy;
printf("valor acelY: %f \n", aAcely);

/fconversao de mm p/ counts ¢ unidade de tempo p/ samples

Posx = ax*mm2revX*rev2counts; // [counts]

aFx = aFx* mm2revX*rev2counts*sec2sample; // [counts/sample]
aAcelx = aAcelx* mm2revX*rev2counts*sec2sample*sec2sample; // [counts/sample”2]
Posy = ay*min2revY*rev2counts;

aFy = aFy* mm2revY *revZcounts*sec2sample;

aAcely = aAcely* mm2revY *rev2counts*sec2sample*sec2sample;
/lescalonando a velocidade de a aceleracao

afx = aFx* SCALE_FACTOR;

aAcelx = aAcelx* SCALE FACTOR;

aFy = aFy* SCALE FACTOR;

aAcely =aAcely* SCALE_FACTOR;

PX=(long)Posx;
VX=(long)aFx;
AX=(long)aAcelx;
PY=(long)Posy,
VY=(long)aFy;
AY=(long)aAcely;

SelectMotor(0); //Seleciono Motor X
SendTrajParam(PX, VX AX),
SelectMotor(1); {/Seleciono Motor Y
SendTrajParam(PY,VY,AY);
i SelectMotor(2); }Seleciono Motor Z
i SendTrajParam(PX, VX, AX),
¥
i
void SendTrajParam (long aPos, long aVel, long aAcel}{
char traj[12];
basy_bit();
comando(LTRJ); //modo trajetoria
busy_bit(};
dado(0x00, 0x2b); //aceragio e velocidades absolutas e posigfo relativa
busy_bit();
traj[01=(char)((aAcel &0xff000000)/0x 1000000);
tlaj[1]=(char)((aAcel&0xﬁ’0000)/0x10000);
traj[2]=(char)((aAcel&0xffD0)/0x100);
traj[3]=(char)(aAcel&0xfT),
u'aj[4]=(char)((aVel&0xﬁ000000)/0x1000000);
traj [5]=(char)((aVel&0x0000)/0x10000);
traj{6]=(char)((aVel&0xff00)/0x100),
traj{7]=(char)(aVel&0xiD);
traj[8]=(char)((aPos&0xff000000)/0x1000000);
traj[9]=(char)((aPos&0xEE0000)/0x10000);
traj| 10]=(char){(aPos&0xff00)/0x100);
traj[11]}=(char)(aPos&0xIf);
dado(iraj[0], traj[1]); //4 bytes de aceleracao
busy_bit();
dadodtrajf2], traj{3]),
busy_bit(};
dado(traj[4], trajj51); /14 bytes de velocidade
busy_bit();
dadof(traj[6], traj[7});




busy_bit(;
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dado(traj(8}, traj[91); /14 bytes de posicao relativa

busy_bit();
dado(traj[10], traj[11]);
busy_bit();
H
f

void SelectMotor(int Mofor){
if (Motor==0){
JI seleciona o motor X

BitWiPortl(PEDR, &PEDRShadow, 0, 0);
BitWrPortI(PEDR, &PEDRShadow, 0, 1);

HAf motor X
i (Motor==1){
/I seleciona 0 motor Y

BitWiPortl(PEDR, &PEDRShadow, 1, 0);
BitWrPortl(PEDR, &PEDRShadow, 0, 1);

HAf motor Y
if (Motor==2){

BitWrPortl(PEDR, &PEDRShadow, 0, 0);

BitWrPortl(PEDR, &PEDRShadow, 1, 1);
}/if motor Z
}
i
void ReadPosition(void){ /leitura da velocidade

char MSBH, LSBH, MSBL, LSBL, a;

int i;

for {i=1;1<2;i++){
SelectMotor(i);
comando(RDDP);
busy_bit();
MSBH=leifura(};
LSBH=leitura();
busy_bit(};
MSBL=leitura(};
LSBL~leitura();
busy_bit();
a=status();

while((a & 0x04) |=0x04)

a=status();
[iprintf("STATUS = %x \n", status(});

printf("STAND BY\n\n");

¥/fim do for
}

i

void main(){
int i, flag; char b[8], saida;
float c[4], X, Y, Z;

BitWrPortl(GOCR, &GOCRShadow, 0, 7);
BitWrPortl(GOCR, &GOCRShadow, 1, 6);

// escreve LOW na porta EO/CS
// escreve High na porta E1/CS

/f escreve High na porta EO/CS
// escreve High na porta EI/CS

}f seleciona motor Z
J{ escreve High na porta E¢/CS
// escreve LOW na porta E1/CS

J/ seta os bits da portaE 0/CS, 1/CS, 4/DIR, 5/PS ¢ 6/RST como output

WrPort(PEDDR, &PEDDRShadow, 0x73);
WiPortPDDDR, &PDDDRShadow, 0xCl1);
/f seta os bits da portaD 0, 6 ¢ 7 como output
BitWrPortI(PBDR, &PBDRShadow, 1, 6);
BitWrPortl(PEDR, &PEDRShadow, 1, 5);

// escreve HIGH na porta B6/WR
// escreve HIGH na porta E5/PS



Tad

i
i’

BitWrPortI(PBDR, &PBDRShadow, 1, 7); // escreve HIGH na porta B7/RD
BitWrPorti(PEDR, &PEDRShadow, 1, 6); // escreve HIGH na porta E6/RST
LM629Reset(); // reset do LM629: hard e soft
for (i=0;1<2;i++){

SelectMotor(i);

if (i=0){

LoadFilterParam (KpX, KdX, KiX, IIX);
/f comando para carregar os valores de: Kp, Kd, Ki, Ii
printf("Fim do Carregame/o dos Filtros X"y,

3

if (i==1){
LoadFilterParam (KpY, KdY, KiY, IIY);
/7 comando para carregar os valores de: Kp, Kd, Ki, n
printf("Fim do Carregame/o dos Filtros Y\n");

H
if (i==2)
LoadFilterParam (KpZ, KdZ, KiZ, 11Z),
// comando para carregar os valores de: Kp, Kd, Ki 1l
printf("Fim do Carregame/o dos Filtros Zhn"); */
¥//fim do for
saida="s";

flag=0;

while(saida=="s'||saida=="S'H{
printf(™nEntre nm valor de POSX[mm] digite ENTER: "),
c[0}=atof(gets(b));
printf("\nEntre um valor de POSY [mm]} digite ENTER: "),
cf1]=atof(gets(b));
printf("\nEntre um valor de POSZ[mm)] digite ENTER: "),
c[2]=atof{gets(b));
printf("\nEntre um valor de VEL[mumy/s] digite ENTER: ");
c[3]=atof(gets(b));
CalcTrajParam(c[0],c[1],c[3]); //load trajetorias no cixoYeX

for (i=0;i<2;i++){

SelectMotor{i);
comando(STT),
busy _bit(};
if (1==0)
printf("Motor X ligado=%x! \n", status());
if (i==1)
printf("Motor Y ligado=%x! \n\n", status(});
if i==2)
printf"Motor Z ligado=%x! \n! " status());
Y/fim do for
ReadPosition(); MNéaposigiode X, YeZ

printf("Gostaria de entrar com ountra coordenada? ('s' ou'n’) Resp: ");
saida=getchar(};
printf("%c\n",saida),
if (saida=="n|saida=—="N")
LM629Reset(), /! reset do 1LM629: hard e soft
y/ffim do while
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LM628/629 User Guide

1.0 Introduction

1.1 APPLICATION NOTE OBJECTIVE

This application note is intended to explain and complement
the information in the data sheet and also address the
common user questions. White no initial familiarity with the
LM628/629 is assumed, it will be useful to have the LM628/
629 data sheet close by to consult for detailed descriptions
of the user command set, timing diagrams, bit assignments,
pin assignments, sic.

After the following brief description of the LM628/629, Sec-
tion 2.0 gives a fairly full description of the device's opera-
tion, probably more than is necessary to get going with the
device. This section ends with an outline of how 10 tune the
control system by adjusting the PID filter coefficients.
Section 3 “User Command Set” discusses the use of the
LMB28/629 commands. For a detailed description of sach
command the user should refer to the data sheet.

Section 4 "Helpful User Ideas” starts with a short description
of the actions necessary to get going, then procesds to talk
about some performance enhancements and follows on with
a discussion of a couple of operating constraints of the
device.

Section 5 “Theory” is a short foray into theory which relates
the PID coefficients that would be calculated from a continu-
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ous domain control loop analysis to those of the discrete
domain including the scaling factors inherent to the LM628/
629. No attempt is made to discuss control system theory as
such, readers should consult the ample references available,
some suggastions are made at the end of this application
note. Section 5 concludes with an example trajectory calcu-
lation, reviving those perhaps forgotten ideas about accel-
eration, velogity, distance and time.

Saction 6 “Questions and Answers”, is in guestion and an-
swer format and is bom out of and dedicated to the many
interesting discussions with customers that have taken
place.

1.2 BRIEF DESCRIPTICN OF LM628/629

LM628/629 is a microcontroller peripheral that incorporates
in one device all the functions of a sample-data motion
control system controller. Using the LM628/629 makes the
potentially complex task of designing a fast and precise
motion contro! system much easier. Additional features, such
as trajectory profile generation, on the “fiy” update of loop
compensation and trajectory, and status reporting, are in-
cluded. Both position and velocity motion control systems
can be implemented with the LMG28/629,

?i‘: DRIVER |

LM1B293
LM18298
LMD18200

OFTICAL
FOSITION

~

LIVI628/629 is itself a purpose designed microcontroller that
implements a position decoder, a summing junction, a digital
PID loop compensation filter, and a trajectory profile genera-
tor, Figure 1. Output format is the only difference between
LM628 and LM628. A parallel port is used to drive an 8- or
12-bit digital-to-analog converter from the LM628 while the

FIGURE 1, LM828 and L6223 Typical System Block Diagram

01101801

LM629 provides a 7-bit plus sign PWM signal with sign and
magnitude outputs. Interface 1o the host microcontroller is
via an 8-bit bi-directional data port and six control fines which
includes host interrupt and hardware reset. Maximum sam-
pling rates of either 2.9 kHz or 3.9 kHz are avallable by
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1.0 Introduction (Continued)

choosing the LM6268/8 device options that have & MHz or
8 MHz maximum clock frequencies (device -6 or -8 suiffixes).
In operation, o start a movement, a]-hT)st microcontrollerl
downloads acceleration, velocity and target position values
to the LMB28/629 trajectory generator. At each sample inter-
val these values are used to calculate new demand or “set
point” positions which are fed into the summing junction.
Actual position of the motor is determined from the output
signals of an optical incremental encoder. Decoded by the
LM628/629's position decoder, actual position is fed fo the
other input of the summing junction and subtracted from the
demand position to form the error signal input for the control
loop compensator. The compensator is in the form of a
“thrae term” PID filter (proportional, integral, derivative), this
is implemented by a digital filter. The coefficients for the PID
digital filter are most easily determined by tuning the control

system to give the required response from the load in terms
of accuracy, response time and overshoot, Having charac-
terized a load these coefficient values are downloaded from
the host before commencing a move. For a load that varies
during a movermnent more coefficients can be downloaded
and used to update the PID filter at the moment the load
changes. All trajectory parameters except acceleration can
also be updated while a movement is in progress.

2.0 Device Description

2.1 HARDWARE ARCHITECTURE

Four major functional blocks make up the LM&28/629 in
addition to the host and output interfaces. These are the
Trajectory Profile Generator, Loop Compensating PID Filter,
Summing Junction and Motor Position Decoder {Figure 1).
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FIGURE 2. Hardware Architecture of LM528/629

Details of how LM628/629 is implemented by a purpose
designed microcontroller are shown in Figure 2. The control
algorithm is stored in a 1k x 16-bit ROM and uses 16-bit wide
instructions. A PLA decodes these instructions and provides
data transfer timing signals for the single 18-bit data and
instruction bus. User variable fiker and trajectory profile pa-
rameters are stored as 32-bit double words in RAM. To
provide sufficient dynamic range a 32-bit position register is
used and for consistency. 32 bits are also used for velocity
and acceleration values, A 32-bit ALU is used to support the
16 x 16-bit multiplications of the error and PID digital filter
cosfficients.

2.2 MOTOR POSITION DECODER

LM628/629 provides an interface for an optical position shaft
encoder, decoding the two quadrature output signals to pro-
vide position and direction information, Figure 3. Optionally a
third index position output signal can be used to capture
position once per revolution. Each of the four states of the
quadrature position signal are decoded by the LM628/629
giving a 4 times increase in position resolution over the
number of encoder lings. An “N" line encoder will be decoded
as "4N" position counts by LM628/629.
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2.0 Device Description (continued)

Position decoder block diagram, Figure 4, shows three lines
coming from the shaft encoder, M1, M2 and Index. From
these the decoder PLA determines i the motor has moved
forward, backward or stayed still and then drives a 16-bit

ane

up-down counter that keeps track of actual motor position.
Once per revolution when all three lines including the index
line are simultaneously low, Figure 3, the current position
count is captured in an index latch.
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FIGURE 3. CQluadrature Encoder Output Signals and Direction Decode Table
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FiGURE 4. LAG28/622 Motor Posltion Decoder

The 16-bit up-down counter is used to capture the difference
in position from one sample to the next. A position latch
attached to the up-down counter is strobed at the same time
in every sample period by a sync pulse that is generated in
hardware. The position latch is read scon atter the sync
puise and is added to the 32-bit position register in RAM that
holds the actual current position. This is the value that is
subtracted in the summing junction every sample interval
from the new desired position calculated by the trajectory
generator to form the error input to the PID filter.

Maximum encoder state capture rate is determined by the
minimum number of clock cycles it takes to decode each
encoder state, see Figure 3, this minimum number is 8 clock

cycles, capture of the index pulse is also achieved during
these 8 clock cycles. This gives a more than adequate 1
MHz maximum encoder state capture rate with the 8 MHz
Tk devices (750 kHz for the 6 MHz fg, devices). For
example, with the 1 MHz capture rate, a motor using a 500
line encoder will be moving at 30,000 rpm.

There is some limited signal conditioning at the decoder
input to remove problems that would occur due to the asyn-
chronous position encoder input being sampled on signal
edges by the synchronous LM628/629. But there is no noise
filtering as such on the encoder lines so it is important that
they are kept clean and away from noise sources.
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2.0 Device Description (continued)

2.3 TRAJECTORY PROFILE GENERATOR

Desired position inputs to the summing junction, Figure 1,
within the LM628/629 are provided by an internal indepen-
dent trajectory profile generator, The trajectory profile gen-
erator takes information fromn the host and computes for
each sample interval a new current desired position, The

information required from the hostis, operating mode, either

position or velocity, target acceleration, target velocity and

targst position in position mode.

2.4 DEFINITIONS RELATING TO PROFILE
GENERATION

The units of position and time, used by the LM628/629, are
counts {4 x N encoder lines} and samples {sample intervals
= 2048/~ ) respectively. Velocity Is therefore calculated in
counts/sample and acceleration in counts/sample/sample.
Definitions of “target”, "desired"” and “actual” within the profile
generation activity as they apply to velocity, acceleration and
position are as follows. Final requested values are called
“target”, such as target position. The values computed by the
profle generator sach sample interval on the way to the
target value are called “desired”. Real values from the posi-
tion encoder are called “actual”.

For example, the current actual position of the motor will
typically be a few counts away from the current desired

position because a new value for desired position is calcu-
lated every sample interval during profile generation. The
difference between the current desired position and current
actual position relies on the ability of the control loop to keep
the motor on track. In the extreme example of a locked rotor
there could be a large difference between the current actual
and desired positions.

Current desired velocity refers to a fixed velocity at any point
onh a on-going trajectory profile. While the profile demands
acceleration, from zero to the target velogity, the velocity wilt
incrementally increase at each sample intsrval.

Current actual velocity is determined by taking the difference
in the actual position at the current and the previous sample
intervals. At velocities of many counts per sample this is
reasonably accurate, at low velocities, especially below one
count per sample, it is very inaccurate.

3.0 Profile Generation

Trajectory profiles are plotted in terms of velocity versus
time, Figure 5, and are velocity profiles by reason that a new
desired position is calculated every sample interval. For
constant velocity these desired position increments will be
the same every sample interval, for acceleration and decel-
oration the desired position increments will respectively in-
crease and decrease per sample interval. Target position is
the integral of the velocity profile.

STANDARDS TRAPEZOIDAL VELOCITY PROFILE

LIMITING VELOCITY

VELOCITY

\EQUAL RATES

OF ACCELERATION
AND DECELERATION

STOPPING POSITION
IS INTEGRAL OF
TRAPEZOID

01101805

FIGURE 5. Typical Trajectory Veloclly Proflle

When parforming a move the LM628/629 uses the informa-
tion as specified by the host and accelerates until the target
velocity is reached. While doing this it takes note of the
number of counts taken to reach the target velocity. This
number of counts is subtracted from the target position to
determine where deceleration should commence to ensure
the motor stops at the target position. LM&28/629 decslera-
tion rates are equal to the accsleration rates. In some cases,
depending on the relative target values of velocity, accelera-
tion and position, the target velocity will not be reached and
deceleration will commence immediately from acceleration.

3.1 TRAJECTORY RESCLUTION

The resolution the motor sees for position is one integral
count. The algorithm used to calculate the trajectory adds
the velocity to the current desired position ence per sample
period and produces the next desired position point. In order
1o allow very low velocities it is necessary to have velocities
of fractional counts per sample. The LM&28/629 in addition
to the 32-bit position range keeps track of 16 bits of fractional
position, The need for fractional velacity counts can be fllus-
trated by the following example using a 500 line (2000 count)
encoder and an 8 MHz clock LM&28/629 giving a 256 ps
sample interval. If the smallest resolution is 1 count per

sample then the minimum velocity would be 2 revolutions
per second or 120 rpm. (1/2000 revsicount x 1/256 ps
counts/second). Many applications require velocities and
steps in velocity less than this amount. This is provided by
the fractional counts of acceleration and velocity.

3.2 POSITION, VELOCITY AND ACCELERATION
RESOLUTION

Every sample cycle, while the profile demands acceleration,
the acceleration register is added to the velocity register
which in tum is added to the position register. When the
demand for increasing acceleration stops, only velocity is
added to the position register. Only integer values are output
from the position register to the summing junction and so
fractional position counts must accumulate over many
sample intervals before an integer count is added and the
position register changed. Figure 6 shows the position, ve-
locity and acceleration registers.

The position dynamic range is derived from the 32 bits of the
integer position register, Figure 6. The MSB is used for the
direction sign in the conventional manner, the next bit 30 is
used to signify when a position overflow called “wraparound”
has occurred. If the wraparound bit is set (or reset when
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3.0 Profile Generation (centinued)

going in a negative direction) while in operation the status
byte bit 4 is set and optionally can be used to interrupt the
host. The remaining 30 bits provide the available dynamic
range of position in either the positive or negative direction
(£1,073,741,824 counts).

Velocity has a resolution of 1/2'® counts/sample and accel-
eration has a resolution of 1/21¢ counts/sample/sample as
mentioned above. The dynamic range is 30 bits in both
cases. The loss of one bit is due to velocity and acceleration
being unsigned and another bit is used to detect wrap-
around, This leaves 14 bits or 16,383 integral counts and 16
bits for fractional counts.

3.3 VELOCITY MODE

LM628 supports a velocity mode where the motor is com-
manded to continue at a specified velocity, until it is told to
stop (LTRJ bits 9 or 10). The average velocity will be as
specified but the instantaneous velocity will vary. Velocities
of fractional counts per sample will exhibit the poorest in-
stantaneous velocity, Velocity mode Is a subset of position
mode where the position is continually updated and moved
ahead of the motor without a specified stop position. Care
should be exercised in the case where a rotor becomes
locked while in velocity mode as the profile generator wilt
continue to advance the position, When the rotor becomes
free high velocities will be attained to catch-up with the
current desired position.
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FIGURE 6. Positlon, Velocity and Acceleration
Registers

3.4 MOTOR OUTPUT PORT

LM628 output port is configured to 8 bits after reset. The
8-hit output is updated once per sample interval and held
urttil it is updated during the next sample interval. This allows
use of a DAC without a latch., For 12-bit operation the
PORT12 command should be issued immediately after re-
set. The output is multiplexed in two 6-bit words using pins
18 through 23. Pin 24 is low for the least significant word and
high for the most significant. The rising edge of the active low
strobe from pin 25 should be used to strobe the output into
an external latch, see Figure 7. The DAC output is offset
binary code, the zero cades are hex'80' for 8 bits and
hex'800" for 12 bits.
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STROBE: — |
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¢
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FIGURE 7. LM&28 12-Bit DAC Cutput Multiplexed
Timing

The choice of output resolution is dependant on the user’s
application. There is a fundamental trade-off between sam-
pling rate and DAC output resolution, the LM628 8-bit output
at a 256 ps sampling interval will most often provide as good
results as a slower, e.g. microcontroller, implementation
which has a 4 ms typical sampling interval and uses a 12-bit
output. The LMB28 also gives the choice of a 12-bit DAC
output at a 256 us sampling interval for high precision appli-
cations.

LM623 PWM sign and magnitude signals are output from
pins 18 and 19 respectively, The sign output is used to
control motor direction. The PWM magnitude cutput has a
resolution of 8 bits from maximum negative drive to maxi-
mum positive drive. The magnitude output has an off condi-
tion, with the output at logic low, which is useful for tuming a
motor off when using a bridge motor drive circuit, The mini-
mum duty cycle is 1/128 increasing to a maximum of 127/
128 in the positive direction and a maximum of 128/128 in
the negative diracition, i.e., a continuous output. There are
four PWM periods in one LME29 sample interval. With an 8
MHz clock this increases the PWM output rate to 15.6 kHz
from the LM629 maximum 3.9 kHz sample rate, see Figure §
for further timing information.
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3.0 Profile Generation (continued)
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FIGURE 8. LM629 PWil Quitput Signal Format

3.5 HOST INTERFACE

LM628/629 has three internal registers: status, high, and low
bytes, Figure 9, which are used to communicate with the
host microcontroller, These are controlled by the RD, WR,
and PS lines and by use of the busy bit of the status byte.
The status byle is read by bringing RD and PS low, bit @ is
the busy bit. Commands are written by bringing WR and P8
low. When PS is high, WRbrought low writes data into
LM628/629 and similarly, BD is brought low to read data
from LM628/629. Data transfer is a two-byte operation writ-
ten in most to least significant byte order. The above descrip-
tion assumes that CS is low.

1101508

INTERNAL
DATABUS

# STATUS

of HIGH

| BYTE

o1 LOW

T 8rTe

01101209

FIGURE 9. Host Interface Internal VO Reglsters

3.6 HARDWARE BUSY BIT OPERATION

Before and between all command byte and data byt pair
transfers, the busy bit must be read and checked to be at
logic low. If the busy bit is set and commands are issued they
will be ignored and if data is read it will be the current
contents of the /0O buffer and not the expected data. The
busy bit is set after the rising edge of the write signal for
commands and the second rising edge of the respective
read or write signal for two byte data transfers, Figure 10.
The busy bif remains high for approximately 15 ps.
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3.0 Profile Generation (continued)
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FIGURE 10. Busy Bit Operatlon durlng Command and Data Write Sequence

The busy bit reset to logic low indicates that high and low
byte registers shown in Figure 9 have been either loaded or
read by the LM628/629 internal microcods. To service the
command or data transfer this microcode which performs the
trajectory and filter calculations is interrupted, except in criti-
cal areas, and the on-going calculation is suspended. The
microcode was designed this way to achieve minimum la-
tency when communicating with the host. However, if this
communication becomes too frequent and on-going calcula-
tions are interrupted too often corruption will occur. in a
256 us sample intarval, the filter calcutation takes 50 ps,
outputting a sample 10 ps and trajectory calculation 90 ps. Iif
the LM628 behaves in a manner that is unexpected the host
commurtication rate should be checked in relation to these
timings.

3.7 FILTER INITIAL VALUES AND TUNING

When connecting up a system for the first time there may be
a possibility that the joop phasing is incorrect. As this may
cause violent oscillation it is advisable to initially use a very
low value of proportional gain, say kg, = 1 (with Ky, k; and il all
set to zero), which will provide a weak level of drive to the
motor. (The Start command, STT, is sent to LM628/629 to
clase the control loop and energize the motor.) If the system
does oscillate with this low value of k; then the motor con-
nections should be reversed.

Having determined that the loop phasing is correct i, can be
increased to a value of about 20 to see that the control
system basically works. This value of k, should hold the
motor shaft reasonably stiffly, returning the motor to the set
position, which will be zero until trajectory values have been
input and a position move performed. If oscillation or unac-
ceptable ringing occurs with a k;, value of 20 reduce this until
it stops. Low values of acceleration and velocity can now be
input, of around 100, and a position move commanded to
say 1000 counts. All values suggested here are decimal. For
details of loading trajectory and filter parameters see Section
8.0, reference (5) and the data sheet.

This sequance repsated until
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It is useful at this stage to try different values of acceleration
and velocity to get a feel for the system limitations. These
can be determined by using the reporting commands of
desired and actual position and velocity, to see if the error
batween desired and actual positions of the motor are con-
stant and not increasing without bound. See Section 3.6 and
the data sheet for information about the reporting com-
mands. Clearly it will be difficult to tune for best system
response if the motor and its load cannot achieve the de-
manded values of acceleration and velocity. When correct
operation is confirmed and limiting values understood, filter
tuning can commence.

Due to the basic difficulty of accurately modeling a control
system, with the added problem of variations that can occur
in mechanical components over time and temperature, it is
always necessary at some stage to perform tuning empiri-
cally. Determining the PID filter coefficients by tuning is the
preferred method with LM628/629 bscause of the inherent
flexibility in changing the filter coefficients provided by this
programmable device.

Before tuning a control system the offect of each of the PID
filter coefficients should be understood. The following is a
very brief review, for a detailed understanding reference (2)
should be consulied. The proportional coefficient, k;, pro-
vides adjustiment of the control system loop proportional
gain, as this is increased the cutput steady state error is
reduced. The error between the required and actual position
is effectively divided by the loop gain. However there is a
natural fimitation on how far k, can be increased on its own
to reduce output position error because a reduction in phase
margin is also a consequence of increasing k,- This is fivst
encountered as ringing about the final position in response
to a step change input and then instability in the form of
oscillation as the phase margin becomes zero. To improve
stability, ks, the derivative coefficient, provides a damping
effect by providing a term proportional to velocity in an-
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3.0 Profile Generation (continued)

tiphase to the ringing, or viewed in another way, adds some
leading phase shift into the loop and increases the phase
margin.

In the tuning process the coefficients k, and k, are iteratively
increased to their optimum values constrained by the system
constants and are trade-offs between response time, stabil-
ity and fina! position error. When k, and ky have been
determined the integral coefficient, k, can be introduced to
remove steady state errors at the load. The steady state
errors removed are the velocity lag that occurs with a con-
stant velocity cutput and the position error due to a constant
static torque. A value of integration limit, il, has to be input
with k;, otherwise k; will have no effect. The integral coeffi-
cient k; adds another variable to the system to allow further
optimization, very high values of k; will decrease the phase
margin and hence stability, see Section 5 and reference (2)
for more details. Reference (5) gives more details of PID
filter tuning and how to load filter parameters.

Figure 11 illustrates how a relatively slow response with
overshoot ¢an be compensated by adjustment of the PID
filter coefficients to give a faster critically damped response.

4.0 User Command Set

4.1 OVERVIEW

The following types of User Commands are available:
Initialization

Filter control commands

Trajectory control commands

Interrupt control commands

Data reporting commands

User commands are single bytes and have a varying number
of accompanying data byles ranging from zero to fourteen
depending upon the command. Both filter and trajectory
control commands use a double buffered scheme to input
data. These commands load primary registers with multiple
words of data which are only transferred into secondary
working registers when the host issues a respective single
byte user command. This allows data to be input before its
actual use which can eliminate any potential communication
bottlenecks and allow synchronized operation of multiple
axes.

