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Resumen

1. RESUMEN

El uso de drones es uno de los campos que mayor evolucion esta teniendo dentro
del campo de la robdtica aérea. Este sector abarca infinidad de posibilidades y se puede
utilizar en multiples tareas. Esta es la razén por la que su interés, tanto a nivel usuario
como a nivel empresarial, haya experimentado un elevado crecimiento y el futuro de
estas tecnologias se presente lleno de posibilidades. El objetivo de este Trabajo Fin de
Grado es el disefio de un cuadricoptero que permita vigilar una determinada instalacion

de forma remota.

Para alcanzar este objetivo se han seguido una serie de pasos. En primer lugar,
se ha establecido el empuje necesario para este tipo de drones (3 Kg) asi como la
relacion empuje/peso para el tipo de vuelo a realizar. A continuacion, se ha calculado la
relacion potencia/empuje parametrizando la velocidad maxima estimada (60 Km/h).
Con los resultados obtenidos se halla la potencia, se escoge un paso (3) y se fija la
tensién de alimentaciéon de los motores (12 V). Una vez realizado este proceso se han
elegido los modelos comerciales de los motores y las hélices que se van a montar en el

cuadricoptero.

Posteriormente se ha realizado el disefio en 3D del dron tomando como referencia
varios modelos de cuadricépteros existentes en el mercado. Para ello se ha utilizado el

software Autodesk Inventor.

El siguiente proceso ha sido el disefio electrénico para el cual se han analizado
diversos tipos de componentes comerciales para escoger los que mas se ajustan a las
necesidades establecidas. Se ha realizado el disefio del circuito por medio del programa

KiCAD para, por medio del mismo, crear la PCB (Placa de Circuito Impreso).

Por ultimo, se ha realizado el disefio del algoritmo de control que permita al dron,
por medio de los componentes electronicos establecidos previamente, realizar

correctamente las funciones propuestas.

Autor: Mario Urgel Garcia -1-
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Abstract

2. ABSTRACT

The use of drones is one of the fields which more evolution is experiencing in the
aerial robotics area. This sector encompasses a huge number of possibilities and can be
used in multiple tasks. This is the reason why its interest, at user and managerial level,
has experienced a high growth and the future of these technologies is full of possibilities.
The objective of this Final Project is the design of a quadcopter that monitors a particular

installation remotely.

To achieve this, it has been followed a series of steps. Firstly, it has been
established the necessary thrust for this type of drone (3 Kg) and the thrust/weight
relation for the type of flight to be performed. Then, it has been calculated the
power/thrust relation setting the estimated top speed (60km/h). With the results, the
power is found and the supply voltage of the motors (12 V) is fixed. Once this process
has been finished, the commercial models of engines and propellers are chosen to be

mounted on the quadcopter.

Subsequently, it has been made the 3D drone design with reference to several
quadcopter models on the market. With this aim, the Autodesk Inventor software was
used. The following process has been the electronic design for which it has been
analyzed various types of commercial components in order to choose the best options
for the identified needs. The circuit has been designed through the program KiCAD to,
by the same, create the PCB (Printed Circuit Board).

Finally, it has been designed the control algorithm that allows the drone, through
the electronic components previously established, to perform successfully the proposed

functions.

-2- Autor: Mario Urgel Garcia
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3. INTRODUCCION

3.1. OBIJETIVO

El objetivo de este proyecto es disefiar un dron cuadricéptero con camara de
vigilancia para captar imagenes que permitan supervisar de forma remota alguna

instalacion. Para ello se van a plantear una serie de objetivos secundarios:

e Disenar la parte mecanica que contenga en su interior todos los elementos,
tanto electrénicos como mecanicos, intentando ajustar las dimensiones y

el peso a las necesidades de un éptimo funcionamiento.

e Disenar la parte electrénica de forma que el sistema realice correctamente

las funciones de locomocion, vision artificial y deteccion.

e Disenar la parte de control que permita la monitorizaciéon por software de

forma remota mediante una interfaz externa a través de un teléfono movil.

3.2. METODOLOGIA

El proyecto consiste en diseflar un dron que permita el manejo a distancia

por medio de un teléfono movil, de manera que podemos visualizar las imagenes

recibidas por la videocdmara que contiene y, en caso de observar situaciones anémalas,

detectadas por una cdmara infrarroja, realizar automaticamente una captura fotografica

y mandar un mensaje de alerta al usuario.

Estudio: Tarea dedicada a buscar informacién y entender las diferentes

tecnologias, fundamentos y teorias necesarias para el dron.

Desarrollo: Disefio e implementacion del proyecto en sus distintas partes acordes

al estudio realizado previamente.

Seguimiento: Parte destinada a revisar el desarrollo del trabajo realizando los

ajustes necesarios para su correcto funcionamiento.

Verificacion: Comprobacion de la fiabilidad del dron, asi como de cada una de

sus partes.

Autor: Mario Urgel Garcia -3-
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3.3. ANTECEDENTES

En el ambito comercial existen varios modelos de cuadricopteros disponibles en el
mercado, tales como el AR.Drone. Este dron utiliza sefial Wifi para comunicarse a una
plataforma moévil. El aparato puede retransmitir imagenes de alta calidad en tiempo
real, ademas de ofrecer informacién de vuelo. El modelo ofrece algunas configuraciones
adicionales, tales como intercambiar el tipo de bateria por alguno de mayor capacidad,
personalizar la estructura del chasis y diferentes funcionalidades digitales como

programar el plan de vuelo o compartir informacion entre usuarios.

Ilustracién 1:AR Drone

Existe otro modelo en el mercado, el Phantom. Este ofrece comunicacién por
radiocontrol a través de un mando, lo cual obliga al usuario a estar situado en una zona
fisica para poder emplear la aeronave. A cambio, este producto ofrece funcionalidades
de gran interés como las que tiene el AR.Drone, programar el plan de vuelo, que por la
tecnologia RC se puede hacer a una distancia mayor que la de AR.Drone. Tiene una
funcionalidad adicional que es auto detectar si se ha salido del perimetro de cobertura
maxima y si es asi, el cuadricoptero regresa automaticamente hasta el punto de
inicio.(GenLei, 2014)

Ilustracion 2: DJI Phantom

-4 - Autor: Mario Urgel Garcia
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4. MARCO TEORICO

La robotica aérea permite el desarrollo de diversas tareas que cubren diferentes
funciones en multiples sectores como la investigacién, la seguridad, la agricultura y el
medio ambiente entre otras. El interés de estas tecnologias, tanto por parte de
empresas como de los usuarios, ha aumentado potencialmente durante los ultimos
afios. Uno de los campos donde tiene mas posibilidades de aplicacion es el de la
videovigilancia. En el mismo se abarcan diferentes disciplinas como la robdtica,
electrénica, mecanica e informatica cuyo fin es obtener datos de localizacién, imagenes
e informacion Gtil de forma que pueda actuar y resolver de una manera mas rapida y
eficaz las situaciones especificas para las que esta disefado.(Silva Bohérquez, Mendoza,
& Pena Cortés, 2013)

4.1. PROBLEMA DE SEGURIDAD Y APLICACIONES DE

VIGILANCIA

Existen multitud de métodos para mantener una determinada infraestructura
vigilada de intrusos o situaciones andmalas que pueden causar desperfectos en la
misma. Uno de los mas utilizados es la vigilancia de esa zona de forma remota a
distancia, para ello se suelen disponer diversas camaras fijas distribuidas en el interior

del recinto siendo programada su grabacién de forma externa.

Actualmente, se dispone de drones que realizan este mismo proceso, pero de una
forma mas comoda y eficaz para el usuario, ya que, al no ser elementos fijos, abarcan
mayor angulo de visidn que las camaras fijas, pueden variar su posicién segun las
exigencias de la situacién y pueden ser controlados a distancia amoldandose de mejor
forma a las circunstancias y exigencias del usuario en un determinado momento, por

ello, en este proyecto se va a disefiar un sistema de vigilancia de estas caracteristicas.

4.2. JUSTIFICACION DEL MODELO CUADRICOPTERO

Cada tipo de dron varia en diversas caracteristicas, como es el coste, consumo

eléctrico o estabilidad durante el vuelo.

Como regla sencilla, a mayor cantidad de motores, el dron tiene mayor estabilidad,

pero a su vez mas peso, lentitud y consumo de energia.

Autor: Mario Urgel Garcia -5-
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De este modo, el tricoptero tiene tres brazos y tres motores, simplificando asi la
ecuacién eléctrica en consumo, cables y partes. Como resultado también se simplifica
su armado, a la vez que su coste de reparacidn ante eventuales accidentes. Por el
contrario, este tipo de configuracién es mas inestable porque Unicamente tiene tres
puntos de sustentacién, menor capacidad de carga debido a que sélo cuenta con tres

motores para generar fuerza de empuje.

Por otro lado, el cuadricoptero, al contar con cuatro brazos y un motor en cada
punta de los mismos, cuenta con mayor estabilidad y capacidad de carga. En caso de
filmacion y fotografia, se gana mayor estabilidad al utilizar un cuerpo de cuadricoptero,
comenzando los brazos para cada motor en cada vértice del rectangulo, ya que asi se
gana mayor superficie para la electrénica y un poco mas de superficie para cada motor,

aportando un extra de estabilidad.

De esta forma, en este proyecto se va a utilizar un cuadricoptero ya que es mas
estable, dispone de mayor capacidad de carga que los tricopteros y ademas la camara
dispone de un campo de visidn superior que en configuraciones con mayor nimero de

motores.

4.3. DRON CUADRICOPTERO

Un cuadricéptero es una aeronave de ala giratoria, propulsada por cuatro rotores.
Al ser un tipo de helicéptero, tanto la sustentacion como la propulsién se basan en el
aire impulsado por las hélices de sus rotores. En cambio, a diferencia de los helicopteros,
gue varian el angulo de inclinacién de las palas de las hélices para maniobrar, los
cuadricopteros basan sus maniobras en el cambio de revoluciones de sus distintos
motores. De esta forma usan hélices con palas de paso fijo que simplifican en gran

medida la mecanica de este tipo de aeronaves. (Omar Luque Rodriguez, 2014)

-6 - Autor: Mario Urgel Garcia
424.16.31



Disefio de un dron de vigilancia controlado de forma
eu b - remota por teléfono movil

Marco teorico

4.4, CONFIGURACIONES DE CUADRICOPTERO

Existen dos tipos de configuraciones de cuadricépteros, los de tipo en aspa y los
de tipo en cruz. Estas denominaciones se deben a lo que es considerado como la parte

delantera de la aeronave.

QUAD X

Ilustracion 3: Configuracion en aspa

En un cuadricoptero configurado en aspa, se tienen dos rotores delanteros y dos
rotores traseros. Este tipo de montaje es mas popular para llevar camaras frontales en

ellos, pues la camara no tiene ningun brazo en su campo de vision.