4.2 HOST-LMB28/629 COMMUNICATION —THE BUSY
BIT

Communication flow between the LM628/629 and its host is
controlled by using a busy bit, bit 0, in the Status Byts. The
busy bit must be checked to be at logic 0 by the host before
commands and data are issued or data is read. This includes
between data byte pairs for commands with multiple words
of data.

4.3 LOADING THE TRAPEZOIDAL VELOCITY PROFILE
GENERATOR

To initiate a motor move, trajectory generator values have to
be input to the LMG28/629 using the Load Trajectory Param-
eters, LTRJ, command. The command is followed by a tra-

jectory control word which details the information to be
loaded in subsequent data words. Table 1 gives the bit
allocations, a hit is set to logic 1 to give the function shown.

TABLE 1. Trajectory Controt Word Bit Allocations

Bit Position
Bit 15 Not Used
Bit 14 Not Used
Bit 13 Not Used
Bit 12 Forward Direction (Velocity Mode Only)
Bit 11 Velocity Mode
Bit 10 Stop Smoothly (Decelerate as
Programmed)

Function

Bit 9 Stop Abruptly (Maximum Deceleration)
Bit 8 Turn Off Motor (Output Zero Drive)

Bit 7 Not Used

Bit 6 Not Used

Bit 5 Acceleration Will Be Loaded

Bit 4 Acceleration Data 1s Relative

Bit 3 Velocity Will Be Loaded

Bit 2 Velocity Data Is Relative

Bit 1 Position Will Be Loaded

Bit 0 Position Data Is Relative

Bits 0 fo 5 determine whether any, all or none of the position,
velocity or acceleration values are loaded and whether they
are absolute values or values relative to those previously
loaded. All trajectory values are 32-bit values, position val-
ues are both positive and negative. Velocity and acceleration
are 16-bit integers with 16-bit fractions whose absolute value
is always positive. When entering relative values ensure that
the absolute value remains positive. The manual stop com-
mands bits 8, 9 and 10 are intended to aliow an unpro-
grammed stop in position mode, while a position move Is in
progress, perhaps by the demand of some extemal event,
and to provide a method to stop in velocity mode. They do
not speclfy how the motor will stop in position mode at the
end of a normal position move. In position mode a pro-
grammed move will automatically stop with a deceleration
rate equal to the acceleration rvate at the target position.
Setling a stop bit along with other trajectory parameters at
the beginning of a move will result in no movementl Bits 8, 9
and 10 should only be set one at a time, bit 8 turns the motor
off by outputting zero drive to the motor, bit 9 stops the motor
at maximum deceleration by setting the target position equal
to the current position and bit 10 stops the motor using the
current user-programmed acceleration value. Bit 11 is set for
operating in velocity mode and bit 12 is set for forward
direction in velogcity mode.
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FIGURE 11. Posltlon vs Time for 100 Count Step input

Following immediately after the trajectory control word
should be two 16-bit data words for each parameter speci-
fied to be loaded. These should be in the descending order
of the trajectory control word bits, that is acceleration, veloc-
ity and position. They are written to the LM828/628 as two
pairs of data bytes in most to least significant byte order. The
busy bit should be checked between the command byte and
the data byte pair forming the trajectory control word and the
individual data byte pairs of the data. The Start command,
&TT, transfers the loaded trajectory data inio tha working
registers of the double buffered scheme to initiate movement
of the motor. This buffering allows any parameter, except
acceleration, 1o be updated while the motor is maving by
loading data with the LTRJ command and to be later ex-
ecuted by using the STT command,

New values of acceleration can be loaded with LTRJ while
the motor is moving, but cannot be executed by the STT
command until the trajectory has completed or the drive to
the motor is tumed off by using bit 8 of the trajectory controt
ward. If acceleration has been changed and STT is issued
while the drive to the motor is still present, a command error
interrupt will be generated and the command ignored, Sepa-
rate pairs of LTRJ and STT commands should be issued to
first turn the motor off and then update acceleration. System
operation when changing acceleration while the motor is
moving, but with the drive removed, is discussed in Section
4.5.1.

4.4 LOADING PID FILTER COEFFICIENTS

PID filter coefficients are loaded using the Load Filter Pa-
rameters, LFIL, command and are the proportional coefii-
cient k;, derivative coefficient ky and integral coefficient k.
Associated with k;, an integration limit, il, has to be loaded.
This constrains the magnitude of the integration term of the
PID filter to the il value, see Section 4.4.2. Associated with
the derivative coefficient, a derivative sample rate can be
chosen from 2048/; « to (2048 x 256)/f 5 « in steps of
2048/ic «, 59 Section 4.4.1.

The first pair of data bytes following the LFIL. command byte
form the filter control word. The most significant byte sets the
derivative sample rate, the fastest rate, 2048/f ., being
hex'00" the slowest rate (2048 x 256)/¢ « being hex'FF', The
lower four bits of the least significant byte tell the LM628/629
which of the coefficients is going to be loaded, bit 3 is K, bit

2 is k;, bit 1 is ky and bit 0 is il. Each filter coefficient and the
integration limit can range in value from hex'0000' to '7FFF,
positive only. If all coefficlent values are loaded then ten
bytes of data, including the filter control word, will follow the
LFIL command. Again the busy bit has to ba chacked be-
tween the command byte and filter control word and be-
tween data byte pairs. Use of new filter coefficient values by
the LM628/629 is inifiated by issuing the single byte Update
Filter command, UDF.

When controlled movement of the motor has been achieved,
by programming the filter and trajectory, attention tums to
incorporating the LM828/629 into a system, Interrupt Control
Commands and Data Reporting Commands enable the host
microcontroller to keep track of LM628/629 activity.

4.5 INTERRUPT CONTROL COMMANDS

There are five commands that can be used to interrupt the
host micracontrolier when a predefined condition occurs and
two commands that control intermupt operation. When the
LM628/629 is programmed to interrupt its host, the event
which caused this interrupt ¢an be determined from bits 1 to
6 of the Status Byte (additionally bit 0 is the busy bit and bit
7 indicates that the motor is off). All the Interrupt Control
commands are executable during motion.

The Mask Interrupts command, MSKI, is used to tell LM&628/
629 which of bits 1 to 6 will interrupt the host through use of
interrupt mask data associated with the command. The data
is in the form of a data byte pair, bits 1-6 of the least
significant byte being set to logic 1 when an interrupt source
is enabled. The Reset interrupts command, RSTI, rosets
interrupt bits in the Status Byte by sending a data byte pair,
the least significant byte having logic O in bit positions 1 to 6
if they are to be reset.

Executing the Set Index Position command, SIP, causes bit
3 of the status byte to be set when the absolute position of
the next index pulse is recorded in the index register. This
can be read with the command, Read Index Positicn, RDIP.

Executing sither Load Position Error for Interrupt, LPEI, or
Load Position Error for Stopping, LPES, commands, sets bit
5 of the Status Byte when a position error exceeding a
specified limit occurs, An excessive position error can indi-
cate a serious system problem and these two commands
give the option when this occurs of either interrupting the

www.national.com

90/-NV



AN-706

4.0 User Command Set (cContinued)

host or stopping the motor and interrupting the host. The
excessive position is specified following each command by a
data byte pair in most to least significant byte order.

Executing either Set Break Point Absolute, SBPA, or Set
Break Point Relative, SBPR, commands, sets bit 6 of the
status byte when either the specified, absolute or relative,
breakpoint respectively is reached. The data for SBPA can
be the full position range (hex’CO0000CO' to "3FFFFFFF)
and is sent in two data byte pairs in most to least significant
byte order. The data for the Set Breakpoint Relative com-
mand is also of two data byte pairs, but its value should be
such that when added to the target position it remains within
the absolute position range. These commands ¢an be used
to signal the moment to update the on-going trajectory or
filter coefficients. This is achieved by transferring data from
the primary registers, previously loaded using LTRJ or LFIL,
to working registers, using the STT or UDF commands.

Interrupt bits 1, 2 and 4 of the Status Byte are not set by
executing interrupt commands but by events occurring dur-
ing LM628/629 operation as follows. Bit 1 is the command
error interrupt, bit 2 is the trajsctory complete interrupt and
bit 4 Is the wraparound interrupt. These bits are also masked
and reset by the MSK! and RST! commands respectively.
The Status Byte still indicates the condition of interrupt bits
1-6 when they are masked from interrupting the host, allow-
ing them to be incorporated in a polling scheme.

4.6 DATA REPORTING COMMANDS

Read Status Byte, RDSTAT, supported by a hardware regis-
ter accessed via CS, RD and PS control, is the most fre-
quently used method of determining LM628/629 status, This
is primarily to read the busy bit 0 while communicating
commands and data as described in Section 3.2.

There are seven other user commands which can read data
from LME28/629 data registers.

The Read Signals Register command, RDSIGS, returns a
18-bit data word to the host. The least-significant byte re-
peats the RDSTAT byte except for bit 0 which indicates that

a SIP command has been executed but that an index pulse
has not occurred. The most significant byte has 6 bits that
indicate set-up conditions (bits 8, 9, 11, 12, 13 and 14). The
other two bits of the RDSIGS data word indicate that the
trajectory generator has completed its function, bit 10, and
that the host interrupt output (Pin 17} has been setlo logic 1,
bit 15. Full details of the bit assignments of this command
can be found in the data sheet.

The Read Index Position, RDIP, command reads the position
recorded in the 32 bits of the index register in four data
bytes, This command, with the SIP command, can be used
to acquire a home positfon or successive values. Thess
could be used, for example, for gross error checking.

Both on-going 32-bit position inputs to the summing junction
can be read. Read desired position, RDDF, reads the current
desired position the demand or "set peint input® from the
trajectory generator and Read Real Position, RDRP, reads
the current actual position of the motor.

Read Desired Velocity, RDDV, reads the current desired
velocity used to caloulate the desired position profile by the
trajectory generator. It is a 32-bit value containing integer
and fractional velocity information. Read Real Velocity,
RDRY, reads the instantaneous actual velocity and is a
16-bit integer value.

Read Integration-Term Summation Value, RDSUM, reads
the accumulated value of the integration term. This is a
16-hit value ranging from zero to the current, il, integration
limit value.

4.7 SOFTWARE EXAMPLE

The following example shows the flow of microcontroller
commands needed to get the LMB28/629 to control a simple
frotor move. As it is non-specific to any microcontroller
pseudo commands WRXXXXH and RD,XXXXH with hex
immediate data will be used to indicate read and write op-
erations respectively by the host to and from the LM628/629.
Decisions use IF.THEN..ELSE. BUSY is a user routine to
check the busy bit in the Status Byte, WAIT is a user routing
to wait 1.5 ms after hardware reset.

LABEL MNEMONIC :REMARK
Initialization:
WAIT :Routine to wait 1.5 ms after reset.
RDSTAT :Check correct RESET operation by reading the

:Status Byte. This should be either hex'84’ or ‘C4°
IF Status byte not egual hex’84° or 'C4’ THEN repeat

hardware RESET

:Make decision concerning validity of RESET
Optionally the Reset can be further checked for correct oparation as follows, It is useful to include this to reset ali interrupt bits

in the Status Byte before further action:

MSKI :Mask interrupts

BUSY :Check busy bit 0 routine

WR, 0000H :Host writes two zero bytes of data to
:LM628/629, This mask disables all interrupts.

BUSY :Check busy bit

RSETI ;Reset Interrupts command

BUSY :Check busy bit

WR, 0000H :1Host writes two zero bytes of data to LM628/62%

RDSTAT :1Status byte ghould read either hex 80’ or ‘CO’
IF Statug Byte not egual hex'B0’ or ‘C0’ THEN repeat

hardware RESET

IF Status Byte equal to hex’CO’ THEN continue ELSE PORT

BUSY :Check husy bit
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4.0 User Command Set (continued)

RSTI :Reget Interrupts
BUSY :Check busy bit
WR, 0000H :Reset all interrupt hits
Set Output Port Size for a 12-bit DAC.
PORT BUSY :Check busy bit
PORT12 :Sets LM628 output port to i2-bits

(Only for systems with 12-bit DAC}
Load Filter Parameters

BUSY :Check busy bit

LFIL :Load Filter Parameters command
BUSY :Check busy bit

WR, 0008BH :Filter Control Word

Bits 8 to 15 (MSB) set the derivative
1sample rate,

f Bit 3 Loading kp data
Bit 2 Loading ki data
Bit 1 Loading kd data
Bit 0 Loading il data

1Choose to load kp only at maximum
:derivative sample rate then Filter Control
:Word = 0008H

BUSY :Check busy bit
WR, 0032H :Choose kp = 50, load data byte pair MS
:hyte first
Update Filter
BUSY :Check busy bit
UDF H
Load Trajectory Parameters
BUSY 1Check busy bit
LTRT :Load trajectory parameters command.
BUSY :Check busy bit
WR, 002AH :Load trajectory control word:

See Table I
:Choose Position mode, and load absoiute
:acceleration, velocity and position. Then
strajectory control word = 002AaH. This means
16 pairs of data bytes should follow.

BUSY :Check busy bit
WR, XXXXH :Load Acceleration integer word MS byte first
BUSY :Check busy bit
WR, XXXXH :Load Acceleration fractional word MS byte first
BUSY :Check busy bit
WR, XXXXH :Load Velocity integer word MS byte first
BUSY :Check busy bit
WR, XXXXH :Load Velocity fractional word MS byte first
BUSY :Check bhusy bit
WR, XXXXH :Load Position MS byte pair first
BUSY :Check busy bit
WR, XX¥XH :Load position LS byte pair
Start Motion
BUSY :Check busy bit
sTT :Start command
Check for Trajectory complete.
RDSTAT :Check Status Byte bit 2 for trajectory
:complete
Busy bit check routine
BUSY RDSTAT :Read status byte
If bit 0 is set THEM BUSY ELSE RETURN
END

*Consult refarence (5} for more information on programming the LM628/629.
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4.0 User Command Set (continued)
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5.0 Helpful User Ideas

5.1 GETTING STARTED

This section outlines the actions that are necessary to imple-
ment a simple motion control system using LM628/629.
More detalls on how LM628/629 works and the use of the
User Command Set are given in the sections “2.0 DEVICE
DESCRIPTION” and “3.0 USER COMMAND SET".

| CONTINUE

01101812

FIGURE 12. Basic Software Flow

5.2 HARDWARE
The following hardware connections need o be made:

5.2.1 Host Microcontroller Interface

Interface o the host microcontroller is via an 8-bit command/
data port which is controlled by four lines. These are the
conventional chip select CS, read RD, write WR and a line
called Port Select PS, see Figure 13. PS is used to select
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5.0 Helpful User Ideas (continued)

user Command or Data transfer between the LM628/629
and the host. In the special case of the Status Byte
(RDSTAT) bringing PS, CS and RD low together allows
access to this hardware register at any time. An optional
interrupt ling, HI, from the LM628/629 to the host can be
used. A microcontroller output line is necessary to control the
LM&28/629 hardware reset action.

5.2.2 Position Encoder Interface

The two optical incremental position encoder outputs feed
into the LM628/629 quadrature decoder TTL inputs A and B.
The leading phase of the quadrature encoder output defines
the forward direction of the motor and should be connected
to input A, Optionally an index pulse may be used from the
position encoder. This is connected to the IN input, which
should be tied high if not used, see Figure 13.

5.2.3 Output Interface

LM628 has a parallel output of either 8 or 12 bits, the latter is
output as two multiplexed 6-bit words. Figure 14 lliustrates
how a motor might be driven using & LM12 power linear
ampilifier from the cutput of 8-bit DAC0800.

LM&29 has a sign and magnitude PWM output, Figure 13, of
7-bit resolution plus sign. Figure 15 shows how the LM629
sign and magnitude outputs can be used to control the
outputs of an LM18293 quad half-H driver. The half-H drivers
are used in pairs, by using 100 mQ current sharing resistors,
and form a full-H bridge driver of 2A output. The sign bit is
used to steer the PWM LM629 magnitude output to either
side of the H-bridge lower output transistors while holding
the upper transistors on the opposite side of the H-bridge
continuously on,

r % 2 De-071
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INTERFACE .
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FIGURE 13. LM628 and LM629 Host, Quiput and Position Encoder Interfaces
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FIGURE 14. LMG628 Example of Linear Motor Drive Using LM12
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5.0 Helpful User ldeas (continued)
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FIGURE 15. L4629 H-Bridge Motor Drive Example Using LM18223

5.3 SOFTWARE

Making LM628/629 perform a motion control function re-
quires that the host microcontroller, after initializing LM628/
629, loads cosfficients for the PID filter and then loads
trajectory information. The interrupt and data reporting com-
mands can then be used by the host to keep track of
LM628/629 actions. For detailed descriptions see the
LM628/629 data sheet and Section 3.

5.4 INITIALIZATION

There is only one initialization operation that must be per-
formed; a check that hardware reset has operated correctly.
It required, the size of the LM628 ouiput port should be
configured. Other operations which might be part of user's
system initialization are discussed under Interrupt and Data
Reporting commands, Sections 3.5 and 3.6.

5.4.1 Initializing LM628 Output Port

Reset sets the LM628 output port size to 8 bits. If a 12-bit
DAC is being used, then the output port size Is set by the use
of the PORT12 command.

5.4.2 Hardware RESET Check

The hardware reset is activated by a logic low pulse at pin
27, R8T, from the host of greater than 8 clock cycles. To
ensure that this reset has operated correctly the Status Byte
should be checked immediately after the reset pin goes high,
it should read hex'0Q". If the reset is successiul this will
change to hex'84' or 'C4' within 1.5 ms. if not, the hardware
reset and check should be repsated. A further check can be
used to make certain that a reset has been successiul by
using the Reset Interrupts command, RSTI. Before sending
the RSTI, issue the Mask Interrupis command, MSKI, and
mask data that disables all interrupts, this mask is sent as
two bytes of data equaling hex'0000". Then issue the RSTI
command plus mask data that resets all interrupts, this
equals hex'0000" and is again sent as two bytes. Do not

forgst to check the busy bit between the command byte and
data byte pairs. When the chip has reset properly the status
byte wilt change from hex'84' or 'C4' to hex'80" or 'CO",

5.4.3 Interrupt Commands

Optionally the commands which cause the LM628/629 to
take action on a predefined condition {e.g., SiF, LPEI, LPES,
SBPA and SBPR) can be included in the initialization, these
are discussed under Interrupt Commands.

5.5 PERFORMANCE REFINEMENTS

5.5.1 Derivative Sample Rate

The derivative sample interval is conirollable to improve the
stablility of low velocity, high inertia loads. At low speeds,
when fractional counts for velocity are used, the integer
position counts, desired and actual, only change after sev-
eral sample intervals of the LM628/629 {2048/, ). This
means that for sample intervals beiween integer count
changes the error voltage will not change for succassive
samples. As the derivative term, kg, multiplies the difference
betwesen the previous and current error values, if the de-
rivative sample interval is the same as the sample interval,
several consecutive sample intervals will have zero deriva-
tive term and hence no damping contribution. Lengthening
the derivative sample interval ensures a more constant de-
rivate term and hence improved stability. Derivative sample
interval is loaded with the filter coefficient values as the most
significant byte of the LFIL control word everytime the com-
mand is used, the host therefore needs to store the current
value for re-loading at times of filter coefficient change.

5.5.2 Integral Windup

Along with the integral filter coefficient, k;, an integration limit,
il, has to be input into LM628/629 which allows the user to
set the maximum value of the integration term of equation
(3), Section 5.2.2. This term is then able 1o accumulate up to

www.national.com




5.0 Helpful User Ideas (continued)

the value of the integration limit and any further increase due
to error of the same sign is ignored. Setting the integration
limit enables the user to prevent an effect called “Iintegral
Windup®. For example, if an LM628/629 attempls to accel-
erate a motor at a faster rate than it can achieve, a very large
integral term will result. When the LM628/629 tries to stop
the motor at the target position the large accumulated inte-
gral term will dominate the filter and cause the motor to badly
overshoot, and thus integral windup has occurred,

5.5.3 Profites Other Than Trapezoidal

T

f#.. EQUAL RATES
OF ACCELERATION 7
AND DECELERATION

VELOCITY

e

TIME

01101816
FIGURE 16. Generating a Non-Trapezoldal Profile

If it is required to have a velocity profile other than trapezoi-
dal, this can be accomplished by breaking the profile into
small pisces each of which is part of a small trapezeid. A
piecewise linear approximation to the required profile ¢an
then be achieved by changing the maximum velocity before
the trapezoid has had time to complete, see Figure 16.

5.5.4 Synchronizing Axes

For controlling tightly coupled coordinated motion between
multiple-axes, synchronization is required, The best possible
synchronization that can be achieved between multiple
LMB28/629 is within one sample interval, (2048/fc ., 256 s
for an 8 MHz clock, 341 ps for a 8 MHz clock). This is
achieved by using the pipeline feature of the LM628/629
where all controlied axes are loaded individually with trajec-
tory values using the LTRJ command and then simulta-
neously given the start command STT. PID filter coefficients
can be updated in a similar manner using LFIL and UDF
commands.

5.6 OPERATING CONSTRAINTS

5.6.1 Updating Acceleration on the Fly

Whereas velocity and target position can be updated while
the motor is moving, on the “fly”, the algorithm described in
Section 2.5 prevents this for acceleration. To change accel-
gration while the motor is moving in mid-trajectory the motor
off command has 10 be issued by setting LTRJ command bit
8. Then the new acceleration can be loaded, again using the
LTRJ command. When the start command STT is issued the
motor will be energized and the trajectory generator will start
generating a new profile from the actual position when the
STT command was issued. In doing this the trajectory gen-
erator will assume that the motor starts from a stationary
position in the normal way. If the motor has sufficient inertia
and is still moving when the STT command is Issued then
the control loop will attempt to bring the motor on to the new
profile, possibly with a large error value being input to the
PID fiiter and a consequential saturated output until the
molor velocity matches the profile. This is a classic case of
overload in a feedback system. It will operate in an open loop
manner until the error input gets within controflable bounds
and then the feedback loop will close. Performance in this
situation is unpredictable and application specific. |L.M&28/
629 was not intentionally designed to operate in this way.

5.6.2 Command Update Rate

If an LM6&28/629 is updated too frequently by the host it will
not keep up with the commands given. The LM628/629
aborts the current trajectory calctlation when 1t receives a
new STT command, resulting in the output staying at the
value of the previous sample. For this reason it Is recom-
mended that trajectory is not updated at a greater rate than
once every 10 ms,

6.0 Theory

6.7 PID FILTER

6.1.1 PID Filter in the Continuous Domain

The LM628/629 uses a PID fitter as the loop compensator,
the expression for the PID filter in the continuous domain is:

His) = K, + K /s + Kgs {1
K, = proportional coefficient
K = integral coetficient
Kg = derivative coefficient

Where
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6.1.2 PiD Filter Bode Plots
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FIGURE 17. Bode Picks of PID Transfer Function

The Bode plots for this function (shown in Figure 17) show
the effect of the individual terms of Equation (1). The propor-
tional term, K, provides adjustment of proportional gain. The
derivative term K increases the system bandwidth but more
importantly adds leading phase shift to the control loop at
high frequencies. This improves stability by counteracting
the lagging phase shift introduced by other control locop
components such as the motor. The integral term, K ;, pro-
vides a high DC gain which reduces static errors, but intro-
duces a lagging phase shift at low frequencies. The relative
magnitudes of K 4, K; and loop proportional gain have to be
adjusted to achieve optimum performance without introduc-
ing instability.

6.2 PID FILTER COEFFICIENT SCALING FACTORS FOR
LM628/629

While the easiest way to determine the PID filter coefficient
ka, kg, and k; values is to use tuning as described in Section
2.11, some users may want to use a more theoretical ap-
proach to at least find initial starting values before fine tun-
Ing. As very often this analysis is performed in the continu-
ous {s) domain and transformed into the discrete digital
domain for implementation, the relationship between the
continuous domain coefiicients and the values input into
LMB28/629 is of interest.
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6.0 Theory (Continued)

6.2.1 PID Filter Difference Equation

In the discrste domain, Equation (1) becomes the difference
equation;

N
u(n) = Kpo(n) + KT > efn) +Ky/T,[e(n) - ala = 1)]
n=0
@
Where:
T is the sample interval 2048/f, «
T, is the derivative sample interval (2048/f 5 x {1..255)

5.2.2 Differerce Equsation with LME28/629 Coefficlents
In terms of LM628/629 coefficients, Equation (2) becomes:

N
u(n)= kpe(n) +k E e(n) +ky[e(n") - e(n’ - 0)]
n=0
&)

Where:

k., k and kg are the discrete-time LM&28/629 coefficients

e(n) is the position error at sample time n

n' indicates sampling at the derivative sampling rate.
The error signal e(n) [or e(n)] is a 16-bit number from the
output of the summing junction and is the input to the PID
filter. The 15-bit filter coefficients are respectively multiplied

by the 16-bit error terms as shown in Equation (3)A to
produce 32-bit products.

§.2.3 LMi628/62% PID Fliter Output

The proportional coefficient ki, is multiplied by the error sig-
nal directly, The error signal is continually summed at the
sample rate to previously accumulaied errors to form the
integral signal and is maintained to 24 bits. To achieve a
more usable range from this term, only the most significant
16 bits are used and multiplied by the integral coefficient, k;.
The absolute value of this product Is compared with the
integration limit, il, and the smallest value, appropriately
signed, is used. To form the derivative signal, the previous
error is subtracted from the current error over the derivative
sampling interval. This is multiplisd by the derivative cosffi-
cient k 4 and the product contributes every sample interval to
the output independently of the user chosen derivative
sample interval.

The least significant 16 bits of the 32-bit products from the
threa terms are added together to produce the resulting u(n)
of Eguation (3) each sampie interval. From the PID filter
16-bit result, either the most significant 8 or 12 bits are
output, depending on the output word size bsing used. A
consequence of this and the use of the 16 MSB’s of the
integral signal is a scaling of the filter coefficients in relation
to the continuous domain coefficients.

6.2.4 Scaling for k, and k 4

Figure 18 gives detaits of the multiplication and output for k,
and ky. Taking the output from the MS byte of the LS 16 bits
of the 32-bit result register causes an effective 8-bit
right-shift or division of 256 associated with k, and ks as
follows:

e(n) or [e{n') - e{n' - 1)] 16 bits|l

ky or kg

16 eite [T

Resull register
32 bits & L

—— ——
8-bit output

FIGURE 18. Scaling of k; and ky

Result = k, x o(n)/256 = K,x e(n) .. k,
= 256 x K.

Similarly for kg

Result = (ky x [e{n") - e(n'-1)])/256
=KyTyxe(n) .. ky=256x KT,

Where T, is the derivative sampling rate.

6.2.5 Scaling for g

Figure 19 shows the multipfication and output for the integral
term k;. The use of a 24-bit register for the error terms
summation gives further scaling:

Result = k/256 x > e{n)/256

=K xT. .k =65536 K xT
Where T is the sampling interval 2048/fc k.
For a 12-bit ouiput the factors are:

12~-bit ocutput
01101818

ko =18 x Ky, ky = 16 x KT and k = 4096 K X T,

If the 32-bit result register overflows into the most significant
16-bits as a result of a calculation, then all the lower bits are
set high to give a predictable saturated cutput.

6.3 AN EXAMPLE OF A TRAJECTORY CALCULATION
Problem: Determine the trajectory parameters for a motor
move of 500 revolutions in 1 minute with 15 seconds of
acceleration and deceleration respectively. Assume the op-
tical incremental encoder used has 500 lines.