QUAD +

Ilustracién 4: Configuracién en cruz

De otro modo, la configuracién en cruz conlleva tener un rotor delantero, uno

trasero, uno izquierdo y uno derecho. Esta configuracion suele ser mas sencilla de
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programar y entender, pero no esta pensada para incluir cdmaras frontales debido a

gue el campo de visién se veria interrumpido por las hélices.

Ultimamente, han aparecido otros dos tipos de cuadricopteros, cuyos rotores no
estan colocados formando un cuadrado, los del tipo Y4 y los VTail. Por definiciéon son
cuadricopteros, pero su comportamiento y forma es similar al de los tricopteros, aunque

aumentan la estabilidad de estos Ultimos gracias a tener un nimero par de rotores.

~ Y4Copter _

Ilustraciéon 5: Configuracion Y4

La configuracién Y4 consiste en una estructura en forma de Y, teniendo en su parte
delantera dos rotores y otros dos rotores coaxiales en la cola. Esta forma es una
evolucion de los tricopteros convencionales, pero evitando el servo necesario para el
giro sobre el eje vertical usando los dos rotores coaxiales, girando en direcciéon contraria
el uno del otro. Con esto se logra alrededor de 1/3 mas de fuerza de sustentacién y una

mayor estabilidad vy fiabilidad, pues no se depende de ningun servo.

Ilustracion 6: Configuracion VTail

La configuracién VTail corresponde a una mezcla entre los cuadricdépteros en x y
los tricopteros. Como los cuadricépteros, tiene dos rotores delanteros y dos traseros,
pero estando los delanteros colocados cada uno sobre un brazo los traseros se

encuentran sobre un Unico brazo trasero colocado uno a cada lado de su extremo, he
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inclinados alrededor de él en un angulo determinado. Esta configuracién no es muy
popular, debido a que es menos eficiente que la Y4 y a que su control de motores es
algo mas complicado. Pero, por otra parte, es una configuracion mas estable, y su
orientacién es mas reconocible a distancia gracias a su clara distincion entre cabeza y

cola.(Omar Luque Rodriguez, 2014)
4.5. CAMARA DE VISION ARTIFICIAL

La vision artificial es una herramienta para establecer la relacion entre el espacio
real y sus vistas bidimensionales. Una camara de vision artificial permite hacer una
reconstruccion del espacio tridimensional a partir de sus vistas y también llevar a cabo
una simulacion de una escena tridimensional en la posicion deseada a un plano
bidimensional.(Mery, 2004)

4.6. RIESGOS

Estos aparatos, al ser controlados remotamente y enviar datos, pueden conllevar
una serie de riesgos como son los posibles accidentes causados por la pérdida de control
de los mismos, asi como infringir la proteccion de datos personales. Con objeto de
intentar minimizar estos riesgos de la mejor forma posible, el pilotaje y caracteristicas
del sistema deberan ajustarse al Real Decreto Ley 18/2014, que regula el horario,
tiempo y caracteristicas de cada vuelo, ademas de ser necesario un permiso especial
para pilotar drones dependiendo del tamafio y potencia de los mismos.(Hogan Lovells,
2014).

4.7. SENSORES

4.7.1. Acelerometro

Los acelerémetros son sistemas que miden el efecto de la fuerza de gravedad
sobre ellos mismos, al disponer de 3 acelerdmetros formando 3 ejes ortogonales, el
aumento de percepcion de gravedad en uno de los ejes indica que este se esta poniendo

en vertical, incidiendo toda la fuerza de gravedad sobre él.
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Ilustracion 7: Percepcion del acelerometro en funcién de su posicion respecto al campo
gravitatorio

Estos dispositivos utilizan la tecnologia MEMS.

La tecnologia MEMS (Micro Electro Mecanical Systems) ha logrado reducir a
tamafos muy pequefios la fabricacién de sistemas que combinan elementos mecanicos

y electrénicos.

Este tipo de tecnologia logra construir microestructuras moviles sobre un sustrato.

Esto permite la creacidén de sistemas eléctricos y mecanicos muy complejos.

Utiliza un material piezoeléctrico de estado casi sélido, suele ser cuarzo, cargado
eléctricamente tiene sobre si una masa conocida y se comprime en funcién de la
gravedad que actUa sobre él. Esta presion produce una alteracion en la alineacion de
los electrones y protones en el material piezoeléctrico lo que provoca una acumulacion
de cargas opuestas en ambas superficies del material percibiéndose asi una variacion
en la carga eléctrica que resulta proporcional al esfuerzo experimentado por el material,
el cual es proporcional a la aceleracion de la gravedad por la segunda ley de Newton.
Esta variacion correctamente tratada ayuda a tomar la medida de la cantidad de
inclinacién que tiene un eje, con una serie de calculos trigonométricos se determina el
giro del eje. (J. Adams, 2011)

Applied Acceleration (a)

Housing \ Mass (m)

\\\PW\A-&- Signal

Material — | W—//y/

Ilustracion 7: Esquema de construccion de un acelerometro MEMS
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El angulo de giro de un eje, vendra definido por una combinacidén del peso
percibido en cada uno de los 3 ejes. A continuacidn, se va a explicar el procedimiento
de calculo.

ACCELERATION 209
19

s

WEKGTLESS Xey

STATE Yooy

205

INERTIAL
ACTMOUS
FORCE 1g

GRAVITATION
FORCE

19
X= 0715
Ye0p
201y

Ilustracion 8: Representacion del comportamiento de un acelerometro MEMS

Imaginemos un cubo cuya base xy reposa sobre el plano de referencia xy e
imaginemos un sistema de coordenadas xyz de referencia cuyo eje x de referencia
coincide con una arista del cubo.

Ahora supongamos que giramos el cubo un angulo 6 con el eje x como centro de
revolucidn, al terminar el giro la base del cubo xy forma un angulo 6 con el plano de
referencia xy. La lectura del acelerémetro x, seria practicamente 0 por lo tanto el calculo
del angulo de giro seria:

0. = tan-1 lectura acelerémetro y
L, = tan

lectura acelerémetro z

Az Z

Ilustracién 9: Representacion del giro de un objeto respecto del eje X
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Asi como hemos inclinado el plano de la base del cubo un angulo 6 respecto al
plano de referencia, el plano xz del cubo también se ha desplazado un angulo 6x

respecto al plano de referencia.

En el momento en el que se haga un segundo giro, sobre el eje xy del cubo, por
ejemplo, la lectura del acelerdmetro y va a seguir siendo la misma ya que esto viene
determinado por la inclinacion del eje y respecto al plano xy de referencia y esta no se

modifica.

Ilustracion 10: Representacion del giro de un cuerpo respecto de los tres ejes de
coordenadas

Los ejes z y x del cubo se desplazaran a lo largo del plano xz del cubo, recordemos
gue este se encuentra a 6 grados de xz de referencia, la lectura del acelerémetro z va
a disminuir al ritmo que aumenta la del acelerémetro x, sin embargo, la suma de los
moddulos de los acelerometros z y x siempre va a ser constante e igual al valor que
transmitia el acelerémetro z al completar el primer giro, ya que el valor en el eje x era
0.

A
0, =tan™?! Y
A+ AR
A
0, =tan™! al
A2+ A7

4.7.1. Giroscopio

El giréscopio en un aparato que mide la orientacion de un objeto en el espacio,
fue desarrollado por Foucault en 1852 aunque hubo ideas parecidas desde 1813, con el
aleman Johann Bohnenberger a quien se le atribuye el descubrimiento del efecto

giroscopico. (Shane Colton, 2007)

En aquellas fechas estos aparatos eran sistemas mecanicos, lo que reducia sus
aplicaciones al ambito militar debido a su tamano y peso. En los Ultimos afios, con el

desarrollo de la electréonica y mecanica, se han desarrollado girdscopos MEMS, basados
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en el efecto coriolis para hallar sus medidas, eliminando el problema del tamafio y el
peso. (K. Ogata, 2003)

Este efecto se da en todos los cuerpos de rotacién, consiste en la distinta
percepciéon del movimiento al observar desde un sistema de referencia rotatorio (no

inercial) a un objeto que se encuentra fuera de este sistema de referencia.

La fuerza de coriolis no existe por si misma, pero es necesario incluirla si deseamos
explicar el funcionamiento del sistema con las leyes de Newton. Podria afirmarse que
los sistemas inerciales no existen como tal, ya que la propia Tierra es un sistema no
inercial al estar girando sobre si misma y, a su vez, alrededor del Sol. Sin embargo, se
aceptan ciertas consideraciones para simplificar los calculos y en la mayoria de

ocasiones la tierra se considera un sistema inercial.

Ilustracion 11: Representacion del efecto coriolis

Como se puede observar en la ilustracién, la fuerza coriolis aparece en
perpendicular al eje de rotacién y a la velocidad de desplazamiento del objeto. La
velocidad de giro del sistema no inercial provoca una variacién en la posicidon relativa

del objeto. Este mismo principio utilizan los giréscopos MEMS.

El giréscopo MEMS dispone de 2 masas con cierta movilidad obtenida por medio
de materiales flexibles. Para que las masas perciban el efecto coriolis deben desplazarse,
esto se logra aplicando una vibracién a las mismas mediante la interaccién de campos

electromagnéticos. Al actuar el efecto coriolis el recorrido previsto se ve alterado.

|
|
b4 ] - )
|
|

Nao anaular velocit baw .
(No angutar velocity) (Angular velocity applied

Ilustracion 12: Representacion de la variacion de la posicidon de las massas internas del
giroscopio
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Al cambiar sus posiciones, las masas varian su distancia respecto a unos sistemas
capacitores que tienen debajo obteniendo una variacion capacitiva que pasa a través de
un amplificador operacional para enviarlas por medio de variaciones eléctricas

facilmente cuantificables que finalmente seran traducidas a velocidades de giro.

gl

mem

AC#0

Ilustracion 13: Efecto de los movimientos en giroscopio y acelerémetro
Aplicando la medida diferencial entre los resultados de las masas se consigue

eliminar una falsa medida de giro que podria ser provocada por una aceleracion lineal.

Charge amplifier

e

Ilustracién 14: Medida diferencial y amplificacion de sefal

Para hacer los cdlculos se debe observar que se obtiene una medida de la velocidad
de giro, por lo que hay que traducir en angulos la medida obtenida y conocer la

inclinacion, para lograr esto se integra la velocidad angular.

do
w=—-0=do-dt
dt

Traduciendo esta ecuacion a programacion, la integral se realiza obteniendo el
valor de la velocidad y teniendo en cuenta el tiempo que le cuesta al programa completar
un ciclo. Este tiempo de ciclo es el dt, cuanto menor sea mas rapido obtendremos

valores.
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Conocido el tiempo de cada ciclo y la velocidad de giro que reporta el girdscopo se
calcula la distancia angular recorrida desde la anterior medicion. Este valor se afiade al

angulo en el que se encontraba el sensor en el instante de muestreo anterior.