The LM628/629 quadrature decoder gives four counts for
each encoder line giving 2000 counts per revolution in this
example. The total number of counts for this position move Is
2000 x 500 = 1,000,000 counts.

By definition, average velocity during the acceleration and
deceleration periods, from and to zero, is half the maximum

17
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6.0 Theory (continued)

velocity. In this example, half the total time to make the move
(30 seconds) is taken by acceleration and deceleration. Thus
in terms of time, half the move is made at maximum velocity
and half the move at an average velocity of half this maxi-

N
T eln) 24 bits|,

nzQ

mum. Therefore, the combined distance traveled during ac-
celeration and deceleration is half that during maximum
velocity or 15 of the total, or 333,333 counts. Acceleration
and deceleration takes 166,667 counts respectively.

e

o tesis T

Result ragister
32 bits l Ll

| S —
8-bit output

—_—
12-bit output

01101818

FIGURE 19. Scaling for ik,

A
8

L+ 166,667 counrs»lai 666,667 coums—-——hl-a— 166,667 COUNTS —»]

VELOCITY
REVS/MIN OR COUNTS/SAMPLE

' MAXIMUM VELOCITY

EQUAL RATES !
OF ACCELERATION !
AND DECELERATION |
1

\ AVERAGE VELOCITY
DURING ACCELERATION

1

i

]

] AND DECELERATION
: EQUALS 1/2 MAXIMUM YELOCITY
I

STOPPING POSITION
IS INTEGRAL OF
TRAPEZOID AND
EQUALS

500 REVOLUTIONS
(1,000,000 COUNTS)

e

1
0 15 30

TIME (SECONDS)

45 60

01101820

FIGURE 20. Trajectory Calculation Example Profile

The time intarval used by the LM628/629 is the sample
interval which is 256 ps for a fo « of 8 MHz.
The number of sample periods in 15 seconds = 155/ 256 ps
= 58,600 samples
Remembering that distance s = at®2 is traveled due to
acceleration 'a' and time 't.
Therefore acceleration a = 2542

= 2 x 166,667/58,600

= 97.1 x 10~ counts/sample 2
Acceleration and velocity values are enterad into LM628/629
as a 32-bit integer double-word but represents a 16-bit inte-
ger plus 16-bit fractional valus. To achieve this acceleration
and velocity decimal values are scaled by 65536 and any
remaining fractions discarded. This value is then converted
to hex to enter info LM628 in four bytes.
Scaled acceleration a = 97.1 x 10™%x 85536

= 6.36 decimal = 00000006 hex,

The maximum velocity can be cafculated in two ways, either
by the distance in counts traveled at maximum velocity

divided by the number of samples or by the acceleration
multiplied by the number of samples over acceleration dura-
tion, as fotlows:
Velocity = 666,667/117,200 = 97.1 x 10-° x 58,600

= 5.69 counts/sample
Scaled by 65536 becomes 372,899.8 decimal = 0005B0A3
hex,
Inputting these values for acceleration and velocity with the
target position of 1,000,000 decimal, 000F4240 hex will
achieve the desired velocity profile.

7.0 Questions and Answers

7.1 THE TWQ MOST POPULAR QUESTIONS

Why doesn’t the motor move, I've loaded filter param-
eters, trajectory parameters and issued Update Filter,
UDF, and Start, STT, commands?

Answer: The most like cause is that a stop bit (one of bits 8,
9 or 10 of the trajectory control word) has been set in error,

www.national.com
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7.0 Questions and Answers
{Continued)

supposadly o cause a stop in position mode. This is unnec-
essary, in position mode the trajectory stops automatically at
the target position, see Section 3.3.

Can acceleration be changed on the fly?

Answer: No, not directly and a command error interrupt will
be generated when STT is issued if acceleration has been
changed. Acceleration can be changed if the motor is turned
off first using bit 8 of the Load Trajectory Parameter, LTRJ,
trajectory control word, see Section 4.6.1.

7.2 MORE ON ACCELERATION CHANGE

What happens at restart If acceleration Is changed with
the motor drive off and the motor is stiil moving?

Answer. The frajectory generation starting position is the
actual position when the STT command is issued, but as-
sumes that the motor is stationary. If the motor is moving the
controf loop will attempt to bring the motor back onto an
accelerating profile, producing a large error value and less
than predictable results. The LM628/629 was not designed
with the intention fo allow acceleration changes with moving
motors.

Is there any way to change acceleration?

Answer. Acceleration change can be simulated by making
many small changes of maximum velocity. For instance if a
small velocity change is loaded, using LTRJ and STT com-
mands, issuing these repeatediy at predetermined time in-
tervals will cause the maximum velocity to increment produc-
ing a piecewise linear acceleration - profile. The actual
acceleration between velocity increments remains the same,

7.3 MORE ON STOP COMMANDS

What happens if the on-going trajectory is stopped by
setting LTRJ control word bits 9 or 10, stop abruptly or
stop smoothly, and then restarted by issuing Start, STT?

Answer: While stopped the motor position will be held by the
control loop at the position determined as a result of issuing
the stop command. Issuing STT will cause the motor to
restart the irajectory toward the original target position with
normal controlled acceleration.

What happens if the on-going trajectory is stopped by
setting LTRJ control word bit 8, motor-off?

Answer: The LM&28's DAC output is set to mid-scale, this
puts zero volts on the moter which will still have a dynamic
braking effect due to the commutation diodes. The LM629's
PWM output sets the magnitude output to zero with a similar
effect. If the motor freewheels or is moved the desired and
actual positions will be the same. This can be verified using
the RDDP and RDRP commands. When Start, STT, is is-
sued the loop will be closed again and the motor will move
toward the original trajectory from the actual current position.

i the motor is off, how can the control loop be closed
and the motor energized?

Answer: Simply by issuing the Start, STT command. if any
previcus trajectory has compieted then the motor will be held
in the current position. If a trajectory was in progress when
the motor-off command was issued then the motor will re-
start and move to the target position in position mode, or
resume movement in velocity mode.

7.4 MORE ON DEFINE HOME

What happens if the Define Home command, DFH, is
issued while a current trajectory is in progress?

Answer: The position where the DFH command is issued is
reset to zero, but the motor still stops at the original position
commanded, i.e., the position where DFH is issued is sub-
stracted from the original target position.

Does Issuing Define Home, DFH, zero both the trajectory
and position register?

Answer: Yes, use Read Real Position, RDRP, and Read
Desired Position, RDDP to verify.

7.5 MORE ON VELOCITY

Why is a command error interrupt generated when in-
putting negative values of relative velocity?

Answer: Because the negative relative velocity would cause
a negative absolute velocity which is not allowed. Negative
absclute values of velocity imply movement in the negative
direction which can be achieved by inputting a negative
position value or in velocity mode by not setting bit 12.
Similarly negative values of acceleration imply deceleration
which occurs automatically at the acceleration rate when the
LME28/629 stops the motor in position mode or if making a
transition from a higher to a lower value of velocity.

What happens in velocity (or position) mode when the
position range is exceeded?

Answer: The position range extends from maximum negative
position hex'C0000000' to maximum positive position
hex3FFFFFFF using a 32-bit double word. Bit 31 is the
direction bit, logic 0 indicates forward direction, bit 30 is the
wraparound bit used to control position over-range in veloc-
ity {or position) mode.

When the position increases past hex'3FFFFFFF' the wrap-
around bit 30 is set, which also sets the wraparound bitin the
Status byte bit 4. This can be polled by the host or optionally
used to interrupt the host as defined by the MSKI com-
mands. Essentially the host has to manage wraparound by
noting its occurrence and resetling the Status byte wrap-
around bit using the RSTI command. When the wraparound
bit 30 is set in the position register so is the direction bit. This
means one count past maximum positive position
hex'3FFFFFFF' moves the position register onto the maxi-
mum negative position hex'C0000000". Continued increase
in positive direction causes the position register to count up
to zero and back to positive values of position and on toward
another wraparound.

Similarly when traveling in a negative direction, using two's
complement arithmetic, position counts range from
hex’FFFFFFF' (-1 decimal) to the maximum negative posi-
tion of hex'C0O000000". Cne more negative count causes the
position register to change to hex'3FFFFFFF', the maximum
positive position. This time the wraparound bit 30 is reset,
causing the wraparound bit 4 of the status byte to be set.
Also the direction bit 31 is reset to zero. Further counts in the
negative direction cause the position register to count down
to zero as would be expected. With management there is no
reason why absolute position should be lost, even when
changing between velocity and position modes.
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7.0 Questions and Answers
(Continued)

7.6 MORE ON USE OF COMMANDS

If filter parameter and trajectory commands are pipe-
lined for synchronization of axes, can the Update Filter,
UDF, and Start, STT, commands be issued consecu-
tively?

Answer: Yes.

Can commands be issued between another command
and its data?

Answer: No.

What Is the response time of the set breakpoint com-
mands, SBPA and SBPR?

Answer: Thers is an uncertainty of one sample interval in the
setling of the breakpoint bit 6 in the Status Byte in response
to these commands.

What happens when the Set Index Position, SIP, com-
mand is issued?

Answer: On the naxt occurrence of all three inputs from the
position encoder being low the corresponding position is
loaded into the index register. This can be read with the
Read Index Position command, RDIP. Bit 0 of the Read
Signals register, shows when an SIP command has been
issued but the index position has not yet been acquired.
RDSIGS command accesses the Read Signals Register.

What happens if the motor is not able to keep up with
the specified trajectory acceleration and velocity val-
ues?

Answer: A large, saturatad, position error will be generated,
and the control loop will be non-linear. The acceleration and
velocity values should be set within the capability of the
motor. Read Desired and Rea! Position commands, RDDP
and RDRP can be used to determine the size of the error.
The Load Position Error commands, for either host Interrupt
or motor Stopping, LPE! and LPES, can be used to monitor
the error size for controlled action where safety is a factor.
When is the command error bit 1 in the Status Byte set?
Answer:

1. When an acceleration change is attempted when the
motor is moving and the drive on.

2. When loading a relative velocity would cause a negative
absolute velocity.

3. incorrect reading and writing operations genarally.

What does the trajectory complete bit 2 in the Status
Byte indicate?

Answer: That the trajectory loaded by LTRJ and initiated by
STT has completed. The motor may or may not be at this
position. Bit 2 is also set when the motor stop commands are
executed and completed.

What do the specified minimum and maximum values of
velocity mean in reality?

Answer: Assume a 500 line encoder = 1/2000 revs/count is
used.

The maximum LM628/629 velocity is 16383 counts/sample
and for a 8 MHz clock the LM6&28/629 sample rate is 3.9k
samples/second, multiplying these values gives 32k revs/
second or 1.92M mpm.

The maximum encoder rate is 1M counts/second multiplied
by 1/2000 revs/count gives 500 revs/second or 30k rpm. The
encoder capture rate therefore sets the maximum velocity
limnit.

The minimum LM628/829 velocity is 1/65536 counts/sample
{one fractional count), multiplying this value by the sample
rate and encoder revs/count gives 30 x 10-® revs/secend or
1.8 x 10 =% pm.

The LM628 provides no limitation to practical values of ve-
locity.

How long will it take to get to position wraparound in
veloclty mode traveling at 5000 rpm with a 500 line
encoder?

Answer: 107 minutes.

8.0 References and Further

Reading

1. LM628/LM629 Precision Motion Controller. Data sheet
March 1989.

2. Automatic Control Systems. Benjamin C. Kuo. Fifth edi-
tion Prentice-Hall 1987.

3. DC Motors, Speed Controls, Servo Systems. Robbins &
Myers/Electro Cratt.

4, PID Algorithms and their Computer implementation.
D.W. Clatke. Institute of Measurement and Control,
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5. LM628 Programming Guide. Steven Hunt. National
Semiconductor Application Note AN-693.
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Semiconductor

LM628/1.M629
Precision Motion Controller

General Description

The LM628/LM629 are dedicated motion-control processors
designed for use with a variety of DC and brushless DC
servo motors, and other servomechanisms which provide a
quadrature incremental position feedback signal. The parts
perform the intensive, real-time computational tasks required
for high performance digital motion control. The host control
software interface Is facilitated by a high-level command set.
The LM628 has an 8-bit output which can drive either an
8-bit or a 12-bit DAC. The components required to build a
servo system are reduced to the DC motor/factuator, an
incremental encoder, a DAC, a power amplifier, and the
LM628. An LM629-based system is similar, except that it
provides an 8-bit PWM output for directly driving H-switches.
The parts are fabricated in NMOS and packaged in a 28-pin
dual in-ine package or a 24-pin surface mount package
(LM629 only}. Both 6 MHz and 8 MHz maximum frequency
versions are available with the suffixes -6 and -8, respec-
tively, used to designate the versions. They incorporate an
SDA core processor and cells designed by SDA.

January 2003

Features

32-bit position, velocity, and acceleration registers
Programmable digital PID filter with 16-bit coefficients
Programmable derivative sampling interval

8- or 12-bit DAC output data (LM&28)

B-bit sign-magnitude PWM output data (LM629)}
Internal trapezoidal velocity profile generator
Velocity, target position, and filter parameaters may be
changed during motion

Position and velocity modes of operation

Real-time programmabie hest interrupts

8-bit parallel asynchronous host interface
Quadrature incremental encoder interface with index
pulse input

Available in a 28-pin dual in-line package or a 24-pin
surface mount package (LM629 only)

POSITION FEEDBACK
PROCESSOR(32 BIT)

LM628
COMMAND POSITION HOST HESTR) (OlRORT T0 HOST PROCESSOR
SEQUENCER(32 BIT)] | INTERFACE 5= Hgm b
5 DIGITAL DAC PORT
PID FILTER m—
b {168m) 8

B.C. MOTOR

ry INCREMENTAL
iN,A8t3 ENCODER
Qo921801
FIGURE 1. Block Diagram
TRISTATES® Is a demark of National jctor Comporation,
® 2003 National Semiconductor Corporation DS009219 www.national.com
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LM628/LIM629

Connection Diagrams

*Do not connect.

Order Number LM628M-6, LM629SM-8, LM628N-6, LM628N-8, LM629N-6 or LM629N-8
See NS Package Number M24B or N28B

LMB628N LM629N LM629M
N - ) NS
[ 28|-Vpo = Voo Ne —{1 24 |—D3
A=z 27—RSY A— RST D2—2 23 |—D4
B3 26 p=CLK B ClK D1 =3 22 }=p5
o7 —{4 25 |=paco 07— HE o=l | B
ps={5 24|-patt D5— e s 2007
p5={s 23|-pacz 05— NG o=
o B 22]-nacs 04| NC RD =18 L) e
p3—18 24 f-DaC4 03— NG WD —]7 18=/4
29 20 ~pacs bz N WR —8 17}
b1 10 19}-Dacs M= PHM MAG o I 16 f= Yoo
Do~ t1 18 f—DACT 00— PWM SIGN HI =~ 10 15 b=RST
e 17p=H & & PWM SIGN—] 11 14— cLK
Roal ] i RO B, *Ne 12 13 |- PWM MAG
o= 14 15— W/ HD— R
00921521
00921902 0921903
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Absolute Maximum Ratings ote 1)

If Military/Aerospace specified devices are required,
please contact the National Semiconductor Sales Office/

Distributors for availability and specifications.

{Ta s 85°C, (Note 2) 605 mW
ESD Tolerance

Voltage at Any Pin with operaﬁng Ratings

Respect to GND ~0.3V to +7.0V
Ambient Storage Temperature -65°C to +150'C Temperature Range —40°G < Ty < +85°C
Lead Temperature Clock Frequency:

28~pin Dual In-Line LMB28N-6, LMB29N-6,

Package (Soldering, 4 sec.) 260°C L.ME29M-6 1.0 MHz < 1g, < 6.0 MHz

24-pin Surface Mount LME28N-8, LME29N-8,

Package (Soldering, 10 sec.) 300°C LMB29M-8 1.0 MHz < fgc < 8.0 MHz
Maximum Power Dissipation Voo Range 4.5V < Vpp < 5.5V
DC Electrical Characteristics
{Vpp and T, per Operating Ratings; fg ¢ = 6 MHz)

Symbol Parameter Conditions Tested Limits Units

Min Max

loo Supply Current Outputs Open 110 mA
INPUT VOLTAGES
ViH Logic 1 Input Voltage 2.0 v
Vo Logic 0 Input Voltage 08 v
hn Input Currents 0<Vins Vo -10 10 pA
OUTPUT VOLTAGES
Vou Logic 1 lon =-1.6 mA 2.4 v
Voo l.ogic 0 lo, = 1.6 mA 0.4 v
lout TRI-STATE® Cutput Leakage Current 0 < Vour = Vop =10 10 HA

AC Electrical Characteristics

{Vop and T, per Operating Ratings; fo x = 6 MHz;, C oap = 50 pF; Input Test Signal . = t; = 10 ns)

Timing Interval T# Tested Limits Units
Min [ Max
ENCODER AND INDEX TIMING (See Figure 2)
Motor-Phase Pulse Width ™ 16
foik ve
Dwell-Time per State T2 8
= s
fork
Index Pulse Setup and Hold T3 0 us
(Relative to A and B Low)
CLOCK AND RESET TIMING (See Figure 3)
Clock Pulse Width
LMB28N-6, LM629N-6, LMG28M-6 T4 78 ns
LM628N-8, LM629N-8, LM625M-8 T4 57 ns
Clock Perfod
LM628N-6, LM629N-6, LM629M-6 T5 166 ns
LMGE28N-8, LM629N-8, LM629M-8 T5 125 ns
Reset Pulse Width T6 8
S Hs
foLk

www.national.com
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LM628/LM629

AC Electrical Characteristics (continued)
(Voo and T, per Operating Ratings; fo x = 6 MHz; C gap = 50 pF; Input Test Signal t, = t; = 10 ng)

Timing Interval T# Tested Limits Units
Min Max

STATUS BYTE READ TIMING (See Figure 4)
Chip-Select Setup/Hold Time T7 0 ns
Port-Select Sstup Time T8 3o ns
Port-Select Hold Time T9 30 ns
Read Data Access Time T10 180 ns
Read Data Hold Time ™ 0 ns
RD High to Hi-Z Time T12 180 ns
COMMAND BYTE WRITE TIMING {See Figure 5)
Chip-Selsct Setup/Held Time T7 0 ns
Port-Select Setup Time T8 a0 ns
Port-Select Hold Time T9 30 ns
Busy Bit Dalay T13 {Note 3) ns
WR Pulse Width T14 100 ns
Write Data Sefup Time T15 50 ns
Write Data Held Time Ti6 120 ns
DATA WORD READ TIMING {See Figure 6)
Chip-Select Setup/Hold Time T7 Q ns
Port-Select Satup Time T8 30 ns
Port-Select Hold Time T9 30 ns
Read Data Access Time T10 180 ns
Read Data Hold Time ™ 0] ns
RD High to Hi-Z Time T12 180 ns
Busy Bit Delay T13 (Note 3) ns
Read Recovery Time T17 120 ns
DATA WORD WRITE TIMING (See Figure 7)
Chip-Select Setup/Held Time T7 0 ns
Port-Select Setup Time T8 30 ns
Port-Select Hold Time T9 30 ns
Busy Bit Delay T13 {Note 3) ns
WR Pulse Width Ti4 100 ns
Whrite Data Setup Time Ti5 50 ns
Write Data Hold Time T16 120 ns
Writa Recovery Time T18 120 ns

Note 1: Absolute Maximum Ratings indicate limits beyond which damage to the device may occur. DG and AC electrical specifications do not apply when operating
the device beyond the above Operaling Ratings.

Note 2: When operating at ambient temperatures above 70°C, the device must be protected against excessive junction temperatures, Mounting the package on a
printed circuit board having an area greater than three square inches and surreunding the leads and body with wide copper traces and large, uninterrupted areas
of copper, such as a ground plane, suffices. The 26-pin DIP {N) and the 24-pin surface mount package (M) are molded plastic packages with sclid copper lead
frames. Most of the haat generated at the dia flows from the die, through the copper lead frame, and into copper traces on the printed circuit koard. The copper traces
act as a heat sink. Double-sided or multi-layer boards provide heat transfer charactaristics superior {o those of single-sided beards.

Note 3: [n order to read the busy bit, the stetus byte must first be read. The time required to read the busy bit far exceeds the time the chip requires to set the busy
bit. It is, therefore, impossible to test actual busy bit delay. The busy bit is guaranteed 1o be valid as soen as the user is able fo read it.
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FIGURE 2. Quadrature Encoder Input Timing
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LM628/LM629
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Pinout Description

{See Connection Diagrams) Pin numbers for the 24-pin sur-
face mount package are indicated in parentheses.
Pin 1 (17), Index (IN) Input: Receives optionat index pulse
from the encoder. Must be tied high if not used. The index
position is read when Pins 1, 2, and 3 are low,
Pins 2 and 3 (18 and 19), Encoder Signal {A, B) Inputs:
Receive the two-phase quadrature signals provided by the
incremental encoder. When the motor is rotating in the posi-
tive (“forward”) direction, the signal at Pin 2 leads the signal
at Pin 3 by 90 degrees. Note that the signals at Pins 2 and 3
must remain at each encoder state (See Figure §) for a
minimum of 8 clock periods in order to be recognized. Be-
cause of a four-to-one resolution advantage gained by the
method of decoding the quadrature encoder signals, this
corresponds to a maximum encoder-state capture rate of 1.0
MHz (fc « = 8.0 MHz) or 750 kHz (fg « = 6.0 MHz). For
other clock frequencies the encoder signals must also re-
main at each state a minimum of 8 clock periods.
Pins 4 to 11 (20 to 24 and 2 to 4), Host ¥/C Port (DO to D7):
Bi-directional data port which connects to host computer/
processor. Used for writing commands and data to the
LM628, and for reading the status byte and data from the
LM628, as controlied by GS (Pin 12), PS (Pin 16), RD (Pin
13), and WR (Pin 15).
Pin 12 (5), Chip Select {CS ) Input: Used to select the
LIM628 for writing and reading operations.
Pin 13 {6), Read (RD ) Input: Used to read status and data.
Pin 14 {7), Ground (GND): Power-supply return pin.
Pin 15 (8), Write (WR ) Input: Used to write commands and
data,
Pin 16 (8), Port Select (PS ) Input: Used to select com-
mand or data port. Selects command port when low, data
port when high. The following modes are controlied by Pin
16:
1. Commands are written to the command port (Pin 16
low),
2, Status byte is read from command port {Pin 16 low), and

3. Data is written and read via the data port (Pin 16 high).

Pin 17 {10), Host Interrupt (HI} Output: This active-high

signal alerts the host (via a host interrupt service routine)

that an interrupt condition has occurred.

Pins 18 to 25, DAC Port {DACO to DAC?): Output port

which is used in three different modes:

1. LME628 (8-bit output mode): Cutputs latched data to the
DAC. The MSB is Pin 18 and the LSB is Pin 25.

2. LM628 (12-bit cutput mode): Outputs two, multiplexed
6-bit words. The less-significant word is output first. The
MSB is on Pin 18 and the LSB is on Pin 23. Pin 24 is
used to demultiplex the words; Pin 24 is low for the
less-significant word. The positive-going edge of the
signal on Pin 25 is used to strobe the output data. Figure
8 shows the timing of the muitiplexed signals.

3. LM629 (sign/magnitude outputs): Outputs a PWM sign
signal on Pin 18 (11 for surface mount), and a PWM
magnitude signal en Pin 19 (13 for surface mount). Pins
20 to 25 are not used in the LM629. Figure 17 shows the
PWM output signal format.

Pin 26 (14), Clock (CLK} Input: Receives system clock.

Pin 27 (15), Reset (RST) Input: Active-low, positive-edge

triggered, resets the LMB28 to the internal conditions shown

below. Note that the reset pulse must be logic low for a

minimum of 8 clock pericds. Reset does the following:

1. Filter coefficient and trajectory parameters are zeroed.

2. Sets position error thresheld to maximum value (7FFF
hex), and effectively executes command LPEL

The SBPA/SBPR interrupt is masked (disabled).

The five other interrupts are unmasked (enabled).

Initializes current position to zero, or “home” position.

Sets derivative sampling interval to 2048/, ,c or 256 us

for an 8.0 MHz clock.

7. DAC port outputs 800 hex to “zero” a 12-bit DAC and
then reverts to 80 hex to “zero” an 8-bit DAC.

Immediately after releasing the reset pin from the LM628,

the status port should read “00". If the reset is successfully

completed, the status word will change to hex “84" or "C4”

e Mmoo
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LM628/LM629

Pinout Description (continued)

within 1.5 ms. If the status word has not changed from hex
“00” to “84” or “C4” within 1.5 ms, perform another reset and
repeat the above steps. To be certain that the reset was
propetly performed, execute a RSTI command. if the chip

has reset properly, the status byte will change from hex “84”
or “C4" to hex “80" or “C0". If this does not occur, perform
another reset and repeat the above steps.

Pin 28 (16), Supply Voltage (Vpp): Power supply voltage
(+5V).

| 2048 )
P | foik Py |
(PINS 132%\): \ X 6 LOW BITS X 6 HIGH BITS \ \ X
[ )
.20 ‘
SELECT: oLk ((
(PIN 24y — 1) \
a8 |‘_
— &
STROBE: CLK (c
(PIN 25) _\ / )Y \
12 __l 12

fok fax

00921910

FIGURE 8. 12-Bit Multiplexed Cutput Timing

Theory of Operation

INTRODUCTION

The typical systemn block diagram (See Figure 1) illustrates a
servo system built using the LM&28, The host processor
communicates with the LM628 through an KO port to facili-
tate programming a trapezoidal velocity profile and a digital
compensation filter. The DAC output interfaces to an exter-
nal digital-to-analog converter to produce the signal that is
power amplified and applied to the motor. An incremental
encoder provides feedback for closing the position servo
loop. The trapezoidal velocity profile generator calculates the
required trajectory for sither position or velocity mode of
operation. In operation, the LM628 subtracts the actual po-
sition (feedback position) from the desired position (profile
generator position), and the resulting position error is pro-
cessed by the digital filter to drive the motor to the desired
position. Table 1 provides a brief summary of specifications
offered by the LM628/LM629:

POSITION FEEDBACK INTERFACE

The LM628 interfaces to a motor via an incremental encoder.
Thiree inputs are provided: two quadrature signal inputs, and
an index pulse input, The quadrature signals are used to

keep track of the absolute position of the motor. Each time a
logic transition occurs at one of the quadrature inputs, the
LM628 internal position register is incremented or decra-
mented accordingly. This provides four times the resolution
over the number of lines provided by the encoder. See
Figure 9. Each of the encoder signal inputs is synchronized
with the LM628 clock.

The opticnal index pulse output provided by some encoders
assumes the logic-low state once per revolution. If the
LM628 is so programmed by the user, it will record the
absoclute motor position in a dedicated register (the index
register) at the time when all three encoder inputs are logic
low.

If the encoder does not provide an index output, the LM&28
index input can also be used to record the home position of
the motor. In this case, typically, the motor will close a switch
which is arranged to cause a logic-low level at the index
input, and the LM&28 wili record motor position in the index
register and alert (interrupt) the host processor. Permanently
grounding the index input will cause the LM628 to malfunc-
tion.