Tener que obtener los valores a través de realizar una integral provoca un pequefio
error acumulativo en lo que se conoce como el “drift” propio del giréscopo, llegando a
sacar valores que difieren mucho de la realidad. Este valor acumulativo se produce como
consecuencia de sumar repetidamente el error estatico del girdscopo a lo largo del

tiempo. (Digi International Inc, 2015)

4.7.1. Magnetéometro

Un magnetometro es un instrumento que mide la intensidad y, en ocasiones, la

direccién de un campo magnético.

Los magnetometros se usan, mayoritariamente, para la medicion del campo
magnético terrestre y en estudios geofisicos, para detectar anomalias magnéticas de

diferentes tipos.

En la actualidad mas reciente, los magnetémetros han sido miniaturizados, con el
objetivo de ser incorporados en circuitos integrados a un coste muy bajo. También ha

aumentado su uso como brujula en dispositivos electronicos como moviles.
Los magnetometros pueden ser divididos en dos tipos basicos:

Magnetometros escalares, que miden la intensidad total del campo magnético
resultante al cual estan siendo sometidos en un punto, pero no aporta ningln dato sobre

las componentes vectoriales de campo.

Magnetémetros vectoriales, que tienen la capacidad de medir la intensidad del
campo magnético en una direccion particular, dependiendo de la colocacién que le

demos al dispositivo. Este tipo de magnetémetros va a ser el utilizado para el proyecto.

Un magnetémetro vectorial mide una o mas componentes del campo magnético
electrénicamente. Usando tres magnetémetros ortogonales se podria calcular todo el
campo magnético en un punto. Realizando la raiz cuadrada de la suma de los cuadrados
de los tres componentes, se halla el valor de la resultante en moddulo mediante el

teorema de Pitagoras.

BT = \/BXZ + Byz + BZZ
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Los magnetémetros vectoriales estdn sujetos a cambios de temperatura y a la
inestabilidad dimensional de nucleos férricos. Ademads, requieren de una buena

nivelacion para obtener la informacién.(Garcia Garcia, 2013)

4.7.1. GPS

4.7.1.1. Definicion del sistema GPS

El Sistema de Posicionamiento Global (GPS) es un sistema de localizacidn,
disefiado por el Departamento de Defensa de los Estados Unidos con fines militares para
proporcionar estimaciones precisas de posicidon, velocidad y tiempo; se encuentra
operativo desde 1995 y utiliza conjuntamente una red de ordenadores y una
constelacién de 24 satélites para determinar por triangulacién, la altitud, longitud y

latitud de cualquier objeto en la superficie terrestre.(J.A. Fernandez Rubio, 1997)

4.7.1.2. Arquitectura del sistema GPS

El sistema se descompone en tres segmentos, los dos primeros son de
responsabilidad militar: segmento espacio, formado por 24 satélites GPS con una o6rbita
de 26560 Km. de radio y un periodo de 12 h.; segmento control, que consta de cinco
estaciones monitoras encargadas de mantener en orbita los satélites y de supervisar su
correcto funcionamiento, tres antenas terrestres que envian a los satélites las sefales
que deben transmitir y una estacion experta de supervision de todas las operaciones; y
segmento usuario, formado por las antenas y los receptores pasivos situados en tierra.
Los receptores, a partir de los mensajes que provienen de cada satélite visible, calculan

distancias y proporcionan una estimacion de posicién y tiempo.

4.7.1.3. Principios de funcionamiento del sistema GPS

El sistema GPS tiene como objetivo calcular la posicion de un punto cualquiera en
un espacio de coordenadas (x,y,z), partiendo del calculo de las distancias del punto a
un minimo de tres satélites cuya localizacién es conocida. La distancia entre el usuario
y un satélite se mide multiplicando el tiempo de vuelo de la sefal emitida desde el
satélite por su velocidad de propagacion. Para medir el tiempo de vuelo de la sefial de
radio es necesario que los relojes de los satélites y de los receptores estén sincronizados,
ya que deben generar simultdneamente el mismo cddigo. Mientras que los relojes de
los satélites son muy precisos los de los receptores son osciladores de cuarzo de bajo
coste y por tanto imprecisos. Las distancias con errores debidos al sincronismo se
denominan pseudodistancias. La desviacion en los relojes de los receptores afiade una
incégnita mas que hace necesario un minimo de cuatro satélites para estimar

correctamente las posiciones.(G.]. Sonnenberg, 1988)
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En el célculo de las pseudodistancias hay que observar que las sefiales GPS son
muy débiles y se hallan inmersas en el ruido de fondo inherente al planeta en la banda
de radio. Este ruido natural estd formado por una serie de pulsos aleatorios, lo que
motiva la generacién de un codigo pseudo-aleatorio artificial por los receptores GPS
como patrén de fluctuaciones. En cada instante un satélite transmite una sefial con el
mismo patrén que la serie pseudo-aleatoria generada por el receptor. En base a esta
sincronizacion, el receptor calcula la distancia realizando un desplazamiento temporal
de su codigo pseudo-aleatorio hasta lograr la coincidencia con el cédigo recibido; este
desplazamiento corresponde al tiempo de vuelo de la sefal. Este proceso se realiza de

forma automatica, continua e instantédnea en cada receptor.

Utilizar codigos pseudo-aleatorios permite el control de acceso al sistema de
satélites, de forma que en situaciones conflictivas se podria cambiar el codigo, obligando
a todos los satélites a utilizar una banda de frecuencia Unica sin interferencias pues cada

satélite posee un cédigo GPS propio.

Aungue la velocidad de los satélites es elevada (4 Km./s), la posicidén instantanea
de los mismos puede estimarse con un error inferior a varios metros en base a una
prediccién sobre las posiciones anteriores en un periodo de 24 a 48 horas. Las estaciones
terrestres revisan periédicamente los relojes atomicos de los satélites, dos de cesio y
dos de rubidio, enviando las efemérides y las correcciones de los relojes, ya que la
precision de los relojes y la estabilidad de la trayectoria de los satélites son claves en el

funcionamiento del sistema GPS.(Pozo-Ruz et al., 2000)

4.8. ACTUADORES

4.8.1.1. Motores DC

Los motores DC son los mas usados en la actualidad debido a su facilidad de
control. Estan formados por dos devanados internos, inductor e inducido, que se

alimentan con corriente continua:

El inductor, (devanado de excitacion), esta situado en el estator y crea un campo

magnético de direccidn fija, denominado de excitacion.

El inducido, situado en el rotor, hace girar al mismo debido a la fuerza de Lorentz
que aparece como combinacion de la corriente circulante por él y del campo magnético
de excitacidon. Recibe la corriente del exterior a través del colector de delgas, en el que

se apoyan unas escobillas de grafito.
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Los campos magnéticos del estator y del rotor deben permanecer estaticos entre
si para que se pueda convertir la energia eléctrica en energia mecanica. Esta

transformacion es maxima cuando ambos campos se encuentran en cuadratura.

El colector de delgas es un conmutador sincronizado con el rotor encargado de
que se mantenga el angulo relativo entre el campo del estator y el creado por las
corrientes circulantes por el rotor. De esta forma se consigue transformar
automaticamente, en funcion de la velocidad de la maquina, la corriente continua que
alimenta al motor en corriente alterna de frecuencia variable en el inducido. Su

funcionamiento se conoce con el nombre de auto pilotado.

Al aumentar la tensién del inducido aumenta la velocidad de la maquina. Si el
motor esta alimentado a tensidon constante, se puede aumentar la velocidad
disminuyendo el flujo de excitacién. Pero cuanto mas débil sea el flujo, menor sera el
par motor que se puede desarrollar para una intensidad de inducido constante. En el
caso de control por inducido, la intensidad del inductor se mantiene constante, mientras
gue la tension del inducido se utiliza para controlar la velocidad de giro. En los

controlados por excitacién se actua, al contrario.

Se obtiene que la relacién entre tensidon de control y velocidad de giro (funcién de
transferencia), responde a un sistema de primer orden en los controlados por inducido,
mientras que, en el caso de los motores controlados por excitacién, esta relacion es la

de un segundo orden.

Ademads, en los motores controlados por inducido se produce un efecto
estabilizador de la velocidad de giro originado por la realimentacion intrinseca que posee

a través de la fuerza contra electromotriz.

Y

. e, i 8 8
Control ) 1 : k I >
por excitacidn R,+Lgs =+E s

€ + ! j 8 6
! 1 b . 1 I
Control _ R+l +Bf | s -
por inducido T
2

Ilustracién 15: Motor DC. Esquema y funciones de transferencia

Para mejorar el comportamiento de este tipo de motores, el campo de excitacion
se genera mediante imanes permanentes con el fin de evitar fluctuaciones del mimo.
Estos imanes son de aleaciones especiales como samario-cobalto. Las velocidades de

rotacién que se consiguen con estos motores son del orden de 1000 a 3000 r.p.m., con
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un comportamiento muy lineal y bajas constantes de tiempo. Las potencias que pueden

manejar pueden llegar a los 10 KW.

Los motores DC son controlados mediante referencias de velocidad. Estas
normalmente son seguidas mediante un bucle de realimentacién de velocidad analégico
gue se cierra mediante una electronica especifica. Sobre este bucle de velocidad se
coloca otro de posicién, en el que las referencias son generadas por la unidad de control

en base al error entre la posicion deseada y la real.

4.8.1.1. Motor Brushless:

El motor de corriente continua presenta el inconveniente del obligado
mantenimiento de las escobillas. Por otra parte, no es posible mantener el par con el
rotor parado mas de unos segundos, debido a los calentamientos que se producen en

el colector.

Para evitar estos problemas, se han desarrollado en los Ultimos afios motores sin
escobillas o también llamados Brushless. Los imanes de excitacion se situan en el rotor
y el devanado de inducido en el estator, con lo que es posible convertir la corriente
mediante interruptores estaticos, que reciben la sefial de conmutacién a través de un

detector de posicion del rotor.

Ilustracién 16: Motor Brushless

4.8.2. Motor paso a paso:

Las aplicaciones de los motores paso a paso estan limitadas a controles de posicion
simples, debido a que los pares para los que estaban disponibles eran muy pequefios y

los pasos entre posiciones consecutivas eran grandes.
Existen tres tipos de motores paso a paso:
De imanes permanentes.
De reluctancia variable.

Hibridos.
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En los imanes permanentes, el rotor, que posee una polarizacién magnética
constante, gira para orientar sus polos de acuerdo al campo magnético creado por las

fases del estator.