TABLE 1. System Specifications Summary

Position Range

-1,073,741,824 to 1,073,741,823 counts

Velocity Range
counts/sample

0 to 1,073,741,823/2'® counts/sample: ie, 0 to 16,383 counts/sample, with a resolution of 1/2'¢

Acceleration Range

0 to 1,073,741,823/2'% counts/sample/sample; ie, 0 to 16,383 counts/sample/sample, with a
resolution of 1/27% counts/sample/sample

Motor Drive Output

LM628: 8-bit parallel output to DAC, or 12-bit multiplexed output to DAC
LME29: 8-bit PWM sign/magnitude signals

Operating Modes Position and Velocity

Feedback Device

Incremental Encoder {quadrature signals; support for index puise)
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Theory of Operation (continueg)
TABLE 1. System Specifications Summary (Continued)

Control Algorithm Proportional Integral Derivative (PID) {plus programmable integration limit)

Sample Intervals Derivative Term: Programmable from 2048/~ to (2048 * 256)/f~_« in steps of 2048/f; « (256 to
65,536 s for an 8.0 MHz clock).

Proportional and Integral: 2048/ ¢ «
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FIGURE 9. Quadrature Encoder Signals
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FIGURE 10. Typica} Velocity Profiles

VELOCITY PROFILE (TRAJECTORY) GENERATION

The trapezoidal velocity prefile generator computes the de-
sired position of the motor versus time. In the position mode
of operation, the host processor specifies acceleration, maxi-
mum velocity, and final position. The LMB28 uses this infor-
mation to affect the move by accelerating as specified unti
the maximum velocity is reached or until deceleration must
begin to stop at the spegified final position. The deceleration
rate is equal to the acceleration rate. At any time during the
move the maximum velocity and/or the target position may
be changed, and the motor will accelerate or decelerate
accordingly. Figure 10 illustrates two typical trapezoidal ve-

locity profiles. Figure 10(a) shows a simple trapezoid, while
Figure 10(b) is an example of what the trajectory looks like
when velocity and position are changed at different times
during the move.

When operating in the velocity mode, the motor accelerates
to the specified velocity at the specified acceleration rate and
maintains the specified velocity until commanded to stop.
The velocity is maintained by advancing the desired position
at a constant rate. if there are disturbances to the motion
during velocity mode operation, the long-time average veloc-
ity remains constant. If the motor is unable to maintain the
specified velocity (which could be caused by a locked rotor,
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Theory of Operation (continued)

for example), the desired position will continue o be in-
creased, resulting in a very large position error. If this con-
dition goes undetected, and the impeding force oh the motor
is subsequently released, the motor could reach a very high
velocity in order to catch up to the desired position {(which is
still advancing as specified). This condition is easily de-
tected; see commands LPEI and LPES.
All trajectory parameters are 32-bit values. Position is a
signed quantity. Acceleration and velocity are specified as
16-bit, positive-only integers having 16-bit fractions. The
integer portion of velocity specifies how many counts per
sampling interval the motor will traverse. The fractional por-
tion designates an additional fractional count per sampling
Interval. Although the position resclution of the LM628 is
limited to integer counts, the fractional counts provide in-
creased average velocity resolution. Acceleration is treated
in the same manner. Each sampling interval the commanded
acceleration value is added to the current desired velocity to
generate a new desired velocity (unless the command ve-
locity has been reached).
One determines the trajectory parameters for a desired
move as follows. If, for axample, one has a 500-line shaft
encoder, desires that the motor accelerate at one revolution
per second per second until itis moving at 600 rpm, and then
decelerate to a stop at a position exactly 100 revolutions
from the start, one would calculate the trajectory parameters
as follows:
let P = target position {units = encoder counts)
iet R = encoder lines * 4 {system resolution)
then R = 500 * 4 = 2000
and P = 2000 * desired number of revolutions

P = 2000 * 100 ravs = 200,000 counts (value to load)

P {coding) = 00030D40 {hex code written to LME28)
let V= velocity (units = counts/sample)
let T =sampie fime (seconds) = 341 ps (with 6 MHz clock)}
let C = conversion factor = 1 minute/60 seconds
then V=R *T* C * desired rpm
and V = 2000 * 341E-6 * 1/60 * 600 pm

V = 6.82 counts/sample

V (scaled) = 6.82 * 65,536 = 446,955.52

V {rounded} = 446,956 (value to load)

V {coding) = 0006D1EC (hex code written to LM628)
let A = acceleration (units = counts/sample/sample)

A =R*T*T* desirad acceleration (rev/sec/sec)
then A = 2000 * 341E-6 * 341E-6 * 1 rev/sec/sec
and A = 2.33E-4 counts/sample/sample

A {scaled) = 2.33E—4 * 65,536 = 15.24

A (rounded) = 15 {value to load)

A (coding) = 0000000F (hex code written to LM628)
The above position, velogity, and acceleration values must
be gonverted to binary codes to be leaded info the LM628.
The valuas shown for velocity and acceleration must be
multiplied by 65,536 {as shown) to adjust for the required
integer/iraction format of the input data. Note that after scal-
ing the velocity and acceleration values, literal fractional data
cannot be loaded; the data must be rounded and converted
to binary. The factor of four increase in system resolution is
due to the method used to decode the quadrature encoder
signals, see Figure 9.

PID COMPENSATION FILTER

The LM628 uses a digital Proportional Integral Derivative
{PID} filter to compensate the control loop. The motor is held
at the desired position by applying a restoring force to the
motor that is proportional to the position error, plus the
integral of the error, plus the derivative of the error. The
following discrete-time equation illustrates the control per-
formed by the LM628:

n

u(n) = kp*e(n) + ki eln) +

kd[e(n*) - eln" - 13]: (Eq. 1)
1)
where u(n) is the motor control signal output at sample time
n, e{n is the position error at sample time n, n'
indicates sampling at the derivative sampling rate,
and kp, ki, and kd are the discrete-time filter param-
eters loaded by the users.

The first term, the proportional term, provides a restoring
force porportional to the position error, just as does a spring
obeying Hocke’s law. The second term, the integration term,
provides a restoring force that grows with time, and thus
ensures that the static position error is zero. If there is a
constant torque loading, the motor will still be able to achieve
zere position error.

The third term, the derivative term, provides a force propor-
tional to the rate of change of position error. It acts just like
viscous damping in a damped spring and mass system (like
a shock absorber in an automobile). The sampling interval
associated with the derivative term is user-selactable; this
capability enables the LM628 to control a wider range of
inertial loads (system mechanical time constants) by provid-
ing a better approximation of the continuous derivative. In
general, longer sampling intervals are useful for low-velocity
operations.

In operation, the filter algorithm receives a 16-bit error signal
fram the loop summing-junction. The error signal is saturated
at 16 bits to ensure predictable behavior, In addition to being
multiplied by filter coefficient kp, the error signal is added to
an accumulation of previous esrors (to form the integral
signal) and, at a rate determined by the chosen denvative
sampling interval, the previcus error is subtracted from it (to
form the derivative signal). All filter multiplications are 16-bit
operations; only the bottom 16 bits of the product are used.

The integral signal is maintained to 24 bits, but only the top
16 bits are used. This scaling technique results in a more
usable (less sensitive) range of coefficient ki values. The 16
bits are right-shified eight positions and muftiplied by filter
coefficient ki to form the term which contributes 1o the motor
control output. The absolute magnitude of this product is
compared to coefficient il, and the lesser, appropriately
signed magnitude then contributes to the motor control sig-
nal.

The derivative signal is multiplied by coefficient kd each
derivative sampling interval. This product contributes to the
moter control output every sample interval, independent of
the user-chosen derivative sampling interval.

The kp, limited ki, and kd product terms are summed to form
a 16-bit quantity. Depending on the output mode (wordsize),
either the top 8 or top 12 bits become the motor control
output signal.
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Theory of Operation (continued)

LM&628 READING AND WRITING OPERATIONS

The host processor writes commands to the LM628 via the
host I/C port when Port Select (PS ) input (Pin 16) is logic
low. The desired command code is applied to the parallel
port line and the Write (WR ) input (Pin 15) is strobed. The
command byte is latched into the LM&28 on the rising edge
of the WR input. When writing command bytes it is neces-
sary to first read the status byts and check the state of a flag
called the “busy bit" {Bit 0). If the busy bit is logic high, no
command write may take place. The busy bit is never high
longer than 100 ps, and typically falls within 15 ps to 25 ps.

The host processor reads the LME28 status byte in a similar
manner: by strobing the Read (RD ) input (Pin 13) when PS
(Pin 16) is low; status information remains valid as long as
RD is low.

Writing and reading data to/from the LM628 (as opposed to
wiiting commands and reading status} are done with PS {Pin
16} logic high. These writes and reads are always an integral
number {from one to seven) of two-byte words, with the first
byte of each word being the more significant. Each byte
requires a write (WR ) or read (RD ) strobe. When transfer-
ring data words (byte-pairs), it is necessary to first read the
status byte and check the state of the busy bit. When the
busy bit is logic low, the user may then sequentially transfer
both bytes comprising a data word, but the busy bit must
again be checked and found to be low before attempting to

DUTY CYCLE:
1 (oN)

transfer the next byie pair {when transferring multiple
words). Data transfers are accomplished via LM628-internal
interrupts (which are not nested); the busy bit informs the
host processor when the LME28 may not be interrupted for
data transfer (or a command byte). if a command is writtan
when the busy bit is high, the command will be ignored.

The busy bit goes high immediately after writing a comrmand
byte, or reading or writing a second byte of data (See Figure
Sihru Figure 7).

MOTCR OUTPUTS

The LM628 DAC output port can be configured to provide
either a latched eight-bit paraflel cutput or a mulfiplexed
12-bit output. The 8-bit output can be directly connected to a
flow-through {non-input-atching) D/A converter; the 12-bit
output can be easily demuitiplexed using an external 6-bit
lateh and an input-latching 12-bit D/A converter. The DAC
output data is offset-binary coded; the 8-bit code for zero is
80 hex and the 12-bit code for zero is 800 hex. Values less
than these cause a negative torgue to be applied to the
motor and, conversely, larger values cause positive motor
torque. The LM&28, when configured for 12-bit output, pro-
vides signals which control the demultiplexing process. See
for details.

The LM629 provides 8-bit, sign and magnitude PWM output
signals for directly driving switch-mode motor-drive ampilifi-
ers. Figure 11 shows the format of the PWM magnitude
output signat.

PWM_MAGNITUDE WAVEFORMS {pln 18):

0__
{8) 755 = OFF 5

T

512
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00924813

FIGURE 11. PWM Output Signal Format (Sign output (pin 18) not shown)

TABLE 2. LM628 User Command Set

Command Type Description Hex Data Note
Bytes
RESET Initialize Reset LM&28 Qo 0 1
PORTS Initialize Select 8-Bit Output 05 4] 2
PORT12 Initfalize Select 12-Bit Output 06 ] 2
DFH Initialize Define Home (4224 0 1
SiP Interrupt Set Index Position 03 0 1
LPEI Interrupt Interrupt on Error 1B 2 1
LPES Interrupt Stop on Error 1A 2 1
SBPA Interrupt Set Breakpoint, Absolute 20 4 1

11 www.national.com



LM628/LM629

Theory of Operation (Continued)
TABLE 2. LM628 User Command Set (Continued)

Command Type Description Hex Data Note
Bytes

SBPR Interrupt Set Breakpoint, Relative 21 4 1
MSKI Interrupt Mask Interrupts 16 2 1
RSTI Intarrupt Reset Interrupts 1D 2 1
LFIL Filter Load Filter Parameters 1E 21010 1
UDF Filter Update Filter 04 0 1
LTRJ Trajectory Load Trajectory 1F 2tc 14 1
STT Trajectory Start Motion 01 0 3
RDSTAT Report Read Status Byte None 1 1,4
RDSIGS Report Read Signals Register oc 2 1
RDIP Report Read I[ndex Position 09 4 1
RDDP Report Read Desired Position 08 4 1
RDRP Report Read Real Position 0A 4 1
RDDV Report Read Desired Velocity o7 4 1
RDRV Report Read Real Velocity B 2 1
RDSUM Report Read Integration Sum 0D 2 1

Note 4: Commands may ba executed “On the Fiy" during motion.
Note 5: Commands not applicable to execution during moetion.

Note 6: Command may be executed during motion If acceleration parameter was not changed.
Note 7: Command needs no code because the command port status-byta read is totally supported by hardware.

User Command Set

GENERAL

The following paragraphs describe the user command set of
the LM628. Some of the commands can be issued alone and
some require a supporting data structure. As examples, the
command STT (STarT motion) does not require additionat
data; command LFIL (Load Fliter parameters} requires ad-
ditional data (derivative-term sampling interval and/or fiiter
parameters).

Commands are categorized by function: initialization, inter-
rupt control, filter control, trajectory control, and data report-
ing. The commands are listed in Table 2 and described in the
following paragraphs. Along with each command name Is its
command-byte cods, the number of accompanying data
bytes that are to be written (or read}, and a comment as to
whether the command is executable during motion.

Initialization Commands

The following four LM628 user commands are used primarily
to initialize the system for use.

RESET COMMAND: RESET THE LM628
Command Code: 00 Hex
Data Bytes: None
Executable During Mction: Yes

This command {and the hardware reset input, Pin 27) results
in setting the following data items to zero: filter coefficients
and their input buffers, trajectory parameters and their input
buffers, and the motor control output. A zero motor control
output is a half-scale, cffset-binary code: (80 hex for the 8-bit
output mode; 800 hex for 12-bit mode). During reset, the
DAC port outputs 800 hex to “zero" a 12-bit DAC and reverts
to 80 hex to “zero” an 8-bit DAC. The command also clears

five of the six interrupt masks (only the SBPA/SBPR interrupt
is masked), sets the output port size to 8 bits, and defines
the current absolute position as home. Reset, which may be
executed at any time, will be completed in less than 1.5 ms.
Also see commands PORTS and PORT12.

PORTS8 COMMAND: SET OUTPUT PORT SIZETO 8
BITS

Command Code: 05 Hex

Data Bytes: None

Exscutable During Motion: Not Applicable

The default output port size of the LM628 is 8 hits; so the
PORT8 command need not be executed when using an 8-bit
DAC. This command must not be executed when using a
12-bit converter; it will result in erratic, unpredictable motor
hehavior. The 8-bit output port size is the required selection
when using the LM&29, the PWM-output version of the
L.MB28,

PORT12 COMMAND: SET OUTPUT PORT SIZE TO 12
BITS

Command Code: 06 Hex
Data Bytes: None
Executable During Motion: Not Applicable

When a 12-bit DAC is used, command PORT12 should be
issued very early in the initialization process. Because use of
this command is determined by system hardware, there is
only one foreseen reason to execute it later: if the RESET
command s issued (because an 8-bit output would then be
selected as the defaulf) command PORT12 should be im-
mediately executed. This command must not be issued
when using an 8-bit converter or the LM629, the PWM-
output version of the LM&28.
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Initialization Commands (continued)

DFH COMMAND: DEFINE HOME
Command Code: 02 Hex
Data Bytes: None
Executable During Motion: Yes

This command declares the current position as “home”, or
absolute position 0 (Zero). If DFH is executed during motion
it will not affect the stopping position of the on-geing move
unless command STT is also executed.

Interrupt Contro! Commands

The following seven LM628 user commands are associated
with conditions which can be used to interrupt the host
computer. In order for any of the potential interrupt condi-
tlons to actually interrupt the host via Pin 17, the correspond-
Ing bit in the interrupt mask data associated with command
MSKt must have been set to logic high {the non-masked
state).

The identity of all interrupts is made known to the host via
reading and parsing the status byte. Even if all interrupts are
masked off via command MSKI, the state of each condition
is still reflected in the status byte. This feature facilitates
polling the LME28 for status information, as opposed to
interrupt driven operation.

SIP COMMAND: SET INDEX POSITION

Command Code: 03 Hex

Data Bytes: None

Executable During Motion: Yes
After this command is executed, the absolute position which
corrasponds to the occurrence of the next index pulse input
will be recorded in the index register, and bit 3 of the status
byte will be set to logic high, The position is recorded when
hoth encoder-phase inputs and the index pulse input are
logic low. This register can then be read by the user {see
description for command RDIP) to facilitate aligning the defi-
nition of home position (see description of command DFH)
with an index pulse. The user can also arrange to have the
LM628 interrupt the host to signify that an index pulse has
occurred. See the descriptions for commands MSKI and
RSTI.

LPElI COMMAND: LOAD POSITION ERROR FOR
INTERRUPT

Command Code: 1B Hex
Data Bytes: Two
Data Range: Q000 to 7FFF Hex

Executable During Motion: Yes

An excessive position error (the output of the loop summing
junction} can indicate a serious system problem; e.g., a
stalled rotor. Instruction LPEI allows the user to input a
threshold for position error detection. Error detection occurs
when the absolute magnitude of the position error exceeds
the threshold, which results in bit 5 of the status byte being
set to logic high. If it is desired to also stop (tum off} the
motor upon detecting excessive position error, see com-
mand LPES, below. The first byte of threshold data written
with command LPEI is the more significant. The user can
have the LM&28 interrupt the host to signify that an exces-
sive position error has occurred. See the descriptions for
commands MSK| and RSTI.

LPES COMMAND: LOAD POSITION ERROR FOR
STOPPING

Command Code: 1A Hex
Data Bytes: Two
Data Range: 0000 to 7FFF Hex

Executable During Motion: Yes

Instruction LPES is essentially the same as command LPEI
above, but adds the feature of turning off the motor upon
detecting excessive position error. The motor drive is not
actually switched off, it is set to half-scale, the offset-binary
code for zero. As with command LPEI, bit 5 of the status byte
is also set to logic high. The first byte of threshold data
written with command LPES is the more significant. The user
can have the LM628 interrupt the host to signify that an
excassiva position error has occurred. See the dascriptions
for commands MSKI and RSTI,

SBPA COMMAND:
Command Code: 20 Hex
Data Bytes: Four
Data Range: C0000000 to 3FFFFFFF Hex

Executable During Motion: Yes

This command enables the user to set a breakpoint in terms
of absolute position, Bit 6 of the status byte is set to logic
high whien the breakpoint position is reached, This condition
is useful for signaling trajectory and/or filter parameter up-
dates. The user can also arrange to have the LM628 inter-
rupt the host to signify that a breakpoint position has been
roached. See the descriptions for commands MSKI and
RETI.

SBPR COMMAND:

Command Code: 21 Hex
Data Bytes: Four
Data Range: See Text

Executable During Motion: Yes

This command enables the user to set a breakpoint in terms
of relative position. As with command SBPA, bit & of the
status byte is set to logic high when the breakpoint position
(relative to the current commanded target position) is
reached. The relative breakpoint input value must be such
that when this value is added to the target position the result
remains within the absolute position range of the system
(CO000000 to 3FFFFFFF hex). This condition is useful for
signaling trajectory and/or filter parameter updates. The user
can also arrange to have the LM628 interrupt the host to
signify that a breakpoint position has been reached. See the
descriptions for commands MSKI and RSTI.

MSKI COMMAND: MASK INTERRUPTS

Command Code: 1C Hex
Data Bytes: Two
Data Range: See Text

Executable During Motion: Yes

The MSK! command lets the user determine which potential
interrupt condition(s} will interrupt the host. Bits 1 through 6
of the status byte are indicators of the six conditions which
are candidates for host interrupt(s}). When interrupted, the
host then reads the status byte to leam which condition(s)
occurred. Note that the MSKI| command is immediately fol-
lowed by two data bytes. Bits 1 through 6 of the second {less
significant) byte writton determine the masked/unmasked
status of each potential interrupt. Any zero(s) in this &-bit
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Interrupt Control Commands
(Continued)

field will mask the corresponding interrupt(s); any one(s)
enable the interrupt(s). Other bits comprising the two bytes
have no effect. The mask controls only the host interrupt
process; reading the status byte will still reflect the actual
condlitions independant of the mask byte. See Table 3.

TABLE 3. Mask and Reset Bit Allocations for Interrupts

Bit Position Function
Bits 15 thru 7 Not Used
Bit & Breakpoint Interrupt
Bit 5 Position-Ervor Interrupt
Bit 4 Wrap-Around Interrupt
Bit3 index-Pulse Interrupt
Bit 2 Trajectory-Complete Interrupt
Bit 1 Command-Error Interrupt
Bit 0 Not Used

RSTI COMMAND: RESET INTERRUPTS

Command Code: 1D Hex
Data Bytes: Two
Data Range: See Toxt

Executable During Motion: Yes

When one of the potential interrupt conditions of Table 3
oceurs, command RST! is used to reset the corresponding
interrupt flag bit in the status byte. The host may reset one or
all flag bits. Resetting them one at a time allows the host to
service them one at a time according to a priority pro-
grammed by the user. As in the MSKI command, bits 1
through 6 of the second (less significant) byte correspond to
the potential interrupt conditions shown in Table 3. Also see
description of RDSTAT command. Any zero(s) in this 6-bit
field reset the corresponding interrupt(s). The remaining bits
have no effect.

Filter Controf Commands

The following two LM628 user commands are used for set-
ting the derivative-term sampling interval, for adjusting the
filter parameters as required to tune the system, and to
control the timing of these system changes.

LFIL. COMMAND: LOAD FILTER PARAMETERS

Command Code: 1E Hex
Data Bytes: Two to Ten
Data Ranges...

Filter Control Word: See Text

Filter Coefficients: 0000 to 7FFF Hex {Pos Only)
Integration Limit: 0000 to 7FFF Hex {Pos Only}
Executable During Motion: Yes

The filter parameters (coefficients} which are written to the
LMB28 to control loop compensation are: kp, ki, kd, and il
(integration limit). The integration limit (il} constrains the
contribution of the Integrafion term

n
ki* e(n)

{see Eq. 1) to values equal to or less than a user-defined
maximum value; this capability minimizes integral or reset
“wind-up” (an overshooting effect of the integral action). The
positive-only input value is compared to the absolute mag-
nitude of the integration term; when the magnitude of inte-
gration term value exceeds il, the il valus (with appropriate
sign) is substituted for the integration term value,

The derivative-term sampling interval is also programmable
via this command. After writing the command code, the first
two data bytes that are written specify the derivative-term
sampling interval and which of the four filter parameters
isfare to be written via any forthcoming data bytes, The first
byte writton is the more significant. Thus the two data bytes
constitute a filter control word that informs the LME28 as to
the nature and number of any following data bytes. See
Table 4.

TABLE 4. Filter Control word Bit Allocation

Bit Position Function
Bit 15 Deorivative Sampiing Interval Bit 7
Bit 14 Derivative Sampling Interval Bit 6
Bit 13 Derivative Sampling Interval Bit 5
Bit 12 Derivative Sampling Interval Bit 4
Bit 11 Derivative Sampling Interval Bit 3
Bit 10 Derivative Sampling Interval Bit 2
Bit 9 Gerivative Sampling Interval Bit 1
Bit 8 Derivative Sampling Interval Bit 0
Bit 7 Not Used
Bit 6 Not Used
Bit 5 Not Used
Bit 4 Not Used
Bit 3 Loading kp Data
Bit 2 Loading ki Data
Bit 1 Loading kd Data
Bit 0 Loading il Data

Bits 8 through 15 select the derivative-term sampling inter-
val. See Table 5. The user must locally save and restore
these bits during successive writes of the filter control word.

Bits 4 through 7 of the filter control word are not used.

Bits 0 to 3 inform the LM628 as to whether any or all of the
filter parameters are about to be written. The user may
choose to update any or alf {or none) of the filter parameters.
Those chosen for updating are so indicated by logic one(s) in
the corresponding bit position(s) of the filter control word.

The data bytes specified by and immediately following the
filter control word are written in pairs o comptise 16-bit
words. The order of sending the data words to the LM628
corresponds to the descending order shown in the above
description of the filter control word; i.e., beginning with kp,
then ki, kd and il. The first byte of each word is the more-
significant byte. Prior to writing a word (byte pair) it is nec-
essary to check the busy bit in the status byte for readiness.
The required data is written to the primary buffers of a
double-buffered scheme by the above described operations;
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Filter Control Commands (Continued)

it is not transferred to the secondary (working) registers until
the UDF command is executed. This fact can be used ad-
vantageously; the user can input numerous data ahead of
their actual use. This simple pipeline effect can relieve po-
tential host computer data communications bottlenecks, and
facilitates easier synchronization of multiple-axis controls.

UDF COMMAND: UPDATE FILTER

Command Code: 04 Hex

Data Bytes: None

Executable During Motion: Yes
The UDF command is used to update the filter parameters,
the specifics of which have been programmed via the LFIL
command, Any or all parameters (derivative-term sampling
interval, kp, ki, kd, and/or il) may be changed by the appro-
priate command(s), but command UDF must be executed to
affect the change in filter tuning. Filter updating is synchro-
nized with the calculations to eliminate erratic or spurious
behavior.

Trajectory Control Commands

The following two LM628 user commands are used for set-
ting the trajectory control parameters (position, velocity, ac-

celeration), mode of operation (position cr velocity), and
direction (velocity mode only) as required to describe a
desired motion or to select the mode of a manually directed
stop, and to control the timing of these system changes.

LTRJ COMMAND: LOAD TRAJECTORY PARAMETERS

Command Code: 1F Hex

Data Bytes: Two to Fourteen
Data Ranges...
Trajectory Control
Word: See Toxt
Position: €0000000 to 3FFFFFFF Hex
Velocity: 00000000 to 3FFFFFFF Hex
(Pos Only)
Acceleration: 00000000 to 3FFFFFFF Hex
{Pos Only)

Executable During

Motion: Conditionally, See Text

TABLE 5. Derivative-Term Sampling interval Selection Codes

Bit Poslticn Selected Derlvative
15 14 13 12 1 10 9 8 Sampling Interval
0 0 0 0 0 0 0 0 256 ps
0 0 0 0 0 0 0 1 512 ps
0 0 0 0 0 o 1 0 768 ps
0 0 0 0 O 0 1 1 1024 us, efc...
thru 1 1 1 1 1 1 1 1 65,536 ps

Note 8: Sampling intervals shown are when using an 8.0 MHz clock. The 256 corresponds to 2048/8 MHz; sample intervals must be scaled for other clock

frequencies.

The trajectory control parameters which are written to the
|LM&28 to control motion are: acceleration, velocity, and po-
sition. In addition, indications as to whether these three
parameters are to be considersd as absolute or relative
inputs, selection of velocity mode and direction, and manual
stopping mode selection and execution are programmable
via this command. After writing the command code, the first
two data bytes that are written specify which parameter(s)
isfare being changed. The first byte written is the more
significant. Thus the two data bytes constitute a trajectory
control word that informs the LM628 as fo the nature and
number of any following data bytes, Ses Table 6.

TABLE 6. Trajectory Control Word Bit Allocation

Bit Position Function

Bit 15 Not Used

Bit 14 Mot Used

Bit 13 Not Used

Bit 12 Forward Direction (Velocity Mode Only)

Bit 11 Velocity Mode

Bit 10 Stop Smoothly (Decelerate as
Programmaed)

Bit Position Function
Bit 9 Stop Abruptly {Maximum Deceleration)
Bit 8 Turn Off Motor {Qutput Zero Drive)
Bit 7 Not Used
Bit 6 Not Used
Bit 5 Acceleration Will Be Loaded
Bit 4 Acceleration Data |s Relative
Bit 3 Velocity Will Be Loaded
Bit 2 Velocity Data Is Relative
Bit 1 Position Will Be Loaded
Bit © Position Data Is Relafive

Bit 12 determines the motor direction when in the velocity
mode. A logic one indicates forward direction. This bit has no
effect when in position mode.

Bit 11 determines whether the LME28 operates in velocity
mods (Bit 11 logic one) or position mode (Bit 11 logic zero).
Bits 8 through 10 are used to sslect the method of manually
stopping the motor. These bits are not provided for one to
merely spacify the desired mode of stopping, in position
mode operations, normal stopping is always smooth and
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Trajectory Control Commands
{Continued}

occurs automatically at the end of the specified trajectory.
Under exceptional circumstances it may be desired to manu-
ally intervene with the trajectory generation process to affect
a premature stop. In velocity mode cperations, however, the
normal means of stopping /s via bits 8 through 10 (usually bit
10). Bit 8 is set 10 logic one to stop the motor by turning off
motor drive output (outputting the appropriate offset-binary
code to apply zero drive to the motor); bit 9 is set to one to
stop the motor abruptly (at maximum available acceleration,
by setting the target position equal to the current position);
and bit 10 is set to one to stop the motor smocthly by using
the current user-programmed acceleration value. Bits 8
through 10 are to be used excfusively; only cne bit should be
a logic one at any time.

Bits 0 through 5 inform the LM&28 as to whether any or all of
the trajectory controlling parameters are about to be written,
and whether the data should be interpreted as absolute or
relative. The user may choose to update any or all (or none)
of the trajectory parameters. Those chosen for updating are
80 indicated by logic one(s) in the corresponding bit posi-
tion(s). Any parameter may be changed while the motor is in
motion; however, if acceleration is changed then the next
8TT command must not be issued until the LM628 has
completed the current move or has been manually stopped,

The data bytes specified by and immediately following the
trajectory control word are written in pairs which comprise
16-bit words. Each data item {parameter) requires two 16-bit
words; the word and byte order is most-to-least significant.
The order of sending the parameters to the LM628 corre-
sponds to the descending order shown in the above descrip-
tion of the trajectory control word; i.e., beginning with accel-
eration, then velocity, and finally position.

Acceleration and velocity are 32 bits, positive only, but range
only from O (00000000 hex) to [23°}-1 (3FFFFFFF hex). The
bottom 16 bits of both acceleration and velocity are scaled
as fractional data; therefore, the least-significant integer data
bit for these parameters is bit 16 {(where the bits are num-
bered 0 through 31). To determine the coding for a given
velocity, for example, one multiplies the desired velacity (in
counts per sample interval) times 65,536 and converts the
result to binary. The units of acceleration are counts per
sample per sample. The value loaded for acceleration must
not exceed the value loaded for velocity. Position is a signed,
32-bit integer, but ranges only from —[23°] (CO000000 hex) to
[2%9%%-1 (3FFFFFFF Hex).

The required data is written to the primary buffers of a
double-buffered scheme by the above described operations;
it is not transferred to the secondary {working) registers until
the STT command is executed. This fact can be used ad-
vantageously; the user can input numerous data ahead of
their actual use. This simple pipeling effsct can relieve po-
tential host computer data communications bottflenecks, and
facilitates easisr synchronization of multipls-axis controls.

STT COMMAND: START MOTION CONTROL
Command Code: 01 Hex
Data Bytes: MNone

Executable During Motion: Yes, if acceleration has not
been changed

The STT command is used to execute the desired trajectory,
the specifics of which have been programmed via the LTRJ
command. Synchronization of multi-axis control {to within

one sample interval) can be arranged by loading the re-
quired trajectory parameters for each {and every) axis and
then simultaneously issuing a single STT command to all
axes. This command may be executed at any time, unless
the acceleration value has besn changed and a trajectory
has not been completed or the motor has not been manually
stopped. If STT is issued during metion and acceleration has
been changed, a command error interrupt will be generated
and the command will be ignored.

Data Reporting Commands

The following seven LM628 user commands are used fo
obtain data from various registers in the LM628. Status,
position, and velocity information are reported. With the
exception of RDSTAT, the data is read from the LM628 data
port after first writing the corresponding command to the
command port.

RDSTAT COMMAND: READ STATUS BYTE

Command Code: None
Byte Read: One
Data Range: See Text

Executable During Motion: Yes

The BDSTAT command is reaily not a command, but is listed
with the other commands because it is used very frequently
to control communications with the host computer, There is
no Identification code; it is directly supported by the hard-
ware and may be executed at any time. The single-byte
status read is selected by placing CS , PS and RD at fogic
zero, See Table 7.

TABLE 7. Status Byte Bit Allocation

Bit Position Function
Bit 7 Motor Off
Bit 6 Breakpoint Reached [Interrupt]
Bit 5 Excessive Position Error [Interrupt]
Bit 4 Wraparocund Occurred [Interrupt]
Bit 3 Index Pulse Observed [Interrupt]
Bit2 Trajectory Complete [Interrupt]
Bit 1 Command Error [Interrupt]
Bit 0 Busy Bit

Bit 7, the motor-off flag, is set to logic one when the motor
drive output is off {at the half-scale, offset-binary code for
zero), The motor is turned off by any of the following condi-
tions: power-up reset, command RESET, excessive position
error (if command LPES had been executed), or when com-
mand LTRJ is used to manually stop the motor via turning
the motor off. Note that when bit 7 is set in conjunction with
command LTRJ for producing a manual, motor-off stop, the
actual setting of bit 7 does not occur untii command STT is
issued to affect the stop. Bit 7 is cleared by command STT,
except as described in the previous sentence.

Bit 6, the breakpoint-reached interrupt flag, is set to logic one
when the position breakpoint loaded via command SBPA or
SBPR has been exceeded. The flag is functional indepen-
dent of the host interrupt mask status. Bit 6 is cleared via
command RSTI,

Bit 5, the excessive-position-error interrupt flag, is set to
logic one when a position-error interrupt condition exists.
This occurs when the srror threshold loaded via command
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Data Reporting Commands
{Continued)

LPE| or LPES has been exceeded. The flag is functional
independent of the host interrupt mask status. Bit 5 is
cieared via command RSTI.

Bit 4, the wraparound interrupt flag, is set to logic one when
a numerical *wraparound” has occurred. To “wraparound”
means to exceed the position address space of the LM628,
which could occur during velocity mode operation. If a wrap-
around has occurred, then position information will be in
error and this interrupt helps the user to ensure position data
integrity. The flag is functional independent of the host inter-
rupt mask status. Bit 4 is ¢cleared via command RSTI.

Bit 3, the index-pulse acquired interrupt flag, is set to logic
one whan an index pulse has occurred (if command SIP had
been executed) and indicates that the index position register
has been updated. The flag is functional independent of the
host interrupt mask status. Bit 3 is cleared by command
RSTIL.

Bit 2, the trajectory complete interrupt flag, is set to logic one
when the trajectory programmed by the LTRJ command and
initiated by the STT command has been completed. Be-
cause of overshoot or a limiting condition {such as com-
manding the velocity to be higher than the motor can
achieve}, the motor may not yet be at the final commanded
position. This bit is the logical OR of bits 7 and 10 of the
Signals Register, see command RDSIGS bslow. The flag
functions independently of the host interrupt mask status. Bit
2 is cleared via command RSTI.

Bit 1, the command-error interrupt flag, is set to logic one
when the user attempts to read data when a write was
appropriate (or vice versa). The flag is functional indepen-
dent of the host interrupt mask status. Bit 1 is cleared via
command RSTI.

Bit 0, the busy flag, is frequently tested by the user (via the
host computer program) to determine the busy/ready status
prior to writing and reading any data. Such writes and reads
may be executed only when bit 0 is logic zero {not busy). Any
command or data writes when the busy bit is high will be
ignored. Any data reads when the busy bit is high will read
the current contents of the /O port buffers, not the data
expected by the host. Such reads or writes {with the busy bit
high) will not generate a command-error interrupt.

RDSIGS COMMAND: READ SIGNALS REGISTER

Command Gode: 0C Hex
Bytes Read: Two
Data Range: See Text

Executable During Motion: Yes
The LM828 internal “signals” register may be read using this
command. The first byte read is the more significant. The
less significant byte of this register (with the exception of bit
0) duplicates the status byte. See Table 8.

TABLE 8. Signals Register Bit Allocation

Bit Position Function
Bit 15 Host Interrupt
Bit 14 Acceleration Loaded {(But Not Updated)
Bit 13 UDF Executed (But Filter Not yet Updated)
Bit 12 Forward Direction
Bit 11 Velocity Mode

Bit Position Function
Bit 10 On Target
Bit 9 Tum QF upon Excessive Position Error
Bit 8 Eight-Bit Output Mods
Bit 7 Motor Off
Bit 6 Breakpoint Reached [Interrupt]
Bit 5 Excessive Position Error {Interrupt]
Bit 4 Wraparound Occurred [Interrupt]
Bit 3 Index Pulse Acquired [Interrupt]
Bit 2 Trajectory Complete [Interrupt]
Bit 1 Command Error [Interrupt]
Bit 0 Acquire Next Index (SIP Executed)

Bit 15, the host interrupt fiag, is set i¢ logic one when the
host interrupt output {Pin 17) is logic one, Pin 17 is set to
logic one when any of the six host interrupt conditions ocour
{if the corresponding interrupt has not been masked). Bit 15
{and Pin 17) are cleared via command RSTI.

Bit 14, the acceleration-loaded flag, is set o logic one when
acceleration data is written to the LM628. Bit 14 is cleared by
the STT command.

Bit 13, the UDF-executed flag, is set to logic one when the
UDF command is executed, Because bit 13 is cleared at the
end of the sampling interval in which it has been set, this
signal is very short-lived and probably not very profitable for
menitoring.

Bit 12, the forward diraction flag, is meaningful only when the
LM628 is in velocity mode. The bit is set to logic one to
indicate that the desired direction of motion is “forward”; zero
indicates “reverse” direction. Bit 12 is set and cleared via
command LTRJ. The actual setting and clearing of bit 12
does not occur until command STT is executed.

Bit 11, the velocity mods flag, is set to logic one to indicate
that the user has selected {via command LTRJ) velocity
mode. Bit 11 is cleared when position mode is selected (via
command LTRJ). The actual setting and clearing of bit 11
does not occur until command STT is executed.

Bit 10, the on-target flag, is set to logic one when the
trajectory generator has completed its functions for the last-
issued STT command. Bit 10 Iis clearsd by the next STT
command.

Bit 9, the turn-off on-error flag, is set to logic one when
command LPES is executed. Bit 9 is cleared by command
LPEI.

Bit 8, the 8-bit output flag, is set to logic one when the LM628
is reset, or when command PORTS is executed. Bit 8 is
cleared by command PORT12.

Bits O through 7 replicate the status byite (see ), with the
exception of bit 0. Bit 0, the acquire next index flag, is set to
logic one when command SIP is executed; it then remains
set until the next index pulse occurs.

RDIP COMMAND: READ INDEX POSITION

Command Code: 09 Hex
Bytes Read: Four
Data Range: 0000000 to 3FFFFFFF Hex

Executable During Motion: Yes

This command reads the position recorded in the index
register. Reading the index register can be part of a system
error checking scheme. Whenever the SIP command is ex-
ecuted, the new index position minus the old index position,
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Data Reporting Commands
{Continued)

divided by the incremental encoder resolution (encoder lines
times four), should always be an integral number. The RDIP
command facilitates acquiring these data for host-based
calculations. The command can also be used to identify/
verify home or some other spacial position. The byles are
read in most-to-least significant order,

RDDP COMMAND: READ DESIRED POSITION

Command Code: 08 Hex
Bytes Read: Four
Data Range: Ca000000 to AFFFFFFF Hex

Executable During Motion: Yes

This command reads the instantaneous desired (current
ternporal ) position output of the profile generator. This is the
“setpoint” input to the position-loop summing junction. The
bytes are read in most-to-least significant order.

RDRP COMMAND: READ REAL POSITICN

Command Code: 0A Hex
Bytes Read: Four
Data Range: C0C00000 to 3FFFFFFF Hex

Executable During Motion: Yes

This command reads the current actual positicn of the motor.
This Is the feadback input to the loop summing junction. The
bytes are read in most-to-least significant order.

RDDV COMMAND: READ DESIRED VELOCITY

Command Code: 07 Hex
Bytes Read: Four
Data Range: C0000001 to 3FFFFFFF

Executable During Motion: Yes

This command reads the integer and fractional portions of
the Instantaneous desired (current temporal ) velocity, as
used to generate the desired position profile. The bytes are
read in most-todeast significant order. The value read is
properly scaled for numerical comparison with the user-
supplied {commanded) velocity; however, because the two
least-significant bytes represent fractional velocity, only the
two most-significant bytes are appropriate for comparison
with the data obtained via command RDRV (see below).
Also note that, although the velocity input data is constrained
to positive numbers (see command LTRJ), the data retumed
by command RDDV represents a signed quantity where
nagative numbers represent opseration in the reverse direc-
tion.

RDRV COMMAND: READ REAL VELOCITY

Command Code: 0B Hex
Bytes Read: Two
Data Range: €000 to 3FFF Hex, See Text

Executable During Motion: Yes

This command reads the infeger portion of the instanta-
neous actual velocity of the motor. The intemally maintained
fractional portion of wvelocity is not reported because the
reported data is derived by reading the incremental encoder,
which produces only integer data. For comparison with the
result obtained by executing command RDDV {or the user-
supplied input value}, the vaiue retumed by command RDRV
must be multiplied by 2'€ (shifled left 16 bit positions). Also,

as with command RDDV above, data returned by command
RDRV is a signed quantity, with negative values represent-
ing reverse-direction motion.

RDSUM COMMAND: READ INTEGRATION-TERM
SUMMATION VALUE

Command Code: 0D Hex
Bytes Read: Two
Data Range: 00000 Hex to + the Current

Value of the Integration Limit
Exsecutable During Motion: Yes

This command reads the value to which the integration term
has accumulated. The ability to read this value may be
helpful in initially or adaptively tuning the system.

Typical Applications

PROGRAMMING LM628 HOST HANDSHAKING
(INTERRUPTS)

A few words regarding the LM628 host handshaking will be
helpful to the system programmer. As indicated in various
portions of the above text, the LM628 handshakes with the
host computer in two ways: via the host interrupt output (Pin
17), or via polling the status byte for “interrupt” conditions.
When the hardwired interrupt is used, the status byte is also
read and parsed to determine which of six possible condi-
tions caused the interrupt.

When using the hardwired interrupt it is very important that
the host interrupt service routine does not interfere with a
command sequence which might have been in progress
when the interrupt occurred. If the host interrupt service
routine were to issue a command to the LM628 while itis in
the middle of an ongoing command sequence, the ongoing
command will be aborted {which could be detrimental to the
application).

Two approaches exist for avoiding this problem. If one is
using hardwired interrupts, they should be disabled at the
host prior to issuing any LM628 command seguence, and
re-enabled after each command sequencs. The second ap-
proach is to avoid hardwired interrupts and poll the LM628
status byte for “interrupt’ status. The status byte always
reflects the interrupt-condition status, independent of
whether or not the interrupts have bean masked.

TYPICAL HOST COMPUTER/PROCESSOR INTERFACE
The LM&28 is interfaced with the host computer/processor
via an 8-bit parallel bus. Figure 12 shows such an interface
and a minimum system configuration.

As shown in Figure 12, the LM628 interfaces with the host
data, address and control lines. The address lines are de-
coded to generate the LM628 TS input; the host address
LSB directly drives the LM628 PS input. Figure 12 also
shows an 8-bit DAC and an LiM12 Power Op Amp interfacad
to the LM628.

LM628 AND HIGH PERFORMANCE CONTROLLER
{HPCYINTERFACE

Figure 13 shows the LM&28 interfaced to a National HPC
High Performance Controller. The delay and logic associated
with the WR line Is used to effactively increase the write-data
hold time of the HPC (as seen at the LM628}) by causing the
WR pulse to rise early. Note that the HPC CK2 output
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Typical Applications (continued)

provides the clock for the LMG28. The 74L5245 is used fo
decrease the read-data hold time, which is necessary when
interfacing to fast host busses,

INTERFACING A 12-BIT DAC

Figure 14 illustrates use of a 12-bit DAC with the LM628. The
7415378 hex gated-D flip-flop and an inverter demultiplex
the 12-bit output. DAC offset must be adjusted to minimize
DAC linearity and monotonicity errors. Two methods exist for
making this adjustment. If the DAC1210 has been socketed,
remove it and temporarily connect a 15 kQ resistor between
Pins 11 and 13 of the DAC socket (Pins 2 and 6 of the
LF356) and adjust the 25 kQ potentiometer for OV at Pin 6 of
the LF356.

If the DAC is not removable, the second method of adjust-
ment requires that the DAC1210 inpuis be presented an
all-zeros code. This can be arranged by commanding the
appropriate move via the LM628, but with no feedback from
the system encoder. When the all-zeros code is present,
adjust the pot for OV at Pin 6 of the LF356.

A MONOLITHIC LINEAR DRIVE USING LM12 POWER
OP AMP

Figure 15 shows a motor-drive amplifier built using the LM12
Power Operational Amplifier. This circuit Is vety simple and
can deliver up to 8A at 30V (using the LM12L/LM12CL).
Resistors R1 and A2 should be chosen to set the gain to
provide maximum output voltage consistent with maximum
input voltage. This example provides a gain of 2.2, which
altows for amplifier output saturation at 22V with a +10V
input, assuming power supply voltages of £30V. The ampli-
fier gain should not be higher than necessary because the
system is non-linsar when saturated, and because gain
should e controlled by the LM828. The LM12 can also be
configured as a current driver, see 1987 Linear Databook,
Vol. 1, p. 2-280.

TYPICAL PWM MOTOR DRIVE INTERFACES

Figure 16 shows an LM18298 dual full-bridge driver inter-
faced to the LM629 PWM outputs to provide a switch-mode
power ampfifier for driving small brush/commutator motors.

Incremental Encoder Interface

The incremental {position feadback) encoder interface con-
sists of thres lines: Phase A (Pin 2), Phase B (Pin 3), and
Index (Pin 1). The index pulse output is not available on
some encoders. The LM628 will work with both encoder
types, but commands SIP and RDIP will not be meaningful
without an index pulse (or altemative input for this input ...
be sure to tie Pin 1 high Iif not used).

Some consideration is merited relative to use in high
Gaussian-noise environments. If noise is added to the en-
coder inputs (either or both inputs) and is such that it is not
sustained until the next encoder transition, the LM628 de-
coder logic will reject it. Noise that mimics quadrature counts
or persists through encoder transitions must be eliminated
by appropriate EMI design.

Simple digital *filtering” schemes merely reduce susceptibil-
ity to noise (there will always be hoise pulses longer than the
filter can eliminate). Further, any noise filtering scheme re-
duces decoder bandwidth. In the LM628 it was decided
(since simple filtering does not eliminate the noise problem)
fo not include a noise filter in favor of offering maximum
possible decoder bandwidth. Attempting to drive encoder
signals too long a distance with simple TTL lines can also be
a source of “noise” in the form of signal degradation (poor
risetime and/or ringing). This can also cause a system to
lose positional integrity. Probably the most effective counter-
measure to noise induction can be had by using balanced-
line drivers and receivers on the encoder inputs. Figure 17
shows circuitry using the DS26LS31 and DS26LS32.
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Typical Applications (continued)
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Typical Applications

(Continued)
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Typical Applications

{Continued)
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FIGURE 15. Driving a Motor with the LM12 Power Op Amp
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FIGURE 16. PWW Drive for Brush/Commutator Motors
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Typical Applications (Continued)
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FIGURE 17. Typical Balanced-Line Encoder Input Circuit
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LM628 Programming Guide

Introduction

The LIMG28/1 M629 are dedicated mofion control processars.
Both devices control DG and brushless DG servo mators, as
well as, other servomechanisms that pravide a quadrature
incremental feedback signal. Block diagrams of typical
LM628/LME29-based motor control systems are shown in
Figures 1, 2.

As indicaied in the figures, the LME28/LM629 are bus pe-
ripherals; both gevices must be programmed by a hos! pro-
cessor. This application nole is intended 1o present a con-
crefe starting point for programmers of these precision
motion controllers. It facuses on the developmen of short
programs that test overall system functionality and lay the
groundwork for more complex programs. 1t also presents a
method far tuning the loop-compensation PID filler. (Note 1)

pasition/ vefacity host |,

coniro’ 1lnes

LME25 l__'+‘"

host 1/0 port
)

Mational Semiconductor
Application Note 693
Steven Hunt

January 1998

Reference System

Figure 15 is a delailed schematic of a closad-oap mator
control system. All programs presemied in this paper were
developed using this system. For application of the pro-
grams in other LM828-based syslems, changes in basic
programmming structure are not required, bul medification of
filter coefficierds and trajectory parameters may be required.

I. Program Modules

Breaking programs for e LM628 into sels of funciional
blocks simplifies the programming process; each block ex-
ecutes a specific task. This section contains examples of the
principal building blocks {modutes) of programs lor the
LMe28.

»

profile genarator interface |

+
digital

apiny Buiwweiboid 829N

PID Ffilter
{16-bits}
quadrature D¢ molar ]
decodsr
, N8
7
3 quadrature —
neremantel encadar
1086001
FIGURE 1. Li628-Based Motor Control System
contro! lines
LME29 | s »
host /0 port
position/velacity host g ) >
prafila ganerator intarfaca | s
+ sign
digita —p] direction
PID fliter magritude
{16-bits) ] P
H = bridge
qusdrature
decoder
- GG moler
; W, A5
7
3 quadrature
incremental encoder
07086002

FIGURE 2. LM629-Based Motor Control System

Note 1= Forthe remainder of this paper, aii slatements about the LME28 also
apply to the LME2S unless otherwise noted.
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I. Program Modules (Continued)

BUSY-BIT CHECK MODULE

The first module required for successiul programming of the
LMB28 is a busy-bit check module.

The busy-bil, bit zero of the slatus byte, is sel immediately
after the host writes a command byte, or reads or writes the
second byte of a data word. See Figure 5. While the busy-bit
is set, the LMG28 will ignore any commands or attempis to
transfer dala.

A busy-bil check module that polls the Status Byte and wails
until the busy-bit is reset will ensure successfut hostLMG28
communications. & must be inseried after 8 command
write, or a read or write of the second byte of a data
word, Figure 3 represenis such a busy-bit check module.
This module witl be used throughout subsequent modules
and programs.

START

y

Read the Status Byts.

CONTINUE

01086003

FIGURE 3. Busy-bit Check Module

Reading the Stalus Byte is accomplished by execuiing a
RODSTAT command. RDSTAT is direclly supported by LMB28
hardware and is execuied by pulling C5, P5, and RD logic
fow.

RITIALIZATION MODULE

in general, an inifialization module contains a reset com-
mand and other initialization, interrupt control, and data re-
poring coramands.

The example initiafization module, detailed in Table 1, con-
tains a hardware reset block and & PORT 12 command.

Hardware Resaet Bloek

Immediately Tollowing power-up, a hardware reseil must be
execuled. Hardware reset is initiated by strobing RST (pin
27} logic low for a minimum of eight LM§28 clock periods.

The reset rautine begins after RST is returned to logic high.
During the reset execution time, 1.5 ms maximum, the
LMG28 will ignore any commands or atterpls o transter
data.

A hardware reset forces the LM628 into the state described

in what follows.

1. The derivative sampling coefficient, ds, is setto ane, and
all alher filter coefiicients and filter coeflicient input buti-
ers are set o zero, With dg set 1o one, the derivative
sampling interval is set 1o 2048 «.

2. Allirajeciory parameters and trajectory parameters inpul
buflers are set to zero.

4. The current absolute position of the shaft is set 1o zero
{"home™.

4. The breakpoint interrupt is masked (disabled), and the
remaining five interrupts are unmasked (enabled).

5. The position error threshold is set to its maxtirmum vafue,
7FFF hex.

6. The DAC oulput port is set for an 8-bit DAC interface.

<
L
" l

Strobe RST (pin 27)
logic low for 8 clock
poriods minimum.

fised the Siatus Byta.

Status Byte
= C0 or 80

Wait 1.5ms eftar RST

logic level returned

high, reset execution
tima.

CONTINUE

Raad the Status Byte.

Status Byte
= C4 or B4

Reset interrupts.

01086005

FIGURE 4. Hardware Reset Block

Figure 4 illustrales a hardware reset block that includes an
LM&28 funclionality test. This test should be completed im-
mediately following all hardware resets.
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l. Program Modules (Goniinued)
Reset Interrupis

TABLE 1. Initiakzation Module {with Hardware Reset)

Port Byies |Command Comments
{Noie 5) | hardware |Sirobe RST, pin 27, logic low for eight dlock periods minimum.
reset

wait The maximum lime to complete hardware reset tasks is 1.5 ms. During this reset
execution fime, the LM628 will ignore any commands or attempts to ransfer data.

c X ROSTAT | This commane reads the siatus byte, It is directly supporied by LM628 hardware and
{Note 2) | (Note 3) can be executed at any time by puling S, PS, and AD logic low. Stalus information
remaine valid as tong as BD is logic low.
decision | I the status byte is C4 hex or 84 hex, continue. Otherwise loop back 1o hardware resel.
¢ 1D RSTI | This command resets onfy the interupis indicaied by zeros in bits one through six of
the nexd dala word. It also resets bit fifleen of the Signals Register and the host
interrupt oulput pin (pin 17).

Busy-bit Check Module

d XX HB dan't care
{Note 4}
& [1:4) LB Zexos n bits one through six irxdicate alf interrupts will be resel.
Busy-bit Check Motile
[+ xx RDSTAT |This command reads the stalus byie.
dedsion |1 the stalus byte is CO hex or B hex, continue. Otherwise loop back 1o hardware reset.
[ 06 FORT12 |The reset defaull size of the DAC pont is eight bits. This command iniializes the DAC
port for a 12-bit DAG. H should not be issued in systems with an 8-bit DAC,
Busy-bit Check Madule

Note 2: The 8-b host PO port is & duslmode post; H operstes I command or dats mode. The logic level at PS {pin 15) selects the moda. Port © represents the
L6268 command port-cormmands are writtan 1o the command port and the Staius Byle iss read from Sia command mammdﬂ*uﬁmmm
por. Port d represents the LMEZE data port — data is bath written o and read from the deta port. A logic leved of *1° 2t PS selects e deka port.

Hote 3: x - don’t cam

Note 8: HE - high byte, 1B - low byte

Note 5: All values represented in hex.

An ASTI command sequence allows the user to reset the flag bits can be reset within a single RSTI command se-
interrupt flag bits, bits one through six of the status byte. See quence. This jeature allows interrupts to be serviced accord-
Figisre 5. It contains an AST! command and one data word. ing to & user-programmed prority.

The RST command initiates resetiing the interrapl flag bits.
Command RST] also resets the host imerrupt cutput pin (pin
17}

716154 3l2f1fo
! | | I

Motar Excessive Index LCommend
off Positlan Pulse Error
Frrar Otsorved {Intarrupt)
{Interrupt} {Intarrupt)

Breakpolnt  Wrap-around Trajeclory Busy-bil
Reachad Qccurred Compiale
(intarrupt) (Interrupt} (Interrupt)

01086206

FIGURE 5. Status Byte Bit Allocation

Immediately following the RSTI command, a single data
word is written. The first byte is not used. Logical zeros in
bits one through six of ihe second byte reset the correspord-
ing interrupts. See Figure 6. Any combination of the interrupt

3 www.national.com
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I. Program Modules (continued)

high byte
15114113112 11{16{ 9| 8
not used
01086007
low byte
7654 3|21 1|0
[
not uscd
nat used Position Indax Command
Errar Puise Error
ntarrupt Interrupl Interrupt
Braakpoiat Wrap— Trajectary
Intarrupt around Comnplals
interrupl Interrupt
01066008

FIGURE 6. Interrupt Mask/Reset Bit Allocations

In the case of the exampie module, the second byte of the
HSTI data word, 00 hex, resets alf interrupt flag bits. See
Table 1.

BAC Port Size

During both hardware and software resets, the DAC oulput
port defaults to 8-bit mode. f an LM&28 control loop utilizes
a 12-bit DAC, command PORT12 shouid be issued immedi-
ately following 1he hardware reset block and all subsequen
resets. Failure to issue command PORT12 will resull in
erratic, unpredictable motor behavior.

it the condrol toop utitizes an 8-bit DAC, command PORT12
must not be executed; this too will result in erratic, unpre-
dictable motor behavior.