En los motores de reluctancia variable, el rotor esta formado por un material ferro-
magnético que tiende a orientarse de modo que facilite el camino de las lineas de fuerza
del campo magnético generado por las bobinas de estator. Los motores hibridos

combinan el modo de funcionamiento de los dos tipos anteriores.

En los motores paso a paso la sefial de control son trenes de pulsos que van
actuando rotativamente sobre una serie de electroimanes dispuestos en el estator. Por

cada pulso recibido, el rotor del motor gira un determinado nimero discreto de grados.

Para conseguir el giro del rotor en un determinado nimero de grados, las bobinas
del estator deben ser excitadas secuencialmente a una frecuencia que determina la
velocidad de giro. Las inercias propias del arranque y parada (aumentadas por las
fuerzas magnéticas en equilibrio que se dan cuando esta parado), impiden que el rotor
alcance la velocidad nominal instantdneamente, por lo que ésta, y tanto la frecuencia

de los pulsos que la fija, debe ser aumentada progresivamente.

Para simplificar el control de estos motores existen circuitos especializados que a
partir de tres sefales (tren de pulsos, sentido de giro e inhibicién) generan, a través de
una etapa logica, las secuencias de pulsos que un circuito de conmutacion distribuye a

cada fase.

Su principal ventaja con respecto a los motores tradicionales es su capacidad para
asegurar un posicionamiento simple y exacto. Pueden girar ademas de forma continua,
con velocidad variable, como motores sincronos, ser sincronizados entre si, obedecer a
secuencias complejas de funcionamiento, etc. Se trata al mismo tiempo de motores muy
ligeros, fiables y faciles de controlar, pues el ser cada estado de excitacién del estator
estable, el control se realiza en bucle abierto, sin la necesidad de sensores de

realimentacion.

Entre los inconvenientes se puede citar que su funcionamiento a bajas velocidades
no es suave, y que existe el peligro de pérdida de una posicién por trabajar en bucle
abierto. Tienden a sobrecalentarse trabajando a velocidades elevadas y presentan un

limite en el tamafio que pueden alcanzar.

Su potencia nominal es baja y su precision (minimo angulo girado) llega
tipicamente hasta (1, 89.), también son muy utilizados en dispositivos periféricos del

robot, como mesad de coordenadas.
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Es comun encontrar en multiples sistemas el uso de motores paso a paso y
motores DC; sin embargo, debido a que cada uno presenta caracteristicas distintas, la
seleccion depende del sistema a desarrollar y de esta forma se adapte a sus

requerimientos. (Carmelo José Borque Horna, 2014)

Comparando los diversos tipos de motores de corriente continua, se observa que
primer lugar los motores de corriente continua con escobillas tienen un menor par y las
escobillas suponen un peso anadido, por otro lado, los motores paso a paso tienen una
buena relacion potencia/peso, pero no tanto la relaciéon velocidad/peso, ya que tienen

mucha precision de giro, pero para la aplicacion buscada prima la velocidad.

La mayor relacion potencia/peso y velocidad/peso para motores de corriente
continua se encuentra en los motores sin escobillas, brushless, por lo que es el tipo de

motores mas idoneo para el proyecto a realizar.
4.9. BATERIAS

Una bateria es un elemento eléctrico capaz de transformar la energia quimica de
las reacciones de sus componentes en energia eléctrica y viceversa (proceso
electroquimico), en este caso pudiéndola usar para mover motores o producir

movimientos.

Las baterias poseen diversas caracteristicas que hacen declinarse por un tipo u

otro segulin su uso:

4.9.1. La tension nominal:

Pilas alcalinas y demds: 1.5V nominales por elemento.

Baterias de niquel cadmio (Ni-Cd): 1.2V. Descarga 1.1V y carga 1.4V nominales

por elemento.

Baterias niquel metal hidruro (Ni-MH): 1.2V. Descarga 1.1V y carga 1.4V

nominales por elemento.

Baterias de polimeros de litio (Li-Po): 3.7V. Descarga 3.2V y carga 4.2V nominales

por elemento.

Baterias de Litio Hierro (LiFe-Po): 3.2V. Descarga 3V y carga 3.6V nominales por

elemento.
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4.9.2. Capacidad de la bateria:

Esta directamente relacionada con las horas que va a durar la bateria antes de

que se tenga que volver a cargar.

La capacidad de una bateria se expresa en mAh (una bateria de 1000mAh, podra

proporcionar una intensidad de 1000mA durante una hora antes de agotarse).
Por tanto, queda claro que la duracion de una bateria depende de dos cosas:
La capacidad de la bateria (expresada en mAh).
El consumo del circuito que alimenta la bateria.

Siendo la expresién matematica que lo calcula:

Capacidad de la bateria (mAh)
Consumo del circuito (mA)

Duracion de la bateria =

4.9.3. Tasa de descarga

Existe un limite maximo de corriente C, también Ilamado tasa de descarga que se

puede entregar sin sufrir dafios.

No todos los tipos de baterias admiten valores altos de C. Las baterias de niquel
cadmio Unicamente admiten valores de 1C. Sin embargo, existen baterias de polimeros

de litio con valores muy altos de C hasta 50C

4.9.4. Peso:

La relacion entre tamano, peso e intensidad influye en los Amperios/hora.

4.9.5. Tipos de baterias:

4.9.5.1. Baterias de Nigquel-Cadmio (Ni-Cd)

Una bateria recargable de NiCd estd formada por una placa positiva de hidroxido
de niquel y una placa negativa de hidroxido de cadmio. Ambas placas estan separadas
por un electrolito, compuesto por una solucion acuosa de potasio caustico, contenida

dentro de un tejido poroso.
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prorgir

Ilustracién 17: Bateria Ni-Cd

4.9.5.2. Baterias de Ni/MH

Las baterias de Ni/MH tienen una mayor densidad de carga (capacidad/peso
superior, aproximadamente 40%-70% mas capacidad), no contienen cadmio (téxico) y
aparentemente no tienen efectos de pérdida de capacidad por mal uso o de formacién
de dendritas (que se forman en las baterias de Ni-Cd al producirse la inversiéon de la

polaridad de la celda).

Este tipo de baterias son mas respetuosas con el medio ambiente ademas tienen

una resistencia interna superior que limita su uso en aplicaciones de alta potencia.

Las baterias de Ni/MH no admiten una carga tan rapida como las de Ni-Cd, bajo
riesgo de deteriorarlas. Son sensibles al calor dado que con un sobrecalentamiento
puede producir gases internos y sobrepresiones dejando pasar escapes de electrolito y

pérdidas de estanqueidad, reduciendo la vida util de las celdas.

También es mas dificil de detectar el estado de carga total en las baterias de
Ni/MH, por lo que se recomienda el uso de cargadores que especifiquen su aptitud para

cargar baterias de Ni/MH, evitando asi sobrecalentamientos indeseados.

En estas baterias de Ni-Cd la cantidad de ciclos de carga y descarga oscila entre
los 1.000 y 1.500, contra 500 en las de Ni/MH.

Suprene
FAT 00 sy
2.6V Hi-cd

Ilustracion 18: Bateria Ni/MH
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4.9.5.3. Baterias de Ion-Litio(Li-Ion)

Las baterias Li-Ion poseen una elevada densidad de energia. Por esta razén tienen
menor peso en relacion a baterias de otro tipo de la misma capacidad. Se presentan en
placas rectangulares, de poco espesor, de menos de 0,5 cm, los que las hace

especialmente interesantes para integrarlas en dispositivos portatiles con poco espacio.

Presentan un alto voltaje por celda (cada unidad proporciona 3,6 voltios), carecen
de efecto memoria. Su descarga es lineal, es decir, que durante toda la descarga el
voltaje de la bateria apenas varia, lo que evita la necesidad de circuitos reguladores.
(Se debe tener en cuenta que esto puede ser una desventaja en algunos casos, ya que

hace dificil averiguar el estado de carga de la bateria).

Tienen una baja tasa de autodescarga. Cuando se guarda una bateria, ésta se
descarga progresivamente, aunque no se use. En el caso de las baterias de Ni/Mh, esta
autodescarga puede ser de un 20% mensual. En el caso de Li-Ion es de s6lo un 6%
(£0.01% diario).(Eduardo J. Carletti, 2016)

Ilustracién 19: Bateria Ion-Litio

4.10. MODELO MATEMATICO

El vuelo de un cuadricéptero se basa en la sustentacion producida por el impulso
del aire a través de sus hélices y en las maniobras logradas mediante el cambio de
velocidad de sus rotores. Se pueden ver los cuadricopteros como maquinas voladoras
con 6 grados de libertad, ya que se pueden desplazar y rotar sobre los tres ejes del
espacio tridimensional. Aunque esto sea asi, en un instante de tiempo dado, sélo se le

puede indicar al cuadricoptero cuatro movimientos diferentes.

Para conocer su orientacidn espacial se necesitan tres valores, los dngulos de Euler
(o angulos de vuelo). Estos angulos son la diferencia de orientacion que hay entre el
sistema de referencia terrestre (eje X apuntando al Norte, eje Y al Este y eje Z hacia

abajo), y el sistema de referencia de vuelo (eje X apuntando a la cabeza de la aeronave,
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eje Y a la derecha), y eje Z, perpendicular a ambos, apuntando hacia la parte de debajo
de la aeronave).

Xe

Ilustracién 20: Angulos de Euler

Se supone una situacidn inicial en la que los dos sistemas de referencia estan
alineados. El angulo Yaw, p es el angulo girado sobre el eje Z (de ambos sistemas pues
estan alineados), logrando girar los ejes X e Y del sistema de referencia de vuelo

respecto al de tierra. De forma que se obtienen los ejes Xvi e Yvi.

Yvi

Xt

Zt

Ilustraciéon 21: Giro en angulo Yaw
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A continuacién, se procede a girar sobre el eje Yvi, dando como resultado un
determinado angulo pitch (8) y logrando girar los ejes X y Z del vuelo, dando como

resultado los ejes Xv2y zvz.

Xv2
Yt

0 n Yvi

Xt

V2 gzt

Ilustracién 22: Giro en angulo Pitch

Finalmente, se gira alrededor del eje Xv2 dando como resultado un determinado

angulo Roll ¢, y los ejes Yvay zvs.