An LM629 will ignore command PORTS {as it provides an
8-bit sign/magnitude PWM output). Command PORF12
should noi be issued in LME29-based systems.

Software Hesel Considerations

Afier the initial hardware reset, resets can be accomplished
with either a hardware reset or command RESET {sofiware
resel). Software and hardware resets execute the same
tasks {Note 6} and require the same execution fime, 1.5 ms
maximum. During software reset execution, the LME&28 will
ignore any commands or atlempis to transfer data.

The hardware resel module incdluties an |LME28 functionality
test. This test is not required after a sofiware raset.

Table 2 details an initiglization module that uses a soflware
reset.

Nete 6: In the case of a software reset, the position errar threshold remains
at Its pre-reset value.

TABLE 2. Initiafization Module {(with Software Reset)

Port Bytes |Command Commernts
c a0 RESET |See Initialization Module text.
wait The maximum fime ¢ complete RESET tasks is 1.5 ms.
c 06 PORT12 |[The RESET default size of the DAG port is eight bits. This command initializes the DAC
port for a 12-bit DAC. It should not be issued in a system with an 8-bit DAG.
Busy-hit Check Module
c 1D RSTI | This command resets only the inlerupts indicated by zeros in bils one through six of
the next data word. It also resets bit fifteen of the Signals Register and {pin 17} the host
interrupt output pin.
Busy-bit Check Module
d XX HB Don't care
d 00 LB Zeros in bits one through six indicate aff interrupts will be reset.
Busy-bit Check Module
Comments and the filter gain coefiicients {k;, k, and k;) initialized to

Figure 7 iilustrates, in simplified block diagram form, ihe
LM#&28, The profile generator provides the conirol loop input,
desired shaft position. The quadrature decoder provides the
control loop feedback signal, actuat shaft position. At the first
summing junction, actual position is subtracied from desired
position 1o generate the control loop error signal, position
error. This error signal is fillered by the PID filler io provide
the maotor drive signal.

After executing the example initialization module, the tollaw-
ing observations are made. With the integration Emit term (i)

zero, the filter gain is zero. Morcover, after a reset, desired
shaft position tracks actual shaft position. Under these con-
diions, the motor drive sigeal is zero. The control system
can not affect shafi position. The shait shoutd be stationary
and "free wheeling®, If there is significant drive amplifier
offset, the shalt may rotate slowly, but with minimal torque
capability.

Note: Regardisss of the free whesling state of the shaft, the EM628 conlinu-

ously racks shaft ahsolite position.
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l. Program Modules (Goniinued)

FILTER PROGRAMMING MODULE
The example filier programming module is shown in Table 4.

Load Filter Parameters (Coeflicients)

An LFIL {Load Filier) command sequence includes com-
mand LFIL, a fiker control word, and a vartable number of
data words.

The LFIL command initiates loading filter coefficients into
input buffers.

The iwo data byles, written immediately after LFIL, comprise
the filler control word. The first byle programs the derivative
sampling coefficient, d, {i.e. selects the derivative: sampling
interval). The second byle indicales, with logical ones in
respective bil poasitions, which of the remaining four filler
coefficients will be loaded. See Figure 8, Table 3. Any eom-
bination of the four coefficients can be loaded within a single
LFIL command sequence.

immediately following the fitter control word, the filier coetfi-
cients are written. Each coefficient is writen as & pair of data

byles, a daia word. Because any combination of the four
coefficients can be loaded within a single LFIL command
sequence, the number of data words foliowing the fitter
control word can vary in the range from Zero to four.

In the case of the example module, the first byte of the filter
qontrol word, 00 hex, programs a derivative sampling coef-
ficient of one. The second byle, x8 hex, indicates only the
proportional gain eoeflicient will be loaded.

Immediately tollowing the titer coniral word, the proporional
gain coetficent is writlen, In this example, k; is set o 1en with
the data word 000A hex. The other three filter caefficients
remain at zero, their reset value.

Update Filter

The update filier command, UDF, transters new filter coeffi-
cients from input buffers to working registers, Until UDF is
execited, the new filter coefficients do not affect the ransfer
characteristic of the filier.

— kpe(n)

desired
positian *

N

position/valocity |
arofile generator

n=0

k 3 a(n)

mater drive
uln) signal N
78 or 12-bil '

actual

position

guadraturs
decoder

from quadrature
encoder

01086002

FIGURE 7. LM628— Simplified Block Diagram Form
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I. Program Modules

{Continued)

high byie

151140131121 11{10] 9| 8

Derivative-term Sampling Interve!
selection code

low byte
716¢(5] 4 312} 140
| |
ki [
i |
net used R I
logical 1 — corresponding coefficient
will be loaded

togical 0 - corresponding coefficiant
will nol e loaded
01085010

FIGURE 8. Filter Control Word Bit Allocation

TABLE 3. Derivative—Tetwn Sampling Interval Selection Codes

Filter Control Word Bl Pasition d, | Selected Derivative-Term
15 [ 14 13 | 12 1 | 1w ] 9 8 Sampling Interval—T
0 0 0 0 0 0 0 0 1 %
0 o 0 0 o o 0 1 2 2T,
0 o 0 0 o 0 1 g 3 1
0 o 0 0 0 o 1 1 4 4T,
- - -
1 1 1 1 1 1 1 1 256 256T,

Tqg  dg X Tg

foik

Tg = (2048) X (—1-) System Sample Peariod

Derivative-term Sampling Interval
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I. Program Modules (Continued)

TABLE 4. Filter Progranwning Module

Port Bytes [Command Comments
¢ 1E LFIL | This command initiztes loading the filter coefficients input buffers.
Busy-bit Check Madule
d 1.9} HB These two byles are the filter controf wond. A 00 hex HB sets the derivative sampling
d x5 iB interval to 2048/, by seiting d; 1o one. A x8 hex LB indicates only k, will be loaded.
The other filter parameters will remain at zero, their reset default value.
Busy-bit Check Module
d 00 HB  |These two byles set k, to ten.
d OA LB
Busy-bit Check Module
c 04 UDF  [This command translers new filer coefficients from input buffers o working registers.
Undil UDF is executed, coefficients loaded via the LFIL command do not affect the filter
transfer characteristic.
Busy-bit Check Module
Comments in the case of the example madule, the first byte of the

After executing both the example initialization and exampte
filter programming modules, the following observations are
made. Filter gain is nonzero, but desired shaft position con-
tinues io track actual shaft position. Under these conditions,
the motor drive signal remains at zero. The shaft should be
stationary and Tree wheeling”. if there is significant drive
amplifier offset, the shatt may rotate stowly, but with minimal
torque capabilify.

initially, k, should be set below twenty, d. should be sei to
one, and k, kg, and § should remain at zero. These values
will not provide optimum system performance, but they will
be sufficient to test system functionality. See Tuning the PID
Filter.

TRAJECTORY PROGRAMMING MODULE
Table 5 details the exampie trajeciory programming maoduie,

Leoad Trajectory Parameters

An LTRJ {Lead TRaJeclory} command sequence includes
command LTRJ, a trajectery condrol word, and a variable
number of data words.

The {TRJ command initiales toading trajectory paramelers
into input buffers.

The two data bytes, writlen immediately afler LTRJ, com-
prise the trajectory control ward. The first byte programs,
with logical ones in respeclive bit positions, the trajectory
mode (velocily or position), velocity made direction, and
slopping mode. See Stop Module. The second byle indi-
cates, with logical ones in respective bil positions, which of
the three trajeclory parameters will be loaded. it also indi-
cates whether the parameters are absolute or relative. See
Figure 8. Any combination of the three parameters can be
loaded within a single L'TRJ cammand sequence.
Immediately following the trajectory coniral word, the trajec-
lory parameters are wiitten. Each parameter is written as a
pair of data words (four data bytes). Because any combina-
tion of the three parameters can be loaded within a single
LTRJ command sequence, the number of data words follow-
ing the trajectory controi word can vary in the range from
zaro to six.

trajectory conirol word, 00 hex, programs the LME28 1o
operate in position mode. The second byle, OA hex, indi-
cates velocity and position will be loaded and both param-
elers are absolute. Four data words, two for each parameter
loaded, folfow the trajectory conirol ward.

Start Motion Control

The start molion contrel command, STT (STarT), fransifers
new trajectory parameters irom input buffers to working reg-
isters and begins execution of the new trajectory, Untdl STTis
executed, the new Irajectory paramelers do not affect shafi
mofion.

Note: At this hoint o sctual rajectory perametars ave badad. Calculation ot
wajestory parameters and execulion of example moves is left for &

later sachon,
high byte
1571411312 111101 9| 8
not nat not Valacity Mode Step
usad used  used Abruptly
Forward
Directian
(Valocily Moda Stop Turn off
anly} Smoothly Motor
01985011
low byte
716154 312110
not Aok Acceleration Velocity Position
vsed usad data is will be will be
relative loaded loaded
Acceleration Yelocity Pasition
will be loaded data is data is
relative relativa

HO86012

FIGURE 9. Trajectory Control Word Bit Allocation
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I. Program Modules (Continued)

TABLE 5. Trajectory Programming Module

Port Bytes |[Command Comments
[+ 1F LTRI |This command initistes loading the irajectory parameters input buffers.
Busy-hit Check Module
d 00 HB These two bytes are the trajectory control word. A UA hex LB indicates velocity and
d 0A B position will be loaded and both parameters are absolute.
Busy-hit Check Module
d X HB Velocity is loaded in two data words. These two bytes are 1he high data word.
d xK LB
Busy-bit Check Module
d nH HB velocity data word (low}
d o LB
Busy-bit Check Module
d XL HB Pasition is loaded in two data words. These iwo byles are the high data word,
d ¢4 LB
Busy-bit Check Module
d b+ HB position data word {low)
d XX LB
Busy-bit Check Module
c | o STT  |STT must be issued 1o execute the desired trajectory.
Busy-bit Check Madule
STOP MODULE Mote: Bils elght through ten of the tRjectory contral word must be used

This module demonstrates the programming flow required to
stop shaft motion.

While the LME2B operates in position mode, normal stopping
is always smooth and occurs automaticatly at the end of a
specitied trajectory (i.e. no stop module is required). Under
exceptional conditions, however, a stop module can be used
1o affect a premature stop.

While the LWi628 operates in velocity mode, stopping is
always accomplished via a stop medule.

The example stop module, shown in Table 5, utitizes an
LTR.} command sequence and an STT command.

Load Trajectory Parameters

Bits eight through ten of the trajeciory control word select the
stopping mode. See Figure 9.

It the case of the example module, the first byte of the
trajectory cordrol word, x1 hex, selects motor-off as the
desired stopping mode. This mode stops shaft molion by
seiting the motor drive signal to zero {the appropriate
offset-hinary code 1o apply zero drive 1o the motos),

Setting bit nine of the trajectory contrel word selecls stop
abruplly as the desired siopping mede. This mode siops
shaft motion (at maximum deceleraiien) by seiting the target
position equal 1o the current posilion.

Setting bil ten of the trajectory confrol word selects stop
smoothly as the desired stopping mode. This mode stops
shaft motion by decelerating at the current user-programmed
acceleration rate.

exclusivety; anly one of them should be logic ome st any fime.

Start Motion Control

The start motion control command, STT, must be executed
to stop shaft motion.

Comments

After shaft mation is stopped with either an “abrupt” or &
“smooth” stop module, the control system will aitempt to hotd
the shaft at its current position. if forced away from this
desired resting position and released, the shaft wit move
back to the desired pasiiion. Unkess rrew trajeclary param-
elers are loaded, execution of another STT command will
restart the specified move.

After shaft motion is stopped with a "motor-off* stop module,
desired shaft position tracks actual shaft position. Conse-
querdly, the moior drive signal remains at zero and the
control system can not affect shaft position; the shatt should
be stationary and free wheeling. If there is significant drive
amphtier ofiset, the shaft may rotate slowly, but with minimal
torque capability. Unless new ftrajeclory parameters are
loaded, execution of angther STT command will restart the

specified move.

www.ngtional.com




I. Program Modules (Gontinued;

TABLE 6. Stop Module (Motor-Oft)

li. Programs

This section focuses on the development of four briet | MG628
programs.

LOOP PHASING PROGRAM

Following initial power-up, the comect polarity of the moter
drive signal must be determined. i the polarily is incorrect
{ioop inversion), the drive signal will push the shaft away
from its desired position rather than lowards i This results in
“motor runaway”, a condifion characterized by the molor
running cortinuously ai high speed,

The loop phasing program, detailed in Table 7, contains both
the example initialization and filter programming modules. it
alsa eontains an LTAJ command sequence and an STT
cammand.

Note: Execution of this simple program is only required the firsttime a new
system is used.

Port Bytes [Command Comments

G 1E LFAJ |This command initiates loading the irajectory parameters input bufiers.
Busy-bit Check Madule

d x1 HB These two byles are the trajectory control word. A x1 hex HB selects motor-off as the

d 00 iB desired stopping mode. A 00 hex LB indicales no irajectory parameters will be loaded.
Busy-bit Check Module

¢ | 01 | STT [The star motion control command, STT, must be executed to stop shaft motion.
Busy-bit Check Module

Load Trajectory Parameters

An LTRJ {Load TRaleclory) command sequence includes
command LTRJ, a frajectory conirel word, and a variable
number of data words.

In the case of the Loop Phasing Program, the firsi byle of the
trajectory control word, 00 hex, programs the LMG28 1o
operate in position mode. The second byte, 00 hex, indicates
no trajeciory parameters will be loaded (i.e. in this program,
zero data words follow the trajectory control word), The three
tfrajectory parameters will remain al zero, their reset value.

Start Motion Cantrol

The start mofion control command, STT {STarT), iransfers
new trajectory parameters from input buffers 1o working reg-
isters and begins execution of the new frajectory. Untd STTis
executed, the new trajectory parameters do not alfect shaft
motion.

TABLE 7. Loop Phasing Program

Port | Bytes [Command| Comments
Initializatior: Module
Filter Programming Module

c | 1t | LTRJ |This command initiates loading ihe trajectory parameters input buffers.

Busy-bit Check Module
d 1] HB8 These two byies are the trajectory control ward. A 00 hex LB indicates no trajeciory
d a0 B parameters will be loaded.

Busy-bit Gheck Module
¢ 01 [ STT [STT must be issued to execule the desired trajectory.

Comments sion can be correcied by interchanging the motar power

Execution of command STT results in execution of the de-
sired trajectory. With the acceleration set at zero, the profile
generator generates a desired shaft position that is both
constant and equal lo the current absolute position. See
Figure 7. Under these conditions, the control system will
attempt to hold the shatt at its current abselute postion. The
shaft will feel lightly "spring loaded”™. if foreed (CAREFULLY}
away from its desired position and released, the shatt will
spring back to the desired position.

if the polatity of the motor drive signal is incamect (foop
inversion), motor runaway will occur immediately after ex-
ecution of command STT, or after the shaft is forced (CARE-
FULLY) from its resting position.

Loop inversion can be corrected with one of three methods:
interchanging the shafi posilion encoder signals (channet A
and channel B), interchanging the motor power leads, or
inverting the molor command signat befare application to the
motor drive amplifier. For LM629 based systems, loop inver-

leads, interchanging the shaft position encoder signals, or
logically inverting the PWM sign signal.

SIMPLE ABSOLUTE POSITION MOVE

The Simple Absoluie Position Move Program, detailed in
Table 8, utilizes both the initialization and fiter programming
modules, as well as, an LTRJ command sequence and an
STT command,

Factors that influenced the development of this program
included the fallowing: the programt must demansirate
simple trajectory parameters calculations, the program mgust
demansirate the programming flow required to load and
execule an absolute position move, and correct completion
of the move must be verifiable through simple observation.
KMove: The shalt will accelerste a 0.1 revisec® until it
reaches a maximum velocity of 0.2 rev/sec, andg then decel-
erate 10 a siop exactly two revolutions from the starding
position. See Figure 10.
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II. Programs (continued)

Note: Absolute position is posifon measumd relatve o zeno (hamel. An
ghsolube position move is a move that ends at & speclied absolute
positicn. For example, independent of the current absolute position of
the shafl. il an absoie postion of 30,000 cowis is specilied, upon
completion of the move the ghsolule position of the shaft will be 30,000
counts (i.e. 30,000 counts refative to zero}. The example progrem cals
for & position move of two revokations, Becsuse the starting absoiute
position I8 § counts, the move Is accomplished by specilying an
absolute position of 8000 counts. See Table 8

The Quadrature incremental Encoder

As a supplement to the trajectory parameters caleulations, a
brief discussion is provided here to differentisle between
encoder fines and enceder counts.

A quadrature incremenial shait encoder encodes shaft rota-
tion as electrical pulses. Figure 11 details the signals gener-
ated by a 3-channe! quadrature incremental encoder. The
LWME28 decodes (or “counts™) a quadrature incremental sig-
nal 1o determine the absolute position of the shaft.

Velocity (RPS)
0.2 T

0.1 RPSZ-

1.6 revelutions traveled
whila at meximum veloclty

1 1 q
! T T T
4 & 8 1

F I o

I
12 t (seconds)

01086013
FIGURE 10. Velocity Profile for Simple
Absolute Position Move Program
sTATES | B [ A
, , aNE g gl | POSITIVE
- +— ENCODER LINE 2 11
8 I I ' I | I 3 |o] 1| erecnon
- 4 LN Kt}
i T !
1
N an l e NEGATIVE
A ] R E
N i
I 1 I
1123341 | U] (1
v
!
i .
—=J le— INDEX = A*B*IN
010686014

FIGURE 11. 3-Channel Quadtature Encoder Signals

The resolution of & guadraiure incremental encoder is usu-
ally specified as a number of lipes. This number indicates
the number of gycles of the oulput signals for each complele
shaft revolution. For example, an Neline encader generates
N cycles of its oulput signals during each compiete shaft
revolution.

By definition, {wo signals that are in quadrature are 907 out of
phase. When considered fagether, channels A and B (Figure
11} traverse four distinet digital states during each full cycle
of either channel. Each slate iransilion represenis one
count of shaft motion. The leading channel indicates the
direction of shaft rotation.

Each line, therefore, represenis one cycle of the outpit
signals, and each cycle represents four encoder counts.

COUNTS
REVOLUTION

( CYCLES ) L ( COUNTS) "
REVOLUTION CYCLE

The reference system uses a one thousand line encoder.

_{ . COUNTSY
)x(4 CYCLE )—4000

CYCLES
REVOLUTION

COVNTS
REVOLUTION

(100

Sample Period

Sampling of actual shaft position occurs at a fixed frequency,
the reciprocal of which is the system sample period. The
system sample period is the unit of time upon which shaft
acceleration and velocily are based.

1

) System Sample Period
foLock

Ts = (2048} X (

The reference system uses an 8 MHz clock. The sample
period of the reference system follows directly from the
definition.

SECONDS

== 10-8
266 > 1070 e MPLE

1
o - oo (57 )

Trajectory Parameters Calculations

The shaft will accelerate at 0.1 revisec? until it reaches a
maximum velocity of 0.2 rev/sec, and then decelerate 10 a
stop exactly two revolutions from the starting position.
Trajectory parameters calculations for this move are detailed
in Figure 12.

Comments

After completing the move, the control system will atlempt to
hold the shaft at its current absolute position. The shaft will
feel lightly “spring loaded". If forced away from its desired
resting position and released, the shaft will move back 1o the
desired position.

www.national.com
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Il. Programs (Continued)

A= (40009—;\%%) X (256 X 10’5$)2 (0 HE:E%S_I_;%_NS_) =2.62 X 10—5%2:—:%82—
A= (2.62 X 10-5 -g%) X (65,536) = 1.718% Acceleration Scaled

A= 2% Acceleration Rounded

A= 00000002hex%

V= (0.2048 :ALI\(IJIE{_:) X (65,536) = 13,421.77%’;2 Velocity Scaled

V= 13,422% Velocity Rounded

V =00 00 34 6E hex%

p= (4000 H—E%%—;%ﬂ_) X (2.0 REVOLUTIONS) = 8000 COUNTS

P = 00 00 1F 40 hex COUNTS

01086020

FIGURE 12. Calculations of Trajectory Parameters for Simple Absolute Position Move
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. Programs (Continued)

TABLE 4. Simple Absolute Position Move Program

Port | Bytes |Command| Comments
Inifiatization Module
Filter Programming Module

¢ | 1F | LTRJ |[This command initiates loading the trajectory parameters input buffers

Busy-bi Check Module
d 00 HB These iwo byles are the frajeciory control word. A 2A hex LB indicates acceleration,
d 2A LB velocily, and position will be loaded and all three parameters are absolute,
d 20 HB Acceleration is loaded in two data wonds. These two bytes are the high data word., In
d 00 LB this case, the acceleration is 0.1 rewsec?.

Busy-bit Check Module
d 00 HB acceleration data word {low)
d 02 LB
d 00 HB velocity is loaded in two data words. These two byles are the high data word. In this
d 00 LB case, the velocily is 0.2 rev/sec.

Busy-bil Check Module

M HB velocity data word (low)

d 6E LB

Busy-bit Check Module
d 00 HB Position is loaded in Two data words. These two byles are the high dafe word. In this
d 00 LB case, the position loaded is eight thousand counts. This resuits in a move of twoe

revolutions in the forward direction.

Busy-bit Check Moduie
d 1F HB position data word (low)
d 40 LB

Busy-bit Check Module
¢ | 01 | STT [STT must beissued to execule the desired trajectory.

SIMPLE RELATIVE POSITION MQVE

This program demonsirates the programming flow required
1o inad and execute a relative position maove. See Table 8.

Moave: Independent of the current resting position of the

shaft, the shaft will complete thirty revelutions in the reverse

direclion. Tolal time e complete the move is fifteen seconds.

Total time for acceleration and deceleration is five seconds.

Note: Target position is the finai requested posilion. I the siaft is steifonary,
and motion has not been stopped with a8 “motor-off” stop moduyle, the
curmen absohie position of the shaft is the tanget position. If maotion
has been stopped with 8 “molor-off’ stop modite, or a position moave
has begun, the absolute pesition that cormasponds 1o the endpoint of
the current Wrajectory is the tanget position. Relative position ks positon
maasured relaive to the current target posifion of the shaft. A relative
position move is a move hat ends the specified “relative” number of
counts away from the cument target position of the shaft. For example,
if the cument target positior: of the shaft [s 10 counts, and @ relativa
position of 30,000 counts is specified, upon completion of the move tha
absolite position of the shaft will be 30,010 counts (i.e. 30,000 couns
relative to 10 counts).

Load Trajectory Parameters

The first byte of the trajectory control werd, 00 hex, programs
position mode operation. The second byte, 2B hex, indicates
all three trajectory parameters will be loaded. It also indi-
caies both acceleration and velocity will be absoiute values
while position will be a relative value.

Trajectory Parameters Calculations

independent of the current resting position of the shaft, the
shaft will complete thiry revolutions in the reverse direction.
Total time io complete the move is fifleen seconds. Total time
for acoeleralion and deceleration is five seconds.

The reference system ulitizes a one thousand line encoder.
The number of counts for each complete shaft revolution and
the total counis for this position move are defermined.

(1000 CYCLES ) " ( COUNTS) _ COUNTS
REVOLUTION CYCLE REVOLUTION
COUNTS
(4000 m) X (30 REVOLUTIONS) = 120,000 COUNTS

With respect 1o time, two-thirds of the move is made at
maximum velocity and one-third is made at a velocity equal
to one-half the maximum velocity (Note 7). Therefore, total
counts traveled during acceleration and deceleration periods
is one-fiith the total counts traveled. See Figure 13.
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{l. Programs (Continued)

120,000 COUNTS _ total counts traveled duri
5 =24,000 COUNTS acceleration and dacelergon

24,000 COUNTS _ counts travelad during
2 = 12,000 COUNTS accaleration

The reference system uses an 8 MHz clock. The sample
period of the reference system is determined.

SECONDS

= B
) 256X 10 SAMPLE

1
Tg = {2048) x (_ﬂ <105mz

The number of samples during acceleration {and decelera-
tion) is determined.

25SECONDS ———
. ¢ SECONDS =766 SAMELES during acceleration
2561Y SAMPLE

Using the number of counts traveled during acceleraiion and
the number of samples during acceleration, acceleration is
determined.

- iz distance traveled during
o lime t at acceleration a

_ 25 (2) % (12,000 COUNTS) _
8= % = (o7esSAMPLESE 0000252

COUNTS
SAMPLE2

Total counts traveled while at maximum velocity is four-fifths
the total counis iraveled.

(4) x (120.0:0 COUNTS) 96,000 COUNTS

Note 7: Average velocity during acceleration and deceleration periods is
one-half the maximum velogity.

TABLE 9. Simple Relative Position Move Program

Port I Bytes |Command | Comments
Initialization Module
Filter Programming Module

c l 1F | LTRJ ]This command initiates loading the irajectory parameters input buffers.

Busy-bit Check Module
d 0o HB These two bytes are the trajectory control word. A 2B hex LB indicates all three
d 28 LB parameters will be loaded and both acceleration and velocity will be absolute values

white position will be a relative value.

Busy-bit Check Module
d 00 HB Acceleration is loaded in two data words. These two bytes are the high data word. In
d 00 LB this case, the acceleration is 17 counts/sampte?.

Busy-bit Check Module
d 00 HB acceleration data word (low)
d 1 LB

Busy-bit Check Moduie
d 00 HB Velocily is loaded in two data words. These two bytes are the high data word. In this
d 02 LB case, velocily is 161,087 counis/sample.

Busy-bit Check Module
d 75 HB velocity data word (low)
d 3F LB

Busy-bit Check Module
d FF HB Position is loaded in two data words. These two byles are the high data word. in this
d FE LB case, the position loaded is 120,000 counts. This results in a move of thirty revolutions

in the reverse direction.

Busy-bit Check Module
d 2B HB position data word {low}
d 40 LB

Busy-bit Check Module
[ o1 STT STT must be issued 1o execule the desired trajeciory.

www.national.com
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il. Programs (Goniinued)

counts )
samgple

Veloclty {

66 45,828 58,594
1

t {samples)

o i 1

=2.548 ~~

01086015

FIGURE 13. Velocity Profile for Simple
Relative Position Move Program

The number of samples while at maximum velocity is deter-
mined.

10 SECONDS N nurber of samplas while at
— SECONDE 39,062 SAMPLES mEximusn velocity
SAMPLE

Using the total counts traveled while al maximum velocity
and the number of samples while at maximum velocity,
velocity is determined.

40 -
Valocity (RPS)

30 4

2.0

96,000 COUNTS _ 2458 COUNTS
39,062 SAMPLES T SAMPLE

Both acceleration and velocity values are scaled.

COUNTS COUNTS

(0.000252 SAMPLEZ) x (65,536) = 16.515 m
COUNTS ” COUNTS
(2.458 SAMPLE) % (65,536) = 161,087.488 SAMPLE

Acceleration and velocity are rounded 1o the nearest integer
and all three rajectory parameters are converted to hexa-
decimal.

COUNTS
SAMPLE2
COUNTS
SAMPLE
P = —120,000 = FF FE 28 40 hex COUNTS

A = 17 = 000000 11 hox

V = 161,087 = 0002 75 3F hex

BASIC VELOCITY MODE MOVE WITH BREAKPOINTS

This program demonstrates basic velocity mode program-
ming and the {typical} programming flow required o set both
absolute and relative breakpoints. See Table 10.

Move: The shaft will accelerate at 1.0 rew/sec® until it
reaches a maximum velocity of 2.0 rev/sec. After completing
wenty forward direction revolutions {including revolutions
during acceleration), the shafl will accelerate at 1.0 revisec®
until it reaches a maximum velocity of 4.0 rev/sec. After
completing iwenty forward direction revolutions (including
revolutions during acceleration), the shaft will decelerate (at
1.0 revfsec®) to a slop. See Figure 14.