Xv2

Yt
6 n Yv3

Xt

Zv3 6 Zt

Ilustracion 23: Giro en angulo Roll

Las cuatro maniobras basicas de un cuadricdptero son las siguientes:

Desplazamiento vertical: Como su nombre indica, consiste en la traslaciéon sobre
el eje Z del espacio tridimensional (el eje vertical). Se logra incrementando o
disminuyendo la velocidad de todos los rotores a la vez, siempre y cuando mantengamos
la misma velocidad de rotacién en los cuatro rotores. Para elevar el cuadricoptero se

requiere incrementar la rotacion, y para descenderlo, disminuirla.
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Alabeo: Esta maniobra consiste en la rotacion sobre el eje longitudinal de la
aeronave (eje que va de la parte delantera a la parte trasera del cuadricdptero). En
nuestro caso (configuracién en +) se logra aplicando un determinado incremento en la
velocidad del rotor contrario al lado hacia el que se quiere girar, y disminuyendo el
mismo nivel de velocidad en el rotor contrario (el rotor del lado hacia el que queremos

girar).

e

Y —

(o)
¢
N

Ilustracion 24: Desplazamiento lateral

Cabeceo: Esta maniobra consiste en la rotacién sobre el eje transversal de la
aeronave, aunque en el caso de un cuadricoptero, al ser simétrico, so6lo se distingue del
eje longitudinal por lo que consideremos como parte delantera del aparato, o elevar o

bajar la cabeza (parte delantera) del cuadricéptero.

\J

Ilustracion 25: Desplazamiento longitudinal
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Guifada: Este movimiento consiste en rotar la aeronave sobre el eje vertical,
haciéndola girar sobre si misma a izquierda o derecha. Mientras giran a la misma
velocidad, el efecto torque (0o momento de fuerza) a derechas creado sobre el eje por
los motores a izquierdas, es contrarrestado por el torque a izquierdas creado sobre el
eje por los motores a derechas, logrando un momento de fuerza nulo sobre el conjunto
del cuadricoptero. Por eso, para girar a la derecha, se debe incrementar la velocidad de
los rotores que giran a la izquierda (ya que los ejes, y con ellos el conjunto, tienden a
girar al lado contrario) y disminuir en la misma medida los rotores que giran a la derecha

y viceversa para girar a la izquierda.

APM

Ilustracién 26: Guifiada

Estos son los giros y el desplazamiento que se puede indicar al cuadricoptero que
haga en un determinado instante de tiempo, pero écdmo se hace para desplazar el
drone hacia adelante, atrds o hacia los lados? Se tiene que mantener inclinado el aparato
durante un espacio de tiempo para lograrlo. Para el desplazamiento sobre el eje
longitudinal (adelante/atras), se debe mantener un cabeceo en el sentido en el que se
quiera desplazar (cabecear hacia abajo para avanzar, hacia arriba para retroceder), y
volver a una posicion horizontal cuando se desee detener el desplazamiento. Lo mismo
ocurre con el desplazamiento sobre el eje transversal (izquierda/derecha), aunque en
este caso, lo que se debe mantener es un alabeo a izquierdas o a derechas, dependiendo
del sentido en el que queramos desplazarnos. Con todas las estas maniobras, se puede

desplazar el cuadricéptero con total libertad por el aire.

Para calcular el Pitch y el Roll inicial, se tiene en cuenta que el cuadricdptero

empieza alineado con el sistema de referencia global. Primero es girado un determinado
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angulo Yaw (), luego un angulo Pitch(8) y luego un angulo Roll(¢). Una vez hecho esto
se da la siguiente situacion:

xb ye
e '

r

ze
zb o

Ilustracién 27: Sistemas de referencia siendo e la tierra y b el cuerpo del dron

El acelerémetro proporciona los componentes del vector de gravedad en el sistema
de referencia del cuadricoptero, por lo que se puede comprobar que sen(180°+8) es la
proyeccién de la gravedad sobre el eje X, y cos(8) la proyeccidon sobre el plano YZ.
Conociendo estos dos valores, se puede hallar el dngulo 6 gracias al uso del arctan,
puesto que ya se conoce el valor de tan(8) gracias al seno y al coseno. Por tanto, se

calcula el angulo Pitch de la siguiente forma:

0= arctan<

sen(—6) acelX
cos(9) )

= t P —
arc ij(|0, acelY,acelZ|

Ilustracién 28: Proyecciones para el calculo de Pitch

Para el calculo del Roll se sigue un proceso similar, pero en este caso se debe
tener en cuenta que el giro del Roll se ha hecho sobre un plano YZ desplazado del plano

vertical por la inclinacidon causada por Pitch. Por tanto, no se puede usar directamente
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las proyecciones del vector gravedad pues ninguna es del angulo ¢ que se quiere hallar.
De forma que, para contrarrestar la inclinacién de Pitch, se usa la proyeccién del vector
gravedad sobre el plano YZ (en adelante, gravedadYZ, cuyo médulo es cos(6)) como
vector gravedad, y podemos ver que el componente Y del vector gravedad es
cos(B)*sen(y), y el componente Z es a su vez cos(8)-cos(¢). Por lo tanto, se obtiene el

angulo Roll como se hizo antes con el Pitch:

cos(0) sen(c]))) acelY

¢ = arctan (cos(@) cos(6) are an(ace

xb

Ilustracién 29: Proyecciones para el calculo de Roll

Para calcular el valor de Yaw inicial, como el giro sobre el eje vertical no afecta a
las proyecciones del vector gravedad en el sistema de referencia del cuadricéptero, se
necesita la informacién proporcionada por el Magnetémetro. Sin embargo, aunque el
magnetometro senala al norte, lo hace en tres dimensiones, por lo que los valores que
proporciona no sirven directamente para conocer la desviacion existente en el plano
horizontal. Ademas, el norte tridimensional, no es un vector sobre el plano, si no que
apunta en parte hacia abajo; por lo tanto, aun no habiendo ni Pitch ni Roll, no se podrian

utilizar directamente los valores dados por el magnetometro.

xb

Ilustracion 30: Vector Norte en el sistema de referencia del cuadricoptero
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Para poder usar los valores del magnetémetro, se debe proyectar el norte
tridimensional sobre el plano horizontal rotado por el angulo Yaw. Es decir, se deben
obtener los componentes X e Y del vector norte sobre el plano horizontal logrado al girar

el de la tierra por un angulo y. Para ello se proyectan todos los componentes del vector
norte sobre el eje XV1:

ProyNorteX = magneX - cos(0) + magneY - Sen(db ) - Sen(8) + magneZ - Cos(¢p ) - Sen(0)
A continuacion, se realiza el mismo proceso sobre el eje Yv1:
ProyNorteY = magneY - Cos(¢p) — magneX - Sin(¢p )

Una vez obtenidos los componentes del vector norte sobre el plano girado, se
puede obtener el dngulo que hace el vector norte proyectado con el eje Xv1l por medio

del uso de la arcotangente. El dngulo Yaw es el negativo de este angulo:

ProyNorteY
ProyNorteX

Y = —arctan (

ze
zb 0
Ilustracion 31: Proyecciones para el calculo de Yaw
Una vez se tiene la posicion inicial, se puede calcular la orientacién actual mediante

la matriz de cosenos directores (DCM).

El algoritmo de la matriz DCM tiene como finalidad acumular todos los giros

realizados y dar la orientacién actual mediante dngulos de Euler.
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Ilustracién 32: Rotaciones no conmutativas

Las matrices de rotacion son matrices 3x3 que al ser multiplicadas por un vector

tridimensional sirven para girarlo en el espacio. Las basicas para el giro en los ejes X, Y
y Z son las siguientes:

1 0 0
Gx = (0 cos(p) —sen(¢)>
0 sen(d) cos(d)

cos(0) 0 sen(0)
Gy = < 0 1 0 >
—sen(B) 0 cos(0)

cos() —sen(Y) O
Gx = (sen(lp) cos(y) 0)
0 0 1

Si se gira el sistema de referencia primero en Z, luego en Y y luego en X, se
obtiene la siguiente matriz:

cosBcos(y) sen(dp)sen O cosP — cos(Pp) sen(P) cos(d) sen 6 cos(P) + sen(dp)sen(y)
R = cosOsen(y) sen(d)senBseny + cos(d)cos(P) cos(dp)sen 6 sen Y — sen(Pp)cos(P)
—sen (0) sen(¢) cos(0) cos(¢) cos(0)

Esa es la matriz de cosenos directores, y aunque se multipliquen mas matrices de
giro por ella, siempre mantiene esta estructura, pudiendo obtener los angulos de vuelo
(en cualquier momento) de la siguiente manera:

_ cos B sen Y
Y = arctan (cos 0 cos(tb))
0 = —arcsin (—sen 0)
_ sen(¢p)cos(0)
¢ = arctan ( cos(¢dp)cos(0) )
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Esta ecuacidén sirve para pasar vectores del sistema de referencia de vuelo al de
tierra y viceversa; siendo las columnas de la matriz los ejes X, Y y Z de vuelo en el
sistema de referencia de tierra, y las filas los ejes X, Y y Z de tierra en el sistema de
referencia de vuelo. Por tanto, para representar un vector del sistema de referencia de
tierra en el sistema de vuelo, se debe multiplicar por la DCM; y en caso de querer pasar
un vector del sistema de vuelo al de tierra, se debe multiplicar por la inversa de la
DCM.(Omar Luque Rodriguez, 2014)

4.11. LEGISLACION

4.11.1. Marco regulatorio

La primera norma reguladora del uso de drones en Espafia se recoge en el Real
Decreto-ley 8/2014, de 4 de julio.

Sin embargo, dicho Real Decreto-ley dio lugar a la tramitacion parlamentaria de
un proyecto de ley que ha acabado siendo la Ley 18/2014, de 15 de octubre, de
aprobacion de medidas urgentes para el crecimiento, la competitividad y la eficiencia
("Ley 18/2014").

La Ley 18/2014 incluye en su art. 50 determinadas disposiciones respecto de las

aeronaves civiles pilotadas por control remoto ("UAVs", en sus siglas en inglés).

Asimismo, la Ley 18/2014 modifica la Ley 48/1960, de 21 de julio, de Navegacion

Aérea para incluir en la definicion de aeronaves las UAVSs.

4.11.2. Regulacién de las UAV y operaciones

Las principales cuestiones relativas a las UAVs que se regulan en el art. 50 de la

Ley 18/2014 son las siguientes:

4.11.3. Inscripcion e identificacion:

Las UAVs con masa maxima de despegue superior a 25 kg deberan constar en el
Registro de Matricula de Aeronaves y contar con una placa de identificacion de la

aeronave y su operador.
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4.11.4. Destino:

Las UAVs podran destinarse a operaciones especializadas (también conocidas
como trabajos aéreos), tales como investigacion, fumigacién, fotografia, vigilancia,
patrulla, publicidad, lucha contra incendios o salvamento, asi como a trabajos

cientificos.

4.11.5. Condiciones de operacion:

Dependiendo de la masa de despegue y de si la operacidon esta dentro del campo
visual del piloto, se establecen determinados limites de distancias y de altura, asi como
restricciones para su uso en nucleos urbanos y en las proximidades de aeropuertos y

aerédromos.

En todo caso, los vuelos deberan realizarse de dia y en condiciones meteoroldgicas

visuales.

Las operaciones requieren de una determinada documentacion, incluyendo un
manual de operaciones, un estudio aeronautico de seguridad, la superacién de vuelos
de prueba, programas de mantenimiento, medidas de proteccién frente a interferencias

ilicitas y medidas de proteccion de las personas y los bienes.

Estos requisitos se relajan en parte en determinadas condiciones si se trata de

vuelos de prueba, de demostracién, de investigacion, de desarrollo o de I+D.

4.11.6. Acreditacion de pilotos:

Los pilotos deben obtener la correspondiente licencia y demostrar conocimientos
teoricos, ademas de cumplir con otra serie de requisitos (edad minima, segun el tipo de
UAV vy el tipo de operacion deberan recabar un certificado basico o un certificado

avanzado, certificado médico).

4.11.7. Habilitacion para las operaciones:

Dependiendo del tipo de UAV, se precisara un tipo de habilitacién distinto:

UAVs con masa de despegue que no exceda de 25 kg: bastard una comunicacion
previa, junto con una declaracién responsable, a presentar con 5 dias de antelacién al
inicio de la operacién. La documentacion debera presentarse ante la Agencia Estatal de
Seguridad Aérea ("AESA").
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UAVs con una masa de despegue superior a 25 kg: se requiere autorizacion previa.
La autorizacion debe solicitarse a AESA y, en caso de no obtener resolucién expresa, se

entendera desestimada por silencio administrativo.

En ambos casos, la vigencia de la habilitaciéon serd por tiempo indefinido, salvo

modificacion de las caracteristicas de la operacion.

4.11.8. Vuelos en caso de situaciones de riesgo,
catastrofes o calamidades publicas:

Se permite la operaciéon de UAVs sin habilitacién siempre que se cumplan las
condiciones de operacion, bajo responsabilidad del operador y cuando asi le sea

requerido por la autoridad competente.

4.11.9. Otras cuestiones

Al margen de las cuestiones reguladas en la Ley 18/2014, la operacion de las UAVs
requiere, ademas, del uso del espectro radioeléctrico, debiendo estar a las disposiciones
contenidas en la normativa sectorial de telecomunicaciones. Asimismo, deberan

observarse las cuestiones relativas a la normativa de protecciéon de datos personales.

Autor: Mario Urgel Garcia - 35 -
424.16.31



Disefio de un dron de vigilancia controlado de forma
remota por teléfono movil : » -

Disefio mecanico

5. DISENO MECANICO

5.1. CALCULOS Y ELECCION DE HELICE Y MOTOR

A continuacién, se va a proceder a realizar el disefio mecanico del dron. Para ello,
se va a hallar el empuje necesario para levantar el peso total de la estructura y, en

funcién de ello, escoger un motor comercial y unas hélices para incorporarlos al sistema.

En primer lugar, se determina el empuje necesario, para ello se multiplica el peso
de la estructura por la relacién empuje/peso del dron, en este caso la misma es 0,6 ya
gue realiza un vuelo a escala, siendo 3 Kg la masa que deberia levantarse para que no
hubiera ningln problema, al haber 4 motores (cuadricoptero) se divide el empuje para
4:

empuje

empuje = (peso - (relacic')n ))/4 = (3Kg-0,6)/4 = 0,45Kg

peso

Posteriormente, se determina la relacién potencia/empuje, de forma que la

velocidad estimada para este tipo de vuelos es de 60 Km/h como maximo:

., potencia . 60K
Relacion —— = 0,0023 - velocidad + 0,021 = 0,0023 -
empuje h

m
+ 0,021 = 1,401

Con los resultados obtenidos se halla la potencia:
Potencia = Empuje - (Relacion potencia/empuje) = 0,45Kg - 1,401 = 0,63W
Con la velocidad escogida, se escoge un paso, en este caso 3 y una tension de
alimentaciéon que sera 12 V, de este modo se halla el Kv del motor:

_ Velocidad - 1000 _ 601000

Kp = - = 27.77K
V=760V -Paso 60-12-3 VRV

Por ultimo, se halla la relacién diametro x paso de las hélices:

D.P=179. |7PYe _ 179 045 o8
I Kv-v " 27,77 -12 °

De este modo se ha elegido para el dron los siguientes motores y hélices:

e Motor DYS BE 1806 2300Kv(DYS, 2016)
e Hélices Gemfan 6030 de fibra de carbono, paso 3 y 6”(Gemfan, 2016)

De tal forma que se genera un empuje de 0,485 Kg cada motor, suficiente

para el dron a disefiar.

- 36 - Autor: Mario Urgel Garcia
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5.2. DISENO EN 3D

Una vez realizados los calculos necesarios para hallar motor y hélices, se va a
realizar un disefio en 3D del dron, para ello se ha utilizado el software Autodesk

Inventor.

Se ha utilizado una estructura en forma de aspa, ya que es la mas adecuada para
tomar imagenes con una camara y alojar la electrénica en la parte central. El disefio

estd basado en otros cuadricopteros con camara del mercado, como son:
¢ Syma X8C (Syma, 2016)
e XK X251(Perlman, 2016)

e HiSky HMX260(Drone Flyers, 2015)

Ilustracién 33: Disefio en 3D del dron

Autor: Mario Urgel Garcia -37 -
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La estructura en su mayor parte sera de aluminio 6061, ya que este material

aporta tanto ligereza como resistencia. Las dimensiones y la disposicién de componentes

electréonicos y camara seran las siguientes:

Tl

v

COMPONENTES ELECTRONICOS o
)}

\ CAMARA

150 mm

Ilustracién 34: Disposicion de componentes electrdnicos y altura dron
Como se puede observar, la parte electrénica ird alojada en la parte superior del
dron, mientras que la cdmara, que ira conectada a la misma, se situara en el espacio
situado entre los brazos estructurales y el tren de aterrizaje. La altura es de 150 mm,

se ha buscado que no sea excesivamente alto para ser mas eficiente aerodindmicamente

y disminuir su resistencia al aire.

Ilustracion 35: Dimensiones ancho y largo dron

Autor: Mario Urgel Garcia
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Las dimensiones de ancho y alto son de 620 mm, de este modo se intenta, junto
con su altura, conseguir un dron lo mas estable posible para favorecer las maniobras

necesarias una vez se encuentre el mismo en el aire.

De este modo, la estructura del dron consta de las siguientes partes:

5.2.1. Brazos del cuadricdptero

Una de los elementos mas importantes en la estructura son los brazos del dron,
donde se sitlan a un extremo el soporte para motores, que a su vez van acoplados a

las hélices y el otro extremo va roscado a la parte central donde se sitla la parte
electrénica.

Ilustracion 36: Brazo del cuadricoptero

El dron consta de cuatro brazos, siendo perfiles de Aluminio 6061 fabricados por
extrusion, cada uno consta de las siguientes dimensiones:

LT 5]

14 mm

imm

Ilustracion 37: Dimensiones brazos cuadricoptero

Autor: Mario Urgel Garcia -39 -
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5.2.2. Base superior

Esta pieza se sitla en el centro de la estructura, encima de la misma se sitta la
parte electrénica y en ella van atornillados tanto los brazos como las varillas que sujetan

la cruceta superior.

Ilustracion 38: Base superior

Al igual que la mayoria de la estructura, su material es Aluminio 6061 y esta

fabricada mediante corte por chorro de agua. Dispone de las siguientes dimensiones:

1,6 mm

Ilustracién 39: Dimensiones base superior
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5.2.3. Base inferior

Este componente va atornillado tanto al tren de aterrizaje como a los brazos,

actuando como unién de ambos al resto de la estructura.

Ilustracion 40: Base inferior

Al igual que la base superior, esta fabricada de Aluminio 6061 mediante corte por

chorro de agua teniendo las siguientes dimensiones:

Ilustracién 41: Dimensiones base inferior

Autor: Mario Urgel Garcia -41 -
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5.2.4. Soporte de motores

Son las piezas que se situan en los extremos de cada brazo del cuadricéptero y

sobre las que se situan los motores.

Ilustracion 42: Soporte motores

Cada soporte consta de dos piezas de polietileno de alta densidad fabricadas por

extrusion, estando atornilladas entre ellas y al brazo del dron. Estos componentes tienen

estas dimensiones:

R21
- .
O) g [Z EE
&
6 mim k
E £
E £
& =

©
©

Ilustracion 43: Dimensiones alzado soporte motores
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3 mm

16 mm

m

Im

3mm

Ilustracion 44: Dimensiones planta soporte motores

5.2.5. Tren de aterrizaje

Es la parte inferior de la estructura del cuadricéptero, se encuentra atornillado a

la base inferior central de la estructura y esta formada por dos piezas.

Ilustracion 45: Tren de aterrizaje

Autor: Mario Urgel Garcia -43 -
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De esta forma, tanto el material del tren inferior como de los soportes que lo unen
atornillado a la base inferior de la estructura estan fabricados a través de un proceso de
extrusion, siendo unidos mediante soldadura, ambos son de aluminio 6061 al igual que

la mayoria de la estructura. Sus dimensiones son:

80 mm

R25 mm

R45 mm
ap
&
i:.'J
/4;/-/., (339.‘3 mm
64 mm
R6 mm

Ilustracion 46: Dimensiones alzado tren de aterrizaje
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198 mm

Ilustracion 47: Dimensiones planta tren de aterrizaje
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5.2.6. Cruceta superior

Esta pieza se sitla encima de la estructura, atornillada a las varillas roscadas que
a su vez van atornilladas a la base superior, sirve como protecciéon de la parte electrénica
que se situara debajo.

Ilustracion 48: Cruceta superior

Esta pieza esta fabricada de aluminio 6061 mediante corte por chorro de agua, a

continuacion, se observan sus dimensiones:

1,6 mm
(o}
-3 =
| '9/8 32UNC-2B @ E
. =
T | r
116 mm
L 132 mm N
Ilustracion 49: Dimensiones cruceta superior
Autor: Mario Urgel Garcia -45 -
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6. DISENO ELECTRONICO

6.1. SELECCION DE COMPONENTES ELECTRONICOS

El siguiente proceso que se va a llevar a cabo en el disefio es el correspondiente
a la parte electrénica del cuadricéptero. Para ello en primer lugar se escogen los
componentes electrénicos que mas se ajusten a las caracteristicas buscadas, de esta

forma se han seleccionado los siguientes:

e Microcontrolador: NodeMCU, kit basado en el médulo ESP8266(Prat Vera,
2016).

e GPS: Neo-6M(Ublox, 2016) junto con una EEPROM 24AA32A1 para lectura
de datos(ST, 2009)

e Acelerometro, giroscopio y magnetometro: LSM 9DS0(ST, 2013)

e Camara Wi-Fi Xiaomi YiCam(Xiaomi, 2016)
6.2. DISENO DE CIRCUITO ELECTRONICO

Una vez realizada la seleccién de componentes, se procede a realizar el disefio del
circuito electrénico del cuadricoptero, teniendo en cuenta las salidas de los pines del kit
NodeMCU:

.,,,,,,
A AR RN

s | O (DD 0000 B

™ GND [“jl b el ~'7 owouH RXD2 H HSPID ] SP'
) y
3v3 = —— = » GPIO1S H TXD2 H wspics |
@™ EN L K
pdeTee NODEMCU J]0FDR
y @@ DEVKIT V0.9 5%
@ ovo G ., gl “ono
I - V3 @
Ilustracion 50: Salidas de pines de NodeMCU
- 46 - Autor: Mario Urgel Garcia
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En la siguiente tabla se recogen las diferentes formas de inicio de la placa
dependiendo de afiadir un 1 o 0 légico a GPIO0, GPIO2 y GPIO13.