PO e e

Mask interrupts

An MSKI command sequence allows the user fo determine
which interrupt conditions result in host interrupts; imerrupt-
ing the host via the host interrupt cutput (pin 17). 1t contains
an MSKI command and one data word.

The MSKI command initiates interrupt masking.

|
T 1
15 ZOI 29 t (seconds)

20.5

D10BE01E

FIGURE 14. Velocity Profile for Basic Velocity Mode with Breakpoints Program

Immediately following the MSKI command, a single data
word is written. The first byte Is not used. Bils one through
six of the second byle determine the masked/unmasked
status of each interrupt. See Figure 6. Any zeros in this 6-bil
field mask {disable) the corresponding interrupts while any
ones unmask (enable) the corresponding interrupts.

www.nationat.com
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Il. Programs (Continued)

In the case of the examiple program, the secorid byte of the
MSK! data ward, 40 hex, enables the breakpoint interrupt, All
other interrupts are disabled {masked).

When interrupted, the host processor can read the Staius
Byle to determine which interrupt condition{s} occurred. See
Figure 5.

Note: Command M3K) controis only the host imterrupt process. Bits one
through six of the Status Byte reflect actual conditions independent of
the masked/unmasked status of individual interrupts. This feature
allows interrupts to be serviced with & poling schieme.

Set Breakpoints (Absolute and Refative)

An SBPA command sequernice enables the user 1o set break-
painds in terms of absolute shaft position. An SBPR com-
mand sequence eniables sefting breakpoints relative 1o the
current target position. When a breakpoint position is
reached, bit six of the status byte, the breakpoint interrupt
flag, is set to logic high. H this inlerrupt is enabled (un-
masked), the host will be interrupted via the host interrupt
output {pin 17}.

An SBPA {or SBPHR) command initiates loading/setting a
breakpoint. The two data words, wriiten immediately follow-
ing the SBPA (or SBPR} command, represent the breakpaoint
position.

The example program contains a relative breakpoint set at
80,000 counts relative to position zero {the current larget
position). This represents a move of iwenty forward direction
revalutions, When this position is reached, the LMB28 inter-
rupts the host processor, and the host execules a sequence
of commands that increases the maxirnum velocity, resets
the breakpoint interrupt flag, and loads an absolute break-
point.

The example program contains an absoluie breakpoint set at
160,000 counts. When this absolule position is reached, the
1L.ME23 interrupts the host processor, and the host exeetutes
a Smaogth Stop Modute.

Breakpoiri positions for this example program are deler-
mined.

COUNTS
REVOLUTION

- ralative
= 80,000 COUNTS bragkpoint

(4000 ) ® {20 REVOLUTIONS)

COUNTS
REVOLUTION

= 160,000 COUNTS

(4000 ) * (40 REVOLUTIONS)

ahsolute
breakpoint

Load Trajectory Parameters

This example program contains fwo ETRJ command se-
quences. The trajectory control word of the first LTRJ com-
mand sequence, 1828 hex, programs forward direction ve-
locity mode, and indicates an absolute acceleration and an
absoiuie velocity will be loaded. The trajectory control word
of the second LTRJ command sequence, 180C hex, pro-
grams forward direction velocity mode, and indicates a rela-
tive velocity will be loaded. See Figure 9.

Trajectory parametlers calculations follow the same format
as those detailed for the simple absolute position move. See
Figure 12.

TABLE 10. Basic Velocity Mode Move with
Breakpoints Program

Port ] Bytes ] Command | Comments
Initialization Module
Filter Programming Module
¢ | 1 | MSKi [Mask interrupis.
Busy-bit Check Module
d XX HB don't care
d 40 LB A 40 hex LB enables {unmasks) the breakpoint inferrupt. All other interrupts are
disabled (masked).
Busy-bit Check Module
c 21 | SPBR [This command initiates loading a relative breakpoint.
Busy-bit Check Module
d 00 HB A breakpoint is loaded in two data words. These two bytes are the high data word. In
d 01 LB this case, the breakpaint is 80,000 counts refative to the current commanded target
position {zero).
Busy-bit Check Module
d 38 HB breakpoint data word {low)
d 80 LB
Busy-bit Check Module
c 1F LTRJ Load trajectory.
Busy-bit Check Module
d 18 HB These two byles are the trajectory control word. A 18 hex HB programs forward
d 28 LB direction velocity mode operation. A 28 hex LB indicates acceleration and velocity will
be loaded and both values are absolute.

15
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. Programs (Gontinued)

TABLE 10. Basic Velocity Mode Move with
Breakpoints Program (Continued)

Port | Bytes |Command| Comments
Busy-bit Check Module
d w0 HB Acceleration is loaded in Two data words. These two bytes are the high data word. In
d o0 LB this case, the acceleration is 1.0 rewsec?,
Busy-bit Check Module
d o0 HB acceleration data word {fow)
d L1 LB
Busy-bit Check Module
d 00 HB Velocity is loaded in two data words. These two bytes are the high data word. In this
d 02 LB case, velocity is 2.0 rev/s,
Busy-bit Check Module
d oc HB |velociiy data word {low)
d 44 LB
Busy-bit Check Module
e ] STT _ [Start motion control.
Busy-bit Check Module
¢ | oF LTR! | This command initiales loading the irajectory parameters input buffers.
Busy-bit Check Module
d 18 HB These two bytes are the trajeciory controt word. A 18 hex HB programs forward
d oC 1B direction velocity mode operation, A 0G hex LB indicates onfy velocity will be loaded
and it will be a relalive vakie.
Busy-hit Check Module
d 00 HB Velocity is loaded in two data wonds, These two byles are the high data word. In this
d 02 iB case, velogily is 2.0 rev/s. Because this is a relative value, the current velocity wilt be
ncreased by 2.0 revfs. The resulientd welocity will be 4.0 revis.
Busy-bit Check Module
d oc HE |[velocily data word {iow)
d 45 LB
wait This wait represents the host processor waiiing for an EMB28 breakpoint intermupl.
2] o1 STT Start motion control.
Busy-bit Check Module
e | D ASTI  |Reset ntemupts.
Busy-bit Check Module
d XX HB don't care
d o0 e Zeros in bits one through six reset all interrupts.
Busy-bit Check Module
c 20 SPBA | This command initiates loading an absolute breakpoint.
Busy-bit Check Module
d o0 HB | A breakpoit is loaded in twe data words. These two bytes are the high dafa word, In
d 02 iB  |this case, the breakpeird is 160,600 counts absokite.
Busy-bit Check Module
d 71 HB  |breakpoint data word (low)
d a0 B
wait This wait represents the host processor waiting for an LMG28 breakpoird interrupt.
“Smooth” Stop Module

WL naBonal, com
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Hl. Tuning the PID Filter

BACKGROUND

The transient response of a control system reveals important
information about the “quality” of control, and because a step
input is easy to generate and sufficiently drastic, the tran-
slent response of a controf system is often characterized by
the response to a siep input, the system step response.
In turn, the step response of a control system can be char-
acierized by three atiributes: maximuny overshoot, rise time,
and setlling time. These step response attributes are defined
in what follows and detfailed graphically in Figure 16
1. The maximum overshoof, Mp, is the maximum peak
value of the response curve measured from unity. The
amount of maximum overshaol directly mndicates the
relative stability of the system.
2. The rige time, t,, is the time required for the response o
rise from ten to ninety percent of the final value.
3. The settiing time, 1, is the lime required for the response
to reach and stay within iwo percent of the final value.
A critically damped contrel system provides optiruny peifor-
mance. The step response of a critically damped control
system exhibits the minimum possible rize time that main-
tains zero overshoot and zere ringing {damped oscillations).
Figure 17 illustrates the step response of a ciitically damped
corntirol system.

cft) &
AMlowable tolerance

0.5

01088017

FIGURE 16. Unit Step Response Curve Showing
Transient Response Attributes

coft) 4

3

L
t

1086018

FIGURE 17. Unit Step Response of a
Critically Damped System

INTRODUCTION

The LM628 is a digital PID controller. The
loop-compensation filter of a PID controller is usually funed
experimentally, especially if the sysiem dynamics are not
well known ar defined.

The ultimate goal of tuning ihe PID filter is to criically damp
the moior controf syslem—provide optimum tracking and
seftling time.

As shown in Figure 7, the response of the PID filter is the
sum of three terms, a proportional term, an integral term, and
a derivalive term. Five variables shape this response. These
five variables include the three gain coefiicients {k,, k, and
ka). the integration imit coeflicient {i), ard the dervative
sampling coefficient (d;). Tuning the filer equales lo deter-
mining values for these variable coefficients, values that
critically damp the controf system .

Filter coefficients are best determined with a two-step experk-
mentat approach. in the first step, the values of k,, k;, and ky
{along with §, and o) are systematicaily varied until reason-
ably good response characteristics are obfained. Manual
and visual methods are used 1o evaluale the effect of each
coefficienti on system behavior. In the second step, an oscil-
loscope trace of the system siep response provides detailed
information on system damping, and the fiter coefficients,
determined in step one, are modified to critically damp the
system.
Note: In step one, adjustments to filler coefficient vailues are inhernently
coarse, white in step tuo, adjcstments are inherently ine, Due 10 this
coarsefline nature, steps one aid two complement each other, and the

two-step eppragch is presented as the “best” funing methed. The PID
fiter can be tuned with efther step one or slep wo alone,

STEP QNE—MANUAL VISUAL METHOD

Intraduction

In the first step, the values of k,, k;, and k, {along with i and
d,) are systeratically varied until reasonably good response
characleristics are obtained. Manual and visual methods are
used fo evaluate the effeci of each coefficiert on system
behavior,

Note: The next four numberad sections are ordared sirps ta tuning the PID
filer,

1. Prepare the System

The initialization section of the filter funing program is ex-
ecuied o prepare the system for filter tuning. See Table 1.
This section initializes the system, presets the filter param-
eters (ky, &, il = 0, ky = 2, d; = 1), and commands the eontrof
loop 1o hold the shafl at the current posiiion,

After executing the inilialization section of the filter tuning
prograrm, both desired and actual shaft positions equal zero;
the shaft should be staticnary. Any displacement of the shaft
constitutes a position ereor, bui with both k, and k; set 1o
zero, the control loop can not comrect this emor.

2. Determine the Derivative Gain Coefficient

The filter derivative term provides damping to eliminale os-
cilfation and minimize overshoot and ringing, stabilize the
system. Damping is provided as a force proportional 1o the
rate of change of position error, and the canstant of propor-
tionality is k; x dy. See Figure 18.

Coefficients ky and d; are determined with an iterative pro-
cess. Coefficient ky is systematically increased until the shaft
begins high frequency ascillations. Coefficient d, is then
increased by one. The entire process ks repeated until d,
reaches & value appropriate for the system.
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. Tuning the PID Filter (continue)

The system sample period sets the time interval between Proportional Term
updales of position error. The derivative sampling interval is 4 output
an ireger multiple of the system sample period. See Table
3. It seis the time imerval between successive position error
samples used in the derivative term, and, therefore, directly m << ky
affects system damping. The derivative sampling interval
should be five to ten times smaller than the sysiem mechani-
cal lime constant — this means many systems will require
low d.. In general, however, k, and d; shouid be sel to give
the largest k,; x d; product that maintains accepiably low
motor vibrations. ¥
Note: Starting ky st two and dotbling B is a good method of increasing k. 01085018

Marually tuming the shaft reveals that with each increase of kg, the

resistance of the shaft to tuming increases. The shaft feels increas- Integral Term

ingly sluggish and, because ky provides a force propertional 1o the rate

of change of position emor, the faster the shalt is tumed the more 4 output

stuggish it feals. For the reference system, the final vaiues of ky and d, k% i)

are 4000 and 4 respectively.

orror

| =k x i)

k 4
01088020
Derivative Term
A output
F
mooc kyxd, =kyx T
g

a
»

Aerrar

F 3

i 086021

FIGURE 18. Proportional, integral, and Derivative (PID)
Force Components

TABLE 11. Initialization Section— Filter Tuning Program

Port Bytes |Command Comments
¢ 0o RESET |See Initialization Module Text
wait | The maximum time to complete RESET tasks is 1.5 ms.
¢ 06 PORT42 |The RESET default size of the DAG porl is eight bits. This command initiakizes the DAC
port for a 12-hit DAC. It should not be issued in systems with an 8-bit DAC.
Busy-bit Check Module
c 1D RSTI | This command reseis only the interrupts indicated by zeros in bits one through six of

the next dala word. |t also resets bit fifteen of the Signals Register and the host
interrupt pin {pin 17).

Busy-bit Check Module
d XX HB don't care
d 00 LB Zeros in bits one through six indicate all interrupts will be reset.
Busy-bit Check Module
c 1G MSKl |This command masks the interrupts indicated by zeros in bits one through six of the
next data word,
Busy-bit Check Module
¢ [ xx [ HB |don'1 care
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Ill. Tuning the PID Filter (coniinued)

TABLE 11. Initialization Section— Filter Tuning Program {Conlinued}

Port | Bytes |Command Commerts
d 04 B A 04 hex LB enables {unmasks) the trajectory complete intermupt. All other interrupts are
disabled {masked). See Figure 6.
Busy-bit Check hodule
¢ 1E | LFiL  |¥his command initiates loading the filter coefficients inpul buffers.
Busy-hit Check Module
d 00 HB These two byles are the fiter control word. A 00 hex HB sets the derivative sampling
d x2 LB interval to 20484, by setting d. 1o ane. A x2 hex LB indicates only ky will be loaded.
The other fitler parameters will remain at zero, their reset default value.
Busy-bit Check Module
d o0 HB These iwa bytes set k; fo two.
d 0z LE
Busy-bit Check Module
[ G4 UDF | This command transfers new filter coefficients fram input buffers 1o working negisters.
Until UDF is execuied, coefficients loaded via the LFIL command do not affect the filter
transter characieristic.
Busy-hit Check Module
c 1F | LTRJ |This command initiates loading the trajectory paramelers input buffers.
Busy-bit Check Module
d [1.4) HB These two bytes are the trajectory confrol word. A 00 hex LB indicates no trajectory
d 00 LB parameters wili be foaded.
Busy-hit Check Module
c 01 | STT  [|STT must be issued to execute the desired trajectory.

3. Determine the Proportional Gain Coefficient

Inertial loading causes following {or tracking} error, position
error associated with a moving shaft. Exiernal disturbances
and torque loading cause displacement error, posilion error
associated with a stationary shaft. The filter proportional
term provides a resioring force to mirdmize these position
errors. The restoring force is proportional fo the position error
and increases linearly as the position error increases. See
Figure 18. The proportional gain coefficient, k;, is the con-
stant of proporfionalily.

Coefficient k, is defermined with an iterative process—the
value of k, is increased, and the system damping is evalu-
ated. This is repeated until the system is critically damped.

System damping is evaluated manually. Manually turning the
shaft reveals each increase of k;, increases the shaft “siiff-
ness”. The shafi feels spring loaded, and if forced away from
ils desired holding position and released, the shaft “springs”
back. If k; is 1o low, the system is aver damped, and the
shaft recovers too sfowly. If k;, is 1oo large, the system is
under damped, and ihe shaft recovers too quickly. This
causes overshoot, ringing, and possibly oscillation. The pro-
porfional gain coefficient, kg, is increased to the largest value
that does not cause excessive overshaot or ringing. At this
point the system is critically damped, and therefore provides
optimum tracking and seftliing time.

Mote: Starting kg, at two and doubling it at each iteration is a good method of

ingreasing kp. The tinal value of k, for the reference: systar s 40.

4. Determine the Integral Gain Coefticient

The filter proporiional term minimizes the errors due 1o iner-
tial and torgue loading. The integrat termn, however, provides
a corvective force that can eliminate following error while the
shaft is spinning and the deflection effects of a static forque
load while the shaft is stationary. This corrective force is

proportional {o the position error and increases linearly with
time. See Figure 18. The inlegral gain coefficient, I, is the
constant of proporiionality.

High values of k; provide quick torque compensation, but
increase overshoot and ringing. In general, k; should be set
ta the smailest value that provides the appropriate compro-
mise between three systern characteristics: overshoot, sel-
ting time, and time fo cancel the effects of a static torque
load. In systems without significant static torque loading, ak;
of zero may be appropriaie.

The corrective force provided by the integral ferm increases
finearly with time. The integration limil coefficient, i, actsasa
clamping value on this force to prevent integral wind-up, a
backlash effect. As noted in Figure 18, i limits the summation
of error (overiime}, not the product of k; and this summation.
In many systems i, can be set 1o its maximum value, 7FFF
hex, withowl any adverse eltects. The inlegral term has no
effect if §, is set 10 zero.

For the test system, the final values of k; and j, are 5 ard
1000 respeciively.

STEP TWO—STEP RESPONSE METHOD

introduction

The step response of a control system reveals important
information about the “quality” of conirol — specifically, de-
iaited information on systemn damping.

In the second step to tuning the PID filler, an oscifloscope
trace of the control system step response is used to accu-
ralely evaluaie system damping, and the filler coefficients,
determined in siep one, are fine tuned to critically damp the
systen.
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lil. Tuning the PID Filter (contirued

Software Considerations

The siep generation section of the filier luning program
provides the control loop with a repetitive small-signal step
input. This is accomplished by repeatedly execuiing a smatl
posifion move with high maximum velocity and high accel-
eration. See Figure 19 and Table 12,

‘ START '

r

Loed Trejectery
Parameters.

[
L
r

Start the sisp.

"
b
r

Read the Status Byte.

Tra jectory—
Complete bit sel
K

Reset interrupts.

Wait.

MoBsa22

FIGURE 19. Step Generation Section of Filter Tuning Frogram
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lll. Tuning the PID Filter (continued)
TABLE 12 Step Generation Section—Filter Tuning Program

Port Bytes |Command Comments
c 1F LTR! [This command initiates loading the trajectory parameters inpul buffers.
Busy-bit Check Module
d 00 HB These two bytes are the irajectory control word. A 2B hex LB indicales acceleration,
d 2B LB welotity, and posiiion will be loaded and both acceleration and velocily are absohuie
while: posilion is relative.
Busy-bit Check Modute
d 00 HB Acceleration is foaded in two data words. These two bytes are the high data word.
d o4 LB
Busy-bit Check Module
d 93 HB acceleration data word (low)
d EQ (123
Busy-hit Check Module
d 00 HE Velocity is loaded in two data words. These two bytes are the high data word.
d o7 [1:]
Busy-bit Check Module
d A1 HB velacity data word {low)
d 20 LB
Busy-bit Check Module
d 00 HB Position is loaded in two data wards. These two bytes are the high data ward.
d 0 LB
Busy-bit Check Module
d (1] HB position data word {ow)}
d cs B
Busy-bit Check Modude
e | 0t | STT |STT nust beissued 1o execute the desired rajectary.
Busy-bit Check Module
¢ 4.4 RDSTAT |This command reads the Stailus Byte. It is directly supporied by LM628 hardware and
can be executed at any lime by pulling TS, PS, and RD logic low. Stalus information
remains valid as long as RD is logic low.
decision |H ihe Trajeciory Complete interrupt bit is set, continue., Otherwise loop back to RDSTAT.
¢ 10 RST! | This command resels only the interupts indicated by zeros in bits one through six of
the next data word. H also resets bit fifteen of the Signals Renister and the hest
ntermupt pin (pin 17).
d XX HB don't care
d (14] s Zeros i bits one through six indicate all interrupts wilf be reset.
wait This wait block inseris a delay between repetitions of the step input. The delay is
application specific, but a good range of values for the delay is 5 ms 1o 5000 ms.
icop | Loop back io STT.

Hardware Considerations

For a molor controd system, an oscllloscope tace of the
system step response is a graph of the real position of the
shatt versus time after a small and instantanecus change in
desired position.

For an | ME28-based system, no extra hardware is needed
1o view the system siep response. During a step, the voltage
across the motor represents the system step response, and
an osciloscope is used 10 generate a graph of this response
(wollage).

For an LIM629-hased sysiem, exira hardware is needed to
view the system step response. Figure 20illusirates a circuit

for this purpose. During 2 step, the voltage output of this
circuil represents the system step response, and an ascillo-
scope is used 10 generate a graph of this response.

The oscilloscope tigger signal, a recianguiar pulse train, is
taken from the host interrupt output pin (pin 17} of the
LMB28/LM629. This signal is generated by the combination
of a wajeciory somplele inlerrupt and a reset interrupts
{RSTI: command. See Figue 19

Nate: The circuit of Fignre 20 can bo Lised 10 view the step responae of an
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ili. Tuning the PID Filter (continued)

Ohservations

What follows are example oscilloscope traces of the step
response of the reference system.

Note 8: All traces wera generaied using the: clroult of Figune 20

Nole 9: Al traces were generated using the following “step” trajectary pa-
ramelers; miative position, 200 counts; absolule velocity, 500,000 counts!
sample; accelgration, 300,000 countsfsamplessample. These values gener-
ated a good small-signal step inpet for the eference system; ather systerns
will require different trajectory paremeters. in general, step trajeciory peram-
eters consist of 8 small relative position, & high velocity, and a high accelera-
tion.

The posilion parameter must be relative. Otherwise, & define home command
{DFH) must be added to the main loop of the step generation section— filter
tuning program. See Figure 19

The circuit for viewing the system step response uses an 8-bit
enalog-to-digital corverter, See Figure 2. To prevent converter overfiow, the
slep position parameter must not he set higher than 200 counts.,

Nete 10: The circulk of Figure 20 produces an “inwerted” step response
graph. The oscilloscope input was inveried fo produce a positive-going {mome
farrdijar) step response graph.

Figure 21 represents the step response of an under damped
control system; this response exhibils excessive overshoot
and long setifing time. The filter parameters used to gener-
ate this response were as follows: k;,, 35, k;, 5; kg, 600; d, 4
i 1000. Figure 21 indicates the need to increase kg, the
derivative gain coefficient.

Figure 22 represents the step responise of an over damped
control systemn; this response exhibits excessive rise time
which indicales a sluggish sysiem. The filler parameters
used to generate this response were as follows: K, 35; k;, 5;
kg 10,000; dg, 7; i, 1000. Figure 22 indicates the need 1o
decrease k, and d..

Figure 23 represents the step response of a criticaly
damped control system; this response exhibits virlually zero
overshoot and shant Hise time. The filter parameters used to
generale this response were as follows: k;, 40; k, 5 Ka
4004; d, 4; i, 1000,

+ -
2 HETL - 2000 pacoson TRV 1Y
guadraturs digital~to—analeg 4.92k0
decoder convartar A AA
vy
16 3 5 T 13
VCC b7 Bl MSBE V
3 10 6 =
SEL ] B2 v o +3Y
B 1 7 1 B
phases A n B5 B3 comp f——=& ;:‘ i
and B from 7 13 a “ 2.49%0 oscilloscope
ancoder " B D4 5 n B4 Vgt i input
RST 03 BS  lgyr
2 CLK D2 L L BB [} 2
4 15 it | EE T <
of b1 B7 Vg
8 1 12 1 9
BND alid B8 LS8 >
i 2.49kD
S
A lf—— systam clock divided by four = - -
——Oq—l-——- from LMB28/LM629 pin 17 (host interrupl output)
1o scope trigger
—
01085023

FIGURE 20. Circuit for Viewing the System Step Response with an Oscilloscope

T
] 1 1 1 ] 1] ) F ] 1 T ) ¥ 1 1] L ¥
5V /dlv E3 4
180 mSEC/div

Trigger Signal + l ' CHT

+ et bR
Step Response + F | CH2

1 L L L L i L ] 1 1
01086024

FIGURE 21. The Step Response of an Under Damped Contral System
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lli. Tuning the PID Filter (contirued)

T
L] 1 13 T Ll 1 1 L [ 1] 1 T L] 1 1 1 1 1
5V /div k3 .
100 mSEC/div
Trigger Signal + l F | CH1
T T Frerrtrserhto e
Step Response + 3 CH2
| [ i // |
(] 1 ] 1 1 1 1 i = i 1 1 1 1 1 1 L |
01068025
FIGURE 22. The Step Response of an Over Damped Control System
T
1 T 1 U T T 1 T o T T T T T T 1 T [l
5v/div k] |
| 100 mSEC/div E
Trigger Signal + l | CH1
et o l HH
Step Response + r CH2
| 1 1 1 1} Il 1 [ i 1 l L rl (1 1 1 1
L] L]
01086026

FIGURE 23. The Step Response of a Critically Damped Control System
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9 AJUSTE E FOLGA DE ROLAMENTO

9.1 Ajuste
9.1.1 Importincia do Ajuste

Os rolamentos ac serem assentados com reduzida interferéncia
no eixo, quando girados com carga no anel interno, podem
apresentar entre o anel interno e o eixo um prejudicial
movimento refativo na direcdo circunferencial. Esta ocorréneia
denominada de deslizamento, é o fendmeno que se apresenta
em forma de deslocamento da posicao do anel de rolamento
em relagdo ao eixo ou ao alojamenta na diredo circunferencial,
devido a mudanca do ponto de aplicacdo da carga nesta
direcdo, nos casos de interferéncia insuficiente na superficie
de ajuste.

Uma vez ocorrido o deslizamento a superficie de ajuste
desgasta-se consideravelmente, em muitos casos danificando
0 eixo ou o alojamento. Além disto, hd casos em que as
particulas desgastadas ao penetrarem no interior do
rolamento, causam ocorréncias coma o de aquecimento
anormal, vibragdo, entre outros.

Conseqiientemente, & importante evitar ¢ deslizamento
durante a operagéo, do anel de rolamento que ird girar
apoiando a carga, fixando-o no eixo ou no alojamento
através de uma interferéncia adequada. Cabe lembrar que
sao também grandes, os casos em que somente com o
aperto do rolamento na direcdo axiai, os deslizamentos
ndo podem ser evitados. Por outro lado, o anel que apdia
a carga estatica, normaimente, ndo requer a interferéncia.
Ainda, de acordo com a dificuldade das condicdes de
utilizacéo, instalacio e remogdo, ha casos em que o ajuste

%

externo. Nestes casos, em relacdo aos danes na superficie

de ajuste que podem ser previstos com o deslizamento,
cuidados além da lubrificagdo devem ser tomados.