Funcion
Puerta GPIOO GPIO2 GPIO13
UART Download 0 1 0
Flash Startup 1 1 0
SD-Card Boot 0 0 1

Tabla 1: Configuracion de inicio de NodeMCU

Para este caso, el inicio necesitado es Flash Startup, de tal forma que se afiade en

el circuito la combinacion necesaria para el mismo.

Para conectar los drivers de los cuatro motores, se necesitan unos buffer que van

a las salidas PWM del microcontrolador, las mismas son:

e [012: PWMO
e 1013: PWM1
e [1014: PWM2
e 104:PWM3

Siendo los buffer seleccionados unos Texas SN74LV1T34(Texas Instruments,
2014) y los drivers de motores unos DYS SN36A(DYS, 2016)

La salida PWM13 al ir a masa para insertar un 0 ldgico, se conecta también a una

entrada de buffer.

Estos requisitos hacen que no se disponga de entradas digitales suficientes para
conectar el acelerémetro, necesitando un médulo de expansion de entradas y salidas,

para ello se ha seleccionado un Microchip MCP23008(Microchip, 2007).
Para la alimentacion del circuito, se han seleccionado los siguientes componentes:

e Cargador de baterias MAX 1926(Maxim, 2002)

e Convertidor 3V3 LP2980(Texas Instruments, 2016)

e Convertidor 5V Tracopower TEN5-1211(TracoPower, 2015)

e Fuente de alimentacion Meanwell P5-35-13.5(Meanwell, 2007)
e Baterias Zippy FlightMax 8000mAh(ZIPPY, 2016)

El convertidor 3V3 tiene dos modos para ajustar la salida de tensién del circuito:
el modo ajustable y el modo fijo a 3,3V, en el modo ajustable se tiene el siguiente

circuito:

Autor: Mario Urgel Garcia -47 -
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e R
12V L L FB
DC Input? 3 L1 2.5V/2A
Qutput 39uH Qutput Load
o— 1 AP1509 2 P AV p
l Vin Inductor
4 5 6 T 8
C 3 sp  [enD|eMD|GHD [GhD l_ﬂ_l D1 L c
] =1 — o
Capacitor SEhGHkY Capacitor
Diode

Ilustracion 51: Circuito tension de salida ajustable convertidor 3V3

De forma que mediante la siguiente ecuacion se puede modificar la tensién de

salida en funcién de los valores escogidos para las resistencias R1 y R2:
R1
Vour =Vrp - (1 + E)

Como en este caso se busca tener una tensién de salida de 3,3V, que es la obtenida
por el modo de circuito fijo, se utiliza este tipo de circuito, eliminando las resistencias
R1y R2:

FB
D{;f:put 3 L1 3.3VI2A
) Output 47uH Output Load
o _ ; AP1509- Y N
Ving 33 Inductor
4 4 5 6 7 8 +

Cin S0 [GND|[GND|GND|GND I_A_I D1 T Co

Capacitor Schottky Diode Capacitor
Ilustracion 52: Modo de tension fijada a 3,3V convertidor
- 48 - Autor: Mario Urgel Garcia
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El cargador de baterias viene dado por el siguiente circuito, por medio del cual se
van a seleccionar diversos componentes para adaptarlo a las caracteristicas buscadas y

haciendo que su funcionamiento sea el correcto:

Lo 140 .
Il.lul p—
= h T
wm| el oo
A5 FOR M1 005
4750 FOR MAXI DS
_> AN
K :
; _
. 1 Rz
i | Siiia
| MACESONY | A1AXM s 5
. MA¥razs
MAKiaes t
T
L~
2 ] -
L — o
ACOH 4:_5
<
BATT = N ,/4‘—}
S+ =
N T
BT ?}
A S
: 3
- >
— = -
w7 3
i
| AL i
e e [ |- 2 Dl =
TN _C'E o {6 .
ik S

[£24 J:IZ‘I:I

Ilustracion 53: Circuito cargador de baterias

En primer lugar, se va a hallar el incremento de corriente de carga, para ello se
sabe que la tensidn de entrada Vin es 13,5V y la de las baterias Vbatt es 12V, siendo la
L seleccionada de 10 uH y el tiempo de retardo (delay) 300 ns se tiene:

Vin — 2 Vpare) - taelay _ (13,5V —2-12V)-300-107%s — _15754
2-L 2-10-10"%H

AIChg b

Al ser negativo el resultado, la corriente de carga ha disminuido 1,575 A.

Ahora se va a comprobar que la inductancia seleccionada es compatible con el

circuito a través de la siguiente ecuacion:

Vin = 2+ Voar) * taetay (13,5V — 2 - 12V) - 300 - 10~

; ;L>1-10"°H
2 Mg 2-(—1,5754)

L>
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De forma que la inductancia escogida de 10 uH cumple las condiciones.

En el condensador de salida se recomienda uno de 10 uF que es el seleccionado

para este caso.

Para el transistor MOSFET se ha elegido uno con baja resistencia drenador-fuente,

en este caso 1,2 Ohmios.

Para alargar el tiempo de vuelo del dron, se ha decidido colocar dos baterias en
paralelo teniendo 16000 mAh, de forma que se mejora la autonomia sin verse
comprometido el peso, siendo el consumo de los motores de 64 A y el de la cdmara 750
mA se obtiene:

Capacidad bateria 16000 mAh
Consumo componentes  64000mA + 750 mA

Autonomia = = 0,247 h =14 min49 s

A continuacién se halla el tiempo de carga, siendo la corriente de entrada de la
fuente de alimentacion de 2,3 A:

Capacidad bateria 16000 mAh

= =61 = 9min 1
Corriente de entrada 2600 mA 615h =6h9min13s

Tiempo de carga =

Posteriormente, se procede a realizar el disefio del circuito mediante el software

KiCAD, quedando de la siguiente manera:

- 50 - Autor: Mario Urgel Garcia
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Ilustracion 54: Circuito electrénico cuadricéptero
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6.3. DISENO DE PLACA DE CIRCUITO IMPRESO

Una vez realizado el disefio del circuito electronico con KiCAD, se realiza a través
del mismo la PCB (Placa de Circuito Impreso), para ello se acude a la herramienta

PCBNew, donde se realiza el conexionado de las mismas, obteniendo la siguiente placa:

L b b LaTd
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» L ERRLIRD " gy e
g Sk e
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el
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Ilustracion 55: PCB Cuadricoptero
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En la placa pueden apreciarse las dimensiones y agujeros en los que va atornillada
a la base superior del dron. Las pistas de los componentes electrénicos son de 0,3 mm,
suficientes ya que es muy baja la corriente de funcionamiento de estos elementos,
mientras que las de alimentacién de motores son de 7 mm para soportar la corriente de
16 A necesaria. La misma se ha hallado por medio de la siguiente formula, donde K es
un coeficiente que vale 0,048, H el grosor fijado a 0,07mm y dT el aumento de

temperatura en grados C:

w w
I=K-dTo% . (g H)*7%%,164 = 0,048 - 10C** - (- 0,07mm)*7?%; W = 6,87mm — 7mm

6.4. BASE DE CARGA

El dron ird situado en una base que permitira cargar las baterias mientras el
sistema se encuentre en reposo, de esta forma se busca optimizar el tiempo de espera
y que el cuadricoptero se encuentre con la bateria suficiente en el momento de realizar
cualquier tipo de ruta. La base serd de madera e incluird dos pistas conectadas al
transformador de corriente anteriormente seleccionado, de modo que, al situar el dron
encima, éste se cargue al disponer de un tren de aterrizaje metdlico cableado

directamente al cargador de baterias.

Ilustracion 56: Cuadricoptero y base de carga

- 54 - Autor: Mario Urgel Garcia
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La base de carga dispondra de las siguientes dimensiones:

10 mm
10 rm
—-1-'-—

200 mm
B
|-}
F
g| E
sl =
et
5

L8
i) il

Ilustracién 57: Dimensiones base de carga

6.5. DISENO DE SOFTWARE DE CONTROL

Por Ultimo, se va a realizar el disefio de software del cuadricéptero, para ello en
primer lugar se disefia los UML de casos de uso, posteriormente los UML

correspondientes a diagramas de actividad y finalmente el disefio de la aplicacion en

Android.

6.5.1. Diagramas de casos de uso

Estos diagramas UML se han dividido en tres bloques principales: Dron,

Smartphone y Sistema de Seguridad.

Autor: Mario Urgel Garcia - 55 -
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6.5.1.1. Dron
En primer lugar, se ha reflejado el proceso llevado a cabo por el dron cuadricéptero
en su interaccién con el usuario a la hora de realizar su procedimiento habitual de

funcionamiento

. Encender dispositivo

Afiade ruta

Usuario
Recibe ruta

Y,

Aviso bateria
W,

Activa GPS
Y,

Enciende cdmara
NG

Enciende motores
~E

Realiza vuelo

. . <t
Realiza grabacion Dron

4
Termina vuelo

I

Apaga motores
o
Apaga GPS
A
Sincroniza video y fotos con app

/S

Apaga cdmara

Ilustracion 58: Diagrama de casos de uso Dron
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6.5.1.2. Smartphone

Posteriormente, se ha disefiado el proceso de interaccion del dron cuadricéptero

con el Smartphone en el que se encuentra la aplicacion mediante la cual se realiza el

proceso de vigilancia remota.

Usuario

Envia ruta

Smartphone
Recibe alertas

/X
Recibe grabacion

Recibe info GPS

Captura foto intruso

Ilustracion 59: Diagrama de casos de uso Smartphone
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6.5.1.3. Sistema de seguridad
Por ultimo, se ha descrito el proceso llevado a cabo por el sistema de vigilancia

que realiza habitualmente el cuadricoptero interactuando con las barreras infrarrojas

Informacion barreras infrarrojas
Realiza ruta
X
Envia alertas

instaladas en el recinto a vigilar.

Sistema seguridad

Envia grabacion

Envia info GPS

Ilustracién 60: Diagrama de casos de uso Sistema de seguridad

- 58 - Autor: Mario Urgel Garcia
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6.5.2. Diagramas de actividad

Una vez realizados de forma general los UML de casos de uso, se realizan los

diagramas de actividad detallando cada proceso existente en los mismos.