9.1.2 Selecdo do Ajuste

{1) Niatureza da Carga e Ajuste

A selecdo do ajuste é determinada pela direcéo da carga
que incide sobre os rolamentos e as condicbes de giro dos
anéis internos e externos, normalmente, pode ser baseada
na tabela 9.1,

(2) Magnitude da carga e interferéncia

A interferéncia no anel interno diminui sob a ac@o da carga
radial. A intensidade desta diminuigao na interferéncia do
anel interno, normalmente, pode ser calculada pelas
equacdes a seguir:

i

Adp=0.08"\/ 5F <10 ° .. (N)
; 9.
Ad:=0.25 }j—f-‘rxm S e {kgf}

Onde  Ad, . Diminuicdo da interferéncia no anel interno
{mm)
4+ Didmetra do fure (mm)
£ Largura do anel interno {mm)
F, . Carga radial atvante no relamento

¢ efetuado sem interferéncia no anel interno e no anel {N}, |kt
Tabela 9.1 Natureza da Carga e Ajuste
= Rotacde do Rolamento Natureza | Ajuste
ir rga 2 i -
Diregdo da Carg Ane! interno Anel Externa da Carga I Anel interno Anel Externo
?& T] 0) Rotativo Estatico
g == Carga Ratativa
e @ R, ng Anel ‘
s Interno
Com Com Folga
M.m Carga Estatica Interferencia
=Pt no Anel |
@ E » Externo
{ e _J‘ Estatico Rotativo
===8 S
Estatico Aotativo
Carga Rotativa
no Anel
Externo
BN Cam Folga Com
Carga Estatica Interferéncia
no Anel
Interno
Jotative stahico
flotrma
Cargas de Diregéio Inconstante Rotativo au Rotatvo ow  Cargas de Direcao Com Com
Estatico Estatico Inconstante interferéncia Interferéncia
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T YT VP e w WP SO D, VMM “Ulﬂ I‘Iabﬂl.‘l'HlUKH Nn= ‘_\
\ hL"NtI Ut“ E-mail: vendas@correias.com.br . 0 A l 19 Lo
Y| CORREIAS SCHNEIDER LTDA. Y} J3A0A ENTRAD i
RUA FLORENCIO DE ABREU, 647 - CEP 01029-001 - SANTA IFIGENIA - SA0 PAULO-SP [[Feck crepnmw 1 1% ViA
N TELEFONES: (11) 3315-0777 - 3326-3955 - FAX: (11) 3313-3258 61.158.895/0001-81 ) DESTINATARIO - REMETENTE
'wmmmmﬁo | cror | NICE ESTARUAL DO SURSTIUTG TRIBUTARIO INSCR ESTADUAL NE DATA LIWMITE PARA EMISSAD 1
VENDA P/0 ESTADD “CONT.® 3,102 104,273.243.110 00.00.00

Dastinatérlo / Remetente
MOME | RAZAO SOCIAL

ST C.HRY. CRROWEI HE DWAGA, DA EMSSSAC

ESCOLA POLITECHIER MriSr— Cox £3.023.330:/0024-0% 201453/200% |
! ENDERECO BARS { EXSTRIIC ce DAOA DA SAICH, / ENTRADA,

AV.FROF NELLD MORAES, 2231 BUTANTA 05308-%00 20703/2004
MUNICFIO FOME | FAX [ HORA DA SADA

SA0 PAILO J091-3483 /545475722

DAL D EMISEAD NE DA DUPLICALS

Cdiculo do Imposto

1.380,16

BASE DE CALCLLO DOLC.MLS. SUBSTICAC WALOK DO LEM.S. SUSTIACAD

VALDR DO FRETE VALDS 0L DO LP |

0,00

4,00

80,21

uE

VALDS TORAL DO PRODUTOS

NSCR. CRR) [ CREMAE NP

2070572004 | 115173 . 1.380,1& 15173
ENCERECO DE COMRANGA) PRAGA DE PAGAMENTC | CEP
AV.PROF.MELLD MORAES, 2731 SA0 PAULD /5P BUTANTA 05500-%00
VALOR POR EXTENIO — |
Us Ril, Trezeatos e Ditenta Reais e Dezesseis Ceatavos
£o DESCRIGAD DOS PRODUTOS il mr | UNID. | QAN VALOR UNTARIC VALOR TOTAL AMSYOIAL_{ yalOR DO I, P. 1.
P.SINCRG 22 8 J0a/a &F PADRRD FURD GUIA B OOC) K 2,0 52,92 103,84 | 18 | © 8,00
P.SINCRE &0 SN 25 MR PADRAD AC0 FURD BUIN | ® P 1,4 154,88 154,84 | 18 | © 8,00
P.SINCRD 30 54 23 &F PADRAD ACU FURD ButA K FC 1,4 57,82 37,82 | 18| ¢ 6,00
P.SINCRD 18 30 23 &F PADRAD ACO FURD BUla H rL 1,0 40,18 40,18 | 8 | © ¢,00
P.SINCRO 54 R 25 bW PABRAD ACO FURD BUIA H 41 1,( 13%,18 109,16 | 18 ¢ 8,00
COR.SINCRO PUFACD BN 30 4.5 MNETROS OPTIBELY R| 1000 PE 1,0 468,34 668,34 | 18 | 10 6b,83
ESP,
COR.SINCRD 500 SW-B 25 REGA OFTIBELT ESP.BOR | E lgﬂ 18 1,0 0,1 b4,1% | 1B | 1¢ 4,42
COR.SINCRD 580 SM-B 25 MEGA OPTIBELT ESP.BORR| E| 100 PO 1,0 49,58 £9,58 | 18 | 18 §,9%

1.29%,%5

INSCTICAD EFADUAL NS

Dados Adicionals

CODS. DE CLASSFICAGAD FISCAL RESERVADO AO FISCO
A - 4010.32.00 10% CODIGO DO POSTO FISCAL: 310
NAD ACEITANGS DEVOLUCAG SEM PREVID AVISO & 19103500 10%
D - 4010.36.00 10%
E - 4010.39.00 10%
F - £9)0.00.08 10%
G - 4010.31.00 10%
H - 24B3.50.10 15%
| - 271500000 5%
1. 7377.90.90 10%
kK - 73181200 15%
L - 73151700 15%
M- 4010.33.60 10%
N - 3926:90.21 10%
O - 7616.99.00 3%
VENDEDOR PEDIDO KR
J0EL .

)

IETIRAWA FORRLLARICS LTTA, - RLA DR JOAD BATISTA DE LACEFDW, 5- C.CIL HE 1216349 CHP REF) NP 60915 55T/000141 -4 ESTADUAL N8 H00L402.525.110 - DOG: OROOSEXI21 - SAG PALLD - 5P - AUTORIZACAD N9 43 876 - 10/2.003 - 12.000 JOGOS

- 105.001 a 123.000x5 VIAS - 10/2.003

RECEBEMOS DE CORREIAS SCHNEIDER LTDA., ©5 PRODUTOS CONSTANTES DA NOTA FISCAL INDICADA AO LADC,

NOTA FISCAL-FATURA

DATA DO RECEMMENTO DENTIRCACAD E ASSINATURA DO RECEREDOR

Ne115173




Porcas de fixa¢ao
M 10:<0,75-M 200X 3

.

i
|

Dimensbes Massa Desighacoes
Porcade  Componentes adequados
fixagao arruela chave de
G d, dg B b h de trava gancho
mm kg -
M 10x0,75 13.5 18 4 3 2 0,006 KM 0 M8 0 -
M 12Xx1 17 22 4 3 2 0,008 KM 1 MB 1 HN 1
M 151 21 25 5 4 2 0,012 KM 2 MB 2 HN 2
M 171 24 28 5 4 2 0,012 KM 3 MB 3 HN 3
M 201 26 3z & 4 2 0,020 KM 4 MB 4 HN 4
M 25% 1,5 32 38 7 5 2 0,028 KM 5 MB 5 HN 5
M 30 <1,5 38 45 7 &) 2 0,038 KM & MB 6 HN &
M 35<1,5 44 52 8 5 2 0,058 KM 7 MB 7 HN 7
M40~ 15 50 58 9 6 25 0,078 KM 8 MB 8 HN 8
Md45% 1,5 56 &5 10 8 2.5 0.11 KM ¢ MB 9 HN 9
M50x 15 61 70 i1 6 25 0,14 KM 10 MB 10 HN 10
M55~2 87 75 11 7 3 0,15 KM 11 MB 11 HN 11
MB0n2 73 80 11 7 3 0,18 KM 12 MB 12 HN 12
M 65x2 79 85 12 3 0.19 KM 13 MB 13 HN 13
M 702 85 92 12 8 3,5 0,22 KM 14 MB 14 HN 14
M75-2 90 98 13 8 RS} 027 KM 15 MB 15 HN 15
M 80> 2 a5 105 15 8 3.5 0,36 KM 16 MB 18 HN 16
M85~2 102 110 18 a 3.5 0.42 KM 17 MB 17 HN 17
M90-2 108 120 13 H e 0.51 KM 18 MB 18 HN 18
Mo95-2 113 125 17 10 1 0,58 KM 19 MB 19 HN 192
M100- 2 120 130 13 10 ! .68 KM 20 B 20 HN 20
888 SKF

> > = o Aad B Bk



Arruelas de trava

d 10-280 mm
1
J
#;
3
Dimensodes Massa Desig- Dimensodes Massa Desig-
nagodes nacdes
d dg dy B f M d dy d B § M
a
mm g - mm g -
10 13,5 21 1 3 85 1,0 ME 0 130 145 161 2 14 125 ag MEBEL 26
12 17 25 1 3 105 2,0 MB 1 149 175 2 14 125 115 MB 26
15 21 28 1t 4 135 3,0 MB 2 135 160 185 2 14 130 140 MB 27
17 24 32 1 4 155 3,0 MB 3
140 1585 172 2 16 135 90 MBL 28
20 26 36 1 4 18,5 4.0 MB 4 160 192 2 16 135 135 MB 28
25 32 42 1,25 5 23 6,0 MB 5
145 172 202 2 16 140 185 MB 29
30 38 49 125 5 275 8,0 MBE 6 i
35 44 57 125 6 325 11 MB 7 150 170 189 2 16 145 100 MBL 30 |
171 205 2 16 145 180 MB 30
40 50 62 125 6 3756 13 MB 8
45 56 69 125 6 425 15 MB 9 155 182 212 25 16 1475 200 MB 31
50 61 74 125 6 475 16 MB 10 60 180 199 25 18 154 140 MBL 32
55 67 81 15 8 525 22 MB 11 182 217 2,5 18 154 215 MB 32
60 73 86 15 8 575 24 MB 12 165 193 222 25 18 157,5 240 MB 33
65 7@ 92 15 8 625 30 MB 13
170 190 211 2,5 18 164 150 MBL 34
70 86 98 15 8 66,5 32 MB 14 193 232 2,5 18 164 240 MB 34
75 90 104 15 8 715 35 MB 15
180 200 222 25 20 174 160 MBL 36
80 95 112 1,75 10 765 46 MB 16 203 242 25 20 174 260 MB 36
85 1062 119 1,75 10 815 53 MB 17
180 210 232 2,5 20 184 170 MBL 38
90 108 126 1,75 10 86,5 61 MB 18 214 252 25 20 184 260 MB 38
95 113 133 1,75 10 91,5 66 MB 19
200 222 245 25 20 194 220 MBL 40
100 120 142 1,75 12 965 77 MB 20 226 262 25 20 194 280 MB 40
105 126 145 1,75 12 100,5 83 MB 21
220 250 282 3 24 213 350 MB 44
110 133 154 1,75 12 1055 N MB 22
115 137 159 2 12 110,5 107 MB 23 240 270 312 3 24 233 450 MB 48
120 136 152 2 t4 115 70 MBL 24 260 300 342 3 28 253 850 MB 52
138 164 2 14 115 108 MB 24
280 320 362 3 28 273 1050 MB 56
125 148 170 2 i4 120 115 MB 25

894 SiCF



ANEIS DE RETENCAO PARA EIXOS
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Codigo

Seeger a b o Pezo n P P & Fi K n. adm,
Remopara 01 © % Toh ax. min, Kgogo % o m ot Ll e mix GGD Gmed (Kaf oy (RPM)
encamanda
3 040 27 +004-015 19 08 1,0 0,017 28 004 050 010 03 15 47 05 27 09 206 360000
4 040 37 +004-015 22 08 10 0,022 38 004 050 010 03 20 50 05 30 1,2 19% 211000
5 960 47 QD5 25 11 1,0 0,066 48 304 070 0,10 03 26 190 05 130 15 738 154000
6 070 56 +004901 27 13 12 0,084 57 004 08 015 05 48 340 05 219 2,8 1040 114000
7 080 &5 +006-018 31 14 1.2 0,121 67 006 09 015 05 54 916 05 290 3.2 1475 121000
8 08¢ 74 +006-018 32 15 42 D158 76 006 090 020 08 81 520 05 280 4.9 1420 96000
9 100 84 +006-0,18 33 357 1.2 0,300 g6 006 1,310 020 06 92 1110 05 810 55 3000 85000
0 400 93 +010-036 33 18 15 0,340 86 -008 110 020 06 101 1060 10 340 g2 2820 84000
1 100 102 +010-036 33 18 15 0,410 105 011 11C 025 08 140 1010 1,0 3106 8.4 2610 70000
12 100 10 +00-038 33 1.8 17 050 11,5 011 110 025 08 153 960 1.0 300 8.2 2400 75000
13 1400 119 +010-03 34 20 1.7 0530 124 041 110 030 09 200 940 1.0 290 119 2320 88000
14 100 428 +010-036 35 24 17 0640 134 01% 110 030 0% 295 950 10 295 129 2290 58000
15 100 138 +010.0368 36 22 17 0,670 143 011 110 035 1.1 286 915 1,0 285 161 2160 SCOCO
16 1,00 147 +010038 37 22 17 0700 152 011 1,10 04D 1.2 326 910 1D 285 196 2100 45000
17 100 157 +010-036 38 23 17 0820 162 041 110 040 1.2 346 950 15 300 208 2160 41000
18 1,20 16% +010-036 39 24 20 LMo 70 077 130 050 15 458 1700 15 375 275 3710 39000
19 120 175 +010-036 39 25 20 1220 180 011 130 050 4.5 484 1700 1.8 380 291 3640 35000
20 1,20 185 +013-042 40 26 20 1,300 180 013 130 950 15 S08 4710 15 385 308 3630 32000
21 120 i8am +Q13042 41 27 240 1,420 200 013 130 05¢ 1.5 535 1680 15 375 322 3540 29000
22 1,20 265 +013-042 42 28 20 15X 210 013 1,30 050 15 565 1690 15 380 338 3540 27000
501023 23 120 215 +013-042 43 29 20 1,630 220 013 43¢ 050 15 590 16860 1,5 380 354 3470 25000
24 120 222 +021-042 44 30 20 1,770 229 021 430 055 17 675 1810 15 365 405 3340 27000
25 120 232 021042 44 30 20 1,800 239 021 130 05 17 705 820 15 370 423 3340 25000
28 1,20 242 +021-042 45 31 20 1960 2489 021 1,30 055 17 734 1610 18 370 4440 3290 24000
501 027 27 120 248 +021042 48 31 2.0 2,080 256 -0,21 130 G700 24 963 1840 15 380 578 3340 22500
28 150 259 +021-042 47 32 20 2920 288 021 1680 070 2t 1000 3210 15 750 80 &500 21200
20 150 269 +021042 48 34 20 3200 276 021 160 070 21 1037 2180 15 745 62 5400 20000
30 1,50 272 +021-042 50 35 20 3320 286 -021 160 070 241 4073 3210 15 765 84 6420 18800
501.031 31 150 286 +0,21-042 51 35 25 345 293 -025 160 085 26 1342 3150 2,0 560 81 5280 17900
32 1,50 296 +D21-042 52 38 25 3540 303 025 160 085 26 1385 3120 2,0 S55 a3 6180 16900
33 150 3¢5 +025-050 52 37 25 3690 313 -025 160 085 26 1430 3160 2.0 565 =) 6220 17400
34 450 ;M5 +025050 54 38 25 3800 323 25 185 08 26 1472 3130 20 580 88 613G 16100
35 150 322 +025-050 56 39 25 4000 330 025 185 400 30 1780 3080 20 555 107 eo1e 15500
36 4,75 332 +025050 56 40 25 5000 340 025 185 100 30 14833 4940 20 900 1O 9580 14500
501.037 37 1,75 342 +026-050 57 41 2.5 5370 350 -0,25 185 100 30 1880 5000 20 95 113 9640 14100
B 475 352 02505 5B 42 25 58620 360 -025 1,85 100 30 1930 4950 20 910 Hé 8500 13600
501 639 39 175 3806 039090 59 3 23 5850 370 025 185 100 30 185C 4980 20 925 119 9520 14500
40 175 3685 +039-090 60 44 25 6030 3r5 025 185 125 38 2530 8100 20 950 152 aroo 14300
501041 41 175 375 +03909 62 45 25 6215 385 025 18 125 38 2800 5090 20 940 158 9450 13500
42 1,75 385 +038-080 65 45 25 6500 385 -025 185 125 38 2670 =000 20 945 160 9370 13000
501.044 44 1,75 405 +0,39 000 66 486 25 7000 415 025 1,85 125 38 2800 4850 20 520 166 o070 11800
45 175 415 D309 A7 47 25 7500 425 025 185 125 38 2880 4000 20 935 172 S0 11400
501 046 46 175 425 +039-080 K7 48 25 7800 435 0325 185 125 38 2040 4850 2.0 940 77 S0 10900
501.047 47 4,75 435 +030-080 B8 49 25 7500 445 025 185 125 3B 3000 4950 20 955 180 9070 10500
48 1,75 445 +039-08¢ 69 50 25 7900 455 025 185 150 38 3070 4040 20 955 184 Qo0 10300
50 200 458 +039-080 B9 51 25 0,20 470 0,25 215 1,50 45 3800 7330 20 1440 228 13330 10500
52 200 478 +039-080 70 52 25 11,1¢ 490 025 215 1,50 45 3970 7310 25 1150 2238 13310 9850
501 054 54 200 438 +039-050 71 53 25 1,300 51,0 -030 215 1,50 45 M20 7120 25 1130 247 12970 9240
55 200 508 +046-110 72 54 25 1140 520 030 215 150 45 4200 7140 25 1140 252 13010 2960
56 200 518 +048-410 73 55 25 11,60 530 -030 215 150 45 4280 7080 25 1135 257 12820 8670
501.057 57 2,00 528 +046-110 73 §5 25 12,20 540 030 215 150 45 4370 7080 25 1145 262 12880 8320
98 2,00 538 +046-110 T3 56 25 12,60 5850 -030 215 150 45 4430 7110 25 1450 268 125620 8200
60 200 558 Q046110 74 58 25 1280 470 030 215 150 45 4600 6920 25 1130 276 12640 7620
62 200 578 +046-110 75 B0 25 1430 590 030 215 150 45 4750 6930 25 1445 285 12620 7240
63 200 %38 +046-110 76 82 25 1580 &060 D30 215 150 45 4830 7020 25 160 280 12870 7050
65 250 608 +045-110 78 63 30 18,20 620 D30 265 150 45 4980 13560 25 2270 299 24500 6840
501 067 67 250 625 048110 78 64 30 2030 640 -036 2865 150 45 5130 1361¢ 25 2300 308 24500 7090
68 250 &35 +046-110 88 65 30 24,80 850 030 285 150 45 5220 13880 25 2310 313 24400 6310
M 250 655 +046-110 B g8 30 200 870 030 265 1,50 45 5380 13420 25 2300 323 24400 8530
72 250 675 +046-1,70 82 68 30 2250 69,0 030 285 150 45 5530 13180 25 22B0 332 23650 &160
75 250 705 +046-1,10 84 7.0 30 24580 720 -030 265 150 45 5760 13000 25 2280 Ad6 23400 5740
50t 077 77 250 725 +0D46-140 BSH 72 30 2570 T40 030 265 150 45 6930 13130 30 1970 358 23840 5550
T8 250 735 s04B-110 66 73 30 2620 750 030 265 150 45 6000 13130 30 1975 360 23050 5450
BO 250 745 +048-11C B8 74 3D 2730 ¥65 D30 285 175 53 TI180 14840 30 1950 430 23630 5100
B2 250 765 +046-110 87 T6 30 31,20 785 D30 268 175 53 7360 12800 3.0 1960 44 23750 5860
85 300 795 +046-110 87 78 435 3640 815 -035 3145 1475 53 Te20 21540 3.0 3340 457 40500 5740
501.087 87 300 81,5 +054-130 88 79 35 3980 B35 035 315 1,75 53 7820 22220 30 3480 469 40500 5300
88 300 825 +054-1,30 88 80 35 4120 845 -03% 3,15 1,75 53 TS0 22180 3.0 3485 474 40600 5200
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Cadigo
Seegar
Reno para
ancomenda

ds Peso n Pn Pg g Prg Fu K

Uil 5Eg 3ids Eol e min. kgiooo %2 TR M1 Geon (g max (Kgh (mad) (Kgf mm)

& 083 8Y +036-1W0 24 11 10 G, 10 84 +011 090 G20 08 86 334 05 170 54 925
9 08 98 +036-10 25 13 10 0,13 84 +011 0980 020 08 9% 286 0% 170 57 840
10 100 108 +036-10 32 14 12 025 04 +011 110 020 06 108 730 05 440 54 1966
1M 100 118 03610 33 15 42 0.31 1.4 +011 110 020 06 117 790 05 490 7.0 2102
124,00 130 +036-10 34 17T 15 037 125 +01% 110 025 0B 180 B0 05 480 96 2024
3 100 141 +036-10 36 18 15 042 136 +0,11 110 030 09 2%0 B4 05 50 125 2037
4 100 151 +036-t0 37 198 17 0,52 146 +011 110 030 098 225 820 05 500 134 1978
15 1,00 162 +036-10 37 20 17 058 157 +01t 110 035 11 280 810 05 490 168 1908
16 100 173 +036-10 38 20 17 060 168 +011 110 040 1,2 340 800 1,0 280 206 1849
17 100 183 +042013 39 21 47 085 178 +011 110 040 12 3BO 7O 1,0 250 218 1841
B8 100 185 +042043 41 22 20 074 190 +0,15 140 050 45 480 B20 10 260 290 1825
19 100 205 +042013 41 22 20 083 200 +015 440 050 15 510 790 1.0 250 306 1725
20 100 M5 +042-043 41 23 20 090 210 +015 110 050 45 540 780 1,0 250 3272 1693
21 100 225 +042.013 42 24 20 100 220 +015 1,10 050 15 570 810 10 260 338 1720
22 100 235 +042-013 42 25 20 110 230 +015 1,40 05 15 580 835 40 270 353 1760
502023 23 120 2456 +042-013 42 25 20 1.3 241 +075 130 055 1.7 680 1385 1.0 450 407 2885
24 120 259 +042.021 43 26 20 142 252 +021 1,30 960 B T70 1390 10 460 483 2845
25120 269 +042021 45 27 20 186 262 +021 430 060 1,8 800 1460 10 470 482 2900

25 1,20 279 +042-021 47 28 20 160 272 +02% 430 0B0 18 B4D 9385 1,0 460 501 2785
802027 27 120 2991 +042-021 47 28 20 175 284 +021 130 07C¢ 21 1010 1330 10 450 609 2660
28 120 301 +DB50-DI5 48 29 20 180 294 +021 130 OY0 21 1050 1330 10 450 631 2635
502029 29 120 311 +050025 48 30 20 1,88 304 +025 130 670 21 1080 1360 4,0 480 653 2665

30 120 321 +050025 48 30 20 208 314 +025 130 079 21 1130 137C 10 480 675 2660
31 120 334 +050-025 52 31 25 210 327 +025 130 085 26 1410 1380 1.0 470 B4B 2680
32 120 344 +050-025 54 32 25 221 337 +025 130 085 26 1460 1380 10 47G 879 2660
502033 33 120 355 +050.025 54 33 25 240 347 +025 413G 085 26 1500 1430 1,0 450 03 2765
34 150 365 +050-025 54 33 23 320 357 +025 160 085 26 1540 2620 1,5 630 $2.6 5005
1,50 378 +050-025 54 34 25 354 370 +025 160 1,00 30 880 2690 15 340 1130 5050
150 388 +0506-025 54 35 25 370 380 +025 1680 100 30 1940 2840 15 640 160 5020
37 150 3ve +050-025 55 36 25 374 390 +025 160 100 30 1980 2710 15 650 149,0 5400
38 180 408 +050-025 55 37 25 390 4000 +«025 160 100 30 2250 2820 15 670 1330 5170
3 150 420 +090-03% 56 38 25 400 410 +025 185 100 30 2600 2880 15 690 1260 5245
40 479 435 +0900D3% 58 32 25 470 425 +G26 185 125 38 2700 4460 20 830 1620 80i0
502 041 41 175 445 +090-0,39 59 40 25 510 438 +025 185 1,25 38 2760 4500 20 830 1660 B120
42 175 455 +090-039 53 41 25 540 445 +025 185 1,25 38 2840 4470 20 B840 170,00 B0
502043 43 1,75 485 +080-03% 59 42 25 580 455 +025 185 125 38 72880 4450 20 B40 1730 800
502.044 44 175 475 +0D80-039 60 42 25 580 465 +025 185 125 38 2950 4330 20 830 1770 7880
45 175 485 090030 82 43 25 600 475 +025 185 1,25 38 3020 4310 20 820 81,0 7815
502046 46 1,75 495 +090.039 B3 44 25 808 485 +0.25 185 125 38 3080 4290 20 B20 1850 7785
47 175 506 +110-043 B4 44 235 610 485 +025 185 125 38 3140 4360 20 830 1BS0 7895
48 175 51,5 +1,10-043 62 45 25 870 505 +025 185 125 45 3200 4820 20 840 1930 7850
56 200 542 +110-043 65 48 25 730 33D +025 215 1,25 45 4050 BO0BO 20 1210 2430 11940
502 051 51 200 552 +110043 85 47 25 775 540 +025 215 1,25 45 4120 6025 20 1200 247.0 10910
52 200 %62 +1,10043 67 47 25 820 550 +030 215 125 45 4200 69025 20 1200 2520 10850
502053 83 200 572 +110-043 67 49 25 822 560 +030 215 125 45 4290 BO70D 20 4210 2570 11040
502054 54 2,00 582 +1,10043 87 50 25 825 57,0 +030 215 125 45 4360 6040 20 1230 2620 11610
55 200 582 +1,10-043 68 50 25 830 580 +030 215 125 45 4440 6036 20 1250 2660 11140

502 039

56 200 802 +1,10043 B8 51 25 880 590 +030 215 125 45 4520 6030 20 1260 2710 11115
502057 57 200 612 +110-043 68 51 25 240 600 +030 215 125 45 4500 6080 20 1270 2760 11270
58 200 622 +110-043 68 52 25 1050 610 +030 216 1,25 45 4670 6080 20 1270 2800 11220
60 200 642 +110-043 73 54 25 1110 630 +030 215 1,25 45 4830 6100 20 1300 2800 1320
62 200 662 +110-043 73 55 25 11,20 850 +0.30 215 125 45 4980 6090 20 1300 2090 11270
63 200 67.2 +110-043 73 56 25 1240 660 +030 2456 125 45 5060 6080 20 1300 3040 11220
65 250 692 +1.10-043 %6 58 30 1430 680 +030 28 1325 45 5180 2100 25 2080 3130 22080
502067 67 2580 715 +110043 77 60 30 1500 70,0 +0,30 265 1,25 45 5380 12100 25 2110 3230 22250
68 250 725 +110-043 78 571 30 1600 710 +030 265 125 45 5450 12450 25 2120 3270 22245

0 250 745 +1,10-043 78 2 30 1850 T30 +030 285 1,25 45 5620 11200 25 2100 337,0 21800
72 250 765 +110-043 78 64 30 1810 750 +030 265 125 45 5800 11920 25 2100 3460 21750
75 280 1958 +1,10-043 78 85 30 18,803 780 +030 2685 1,25 45 6000 411800 25 2100 3600 21580
802077 77 250 815 +1,10-043 79 B7 3D 19,00 800 +030 285 125 45 6160 12110 25 2150 3700 22000
78 250 825 +130-054 85 68 30 2040 810 +035 285 125 45 6230 12250 25 2980 3740 22480
80 230 855 +130-0%54 85 70 30 2200 635 +035 265 475 53 7460 12000 25 2180 4480 21900
502.081 81 250 85 +1,30054 85 70 30 2300 845 +035 265 175 53 7580 11890 25 2160 4550 21650
82 250 B75 +130-0%4 85 7D 30 2400 855 +03% 265 175 53 /680 11900 25 2140 460,0 27400
83 300 905 +130-054 86 72 35 2530 885 «035 315 175 53 7950 20140 30 3120 4770 36400
502087 87 300 925 +130-054 86 73 35 2700 905 +035 315 175 53 8130 20450 30 3180 488D 37400
B8 300 938 +130-054 86 74 35 2800 915 +035 315 175 53 B210 20040 30 3270 4930 38050