6.5.2.1. Encender dispositivo

Encender dispositivo

Nombre: Encender dispositivo

Descripcion: El usuario activa el sistema situado en su
base de carga (home).

Actores: Usuario, dron (sistema).

Casos de uso relacionados: Dron

Usuario: Sistema:
1.-El usuario activa el 2.-El sistema carga
dispositivo

Tabla 2: Diagrama de actividad Encender dispositivo

éDron encendido?
iR

iSl’

Activar dispositivo

Ilustracion 61: Diagrama de actividad Encender dron

Autor: Mario Urgel Garcia - 59 -
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6.5.2.2. Ahadir ruta

Afadir ruta

Nombre: Afadir ruta

Descripcién: El usuario afiade una ruta GPS mediante el
smartphone y ésta es asignada a una barrera infrarroja
del sistema de seguridad, a continuacion es enviada al

dron.

Actores: Usuario, smartphone, dron (sistema).

Casos de uso relacionados: Dron, smartphone, sistema
de seguridad

Usuario: Sistema:
1.-Afade ruta 4.-Recibe ruta
2.-Asigna ruta
Smartphone:
3.-Envia ruta

Tabla 3: Diagrama de actividad Ahadir ruta

! ¢Hay ruta?

iNo

Anadir ruta

Si

Asignar ruta

Recibe ruta

1HE

Ilustracion 62: Diagrama de actividad Afadir ruta
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6.5.2.3. Aviso de bateria

Aviso bateria

Nombre: Aviso bateria

Descripcion: Cuando la bateria no es suficiente envia un
aviso al smartphone del usuario, ordenando al dron, en
caso de encontrarse en pleno vuelo, a volver a la base
de carga.

Actores: Smartphone, dron (sistema).

Casos de uso relacionados: Dron

Smartphone: Sistema:

3.-Recibe aviso 1.-Bateria baja

2.-Manda aviso

Tabla 4: Diagrama de actividad Aviso de bateria

i Bateria OK?

o

¢Dron en vuelo?

No

Si

47

Volver a base

:

Manda aviso <

o

Ilustracion 63: Diagrama de actividad Aviso de bateria

Autor: Mario Urgel Garcia -61 -
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6.5.2.4. Informacion GPS

Informacién GPS

Nombre: Informacién GPS.
Descripcion: En todo momento, el sistema envia

informacidn via GPS sobre su posicidn en ese instante.

Actores: Usuario, dron (sistema).
Casos de uso relacionados: Smartphone, sistema de

seguridad.

Smartphone: Sistema:
2.-Recibe info GPS 1.-Envia info GPS

-62 -

Tabla 5: Diagrama de actividad Informacién GPS

Envia info GPS

Recibe info GPS

Tabla 6: Diagrama de actividad Informacién GPS

Autor: Mario Urgel Garcia
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6.5.2.5. Grabacion

Grabacioén

Nombre: Grabacién

Descripcidn: La cdmara incluida en el dron filma la ruta y,
una vez terminada ésta la envia mediante Wi-Fi al
smartphone.

Actores: Smartphone, dron (sistema).

Casos de uso relacionados: Smartphone, sistema de

seguridad
Smartphone: Sistema:
3.-Recibe grabacion 1.-Realiza grabacion

2.-Envia grabacion

Tabla 7: Diagrama de actividad grabacion

Realiza grabacion

Si éAlerta?

Manda aviso

Recibe aviso

L

Ilustraciéon 64: Diagrama de actividad Grabacion

Autor: Mario Urgel Garcia -63 -
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6.5.2.6. Realizar ruta

Realizar ruta

Nombre: Realizar ruta

Descripcion:El dron, una vez recibe informacion de las
barreras infrarrojas, enciende los motores y comienza el
vuelo de la ruta correspondiente por puntos GPS a la
barrera asignada.

Actores: Dron (sistema).

Casos de uso relacionados: Sistema de seguridad.

Sistema:

1.-Lee punto GPS

2.-Sube o baja hasta la altura del préximo punto
3.-Realiza el giro necesario para ir al siguiente punto
4.-Acude al siguiente punto en linea recta

Tabla 8: Diagrama de actividad Realizar ruta

¢Es el ultimo punto de la
ruta?

Si

Leer siguiente punto

Sube/baja

Linea recta

Ilustracién 65: Diagrama de actividad Realizar ruta

- 64 - Autor: Mario Urgel Garcia
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6.5.2.6.1. Distribucion de motores
Para realizar los movimientos de sube/baja, giro y linea recta, se ha de tener en

cuenta que la disposicion de motores del dron es la siguiente:

|
| MOTOR 2
|
|
|
|

MOTOR 4 MOTOR 3

Ilustracién 66: Disposicién motores cuadricoptero

Autor: Mario Urgel Garcia - 65 -
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6.5.2.6.2. Sube/Baja

Mot. 2 Giro

Antihorario

‘N
\ &

, ¢Altura mas o menos?
Mas ‘

LMenos

Mot.4 Giro
Antihorario

Mot. 1 Giro Horario Mot.3 Giro Horario

Altura suficiente?

o

Menor Intensidad a
los 4 motores

Y

Mayor Intensidad a

los 4 motores

¢Altura suficiente?
No

A 4

Ilustracion 67: Diagrama de actividad sube/baja

- 66 - Autor: Mario Urgel Garcia
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6.5.2.6.3. Girar

Mot.4 Giro
Antihorario

Mot. 2 Giro

Mot. 1 Giro Horario Mot.3 Giro Horario

Antihorario

v
Si ¢Giro suficiente?
No

éPunto en giro horario u

Horario . .
antihorario?

LAntihorario

Menor Intensidad

Mayor Intensidad

Motores 1y 3 Motores 2y 4

v

¢Giro suficiente?
No

Si

»

Ilustracion 68: Diagrama de actividad Girar

Autor: Mario Urgel Garcia -67 -
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6.5.2.6.4. Linea recta

Mot. 1 Giro Horario MOJ.(' e G|r.o Mot.3 Giro Horario Mo.t.4 GII‘.O
Antihorario Antihorario

Mayor Intensidad
Motores 3y 4

Ilustracién 69: Diagrama de actividad Linea recta

- 68 - Autor: Mario Urgel Garcia
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6.5.2.7. Alertas

Alertas

Nombre: Encender dispositivo

Descripcion: Al observar intruso envia alerta al
smartphone del usuario.

Actores: Smartphone, dron (sistema).

Casos de uso relacionados: Smartphone, sistema

seguridad
Smartphone: Sistema:
2.-Recibe alertas 1.-Envia alertas

Tabla 9: Diagrama de actividad Alertas

Si éAlerta?

iNo

Manda aviso

Recibe aviso

L

Ilustracién 70: Diagrama de actividad Alertas

Autor: Mario Urgel Garcia - 69 -
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6.5.2.8. Informacion barreras infrarrojas

Info barreras infrarrojas

Nombre: Info barreras infrarrojas

Descripcidn: Las barreras infrarrojas del recinto tienen
asignada cada una de ellas una ruta por parte del
usuario, una vez haya sido atravesada, esa barrera se
comunica via Wi-Fi con el dron, de forma que éste
establece la ruta.

Actores: Sistema de seguridad, dron (sistema).

Casos de uso relacionados: Sistema de seguridad.

Sistema de seguridad: Sistema:
1.-Envia info barrera 2.-Recibe info
3.-Establece ruta

Tabla 10: Diagrama de actividad Informacion barreras infrarrojas

¢Barrera superada?

No%

Recibe info

Establece ruta

Ilustraciéon 71: Diagrama de actividad Informacion barreras infrarrojas

- 70 - Autor: Mario Urgel Garcia
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6.5.2.9. Foto intruso

Foto intruso

Nombre: Foto intruso

Descripcion: Al realizar la ruta, y en caso de detectar un
extrafio, realiza una fotografia del mismo, que una vez
terminada la ruta es enviada via Wi-Fi al smartphone del
usuario..

Actores: Smartphone, dron (sistema).

Casos de uso relacionados: Smartphone, sistema

seguridad.
Smartphone: Sistema:
3.-Recibe foto intruso 1.-Toma foto intruso

2.-Envia foto intruso

Tabla 11: Diagrama de actividad Foto intruso

éIntruso?

Toma foto

Recibe foto

Tabla 12: Diagrama de actividad Foto intruso

Autor: Mario Urgel Garcia -71 -
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6.5.3. Disefio de aplicacion mdvil Android

Finalmente, se ha realizado el disefio de la aplicacién mdvil de vigilancia del
cuadricoptero, en la cual se podra controlar la zona de forma remota por medio de un

Smartphone con Android que se sincronizara via Wi-Fi con el cuadricéptero.

6.5.3.1. Menu inicial

En él se puede acceder a diferentes funciones, tales como encender y apagar el
sistema, consultar el estado de la ruta, ver las alertas recibidas, acceder a las rutas que

realiza el sistema asi como a las fotos de intrusos tomadas o los videos grabados.

VIDEOVIGILANCE DRONE APP

ESTADO
ON/OFF
ALERTAS RUTAS

FOTOS VIDEOS

Ilustracion 72: Menu inicial App Android

-72- Autor: Mario Urgel Garcia
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6.5.3.2. Estado ruta

En esta pantalla se puede observar en tiempo real la situacién del dron respecto
a la ruta que esta realizando por medio de GPS.

ESTADO RUTA GPS

Ilustracion 73: Estado ruta GPS Aplicacion Android

6.5.3.3. Alertas

A través de esta seccién se puede observar las alertas enviadas por el sistema,
como puede ser el momento en el que ha encontrado un intruso o si la bateria es
insuficiente para el recorrido a realizar.

ALERTAS

26/10/2016 17:55 BATERIA INSUFICIENTE
29/18/2016 22:34 INTRUSO DETECTADO
@3/11/2016 23:57 INTRUSO DETECTADO
85/11/2016 83:08 INTRUSO DETECTADO

Ilustracion 74: Alertas Aplicacion Android

Autor: Mario Urgel Garcia -73 -
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6.5.3.4. Rutas

En esta pantalla el usuario tiene la opcidén de afiadir una nueva ruta o asignar una

ruta al verse atravesada una barrera infrarroja del recinto.

ANADIR RUTA ASIGNAR RUTA

g wowesc: s o
ANADIR

BARRERA INFRARROJA
&

UBICACION:

ASIGNAR : Mountain

W12 tvend ve View

1
-—
ENTRADA

GUARDAR

< ( O

Ilustracion 75: Rutas Aplicacién Android

6.5.3.5. Fotografias

A través de esta opcién se pueden observar las fotografias que ha tomado el

sistema al observar un intruso.

FOTOGRAFIAS

Ilustracién 76: Fotografias Aplicaciéon Android

-74 - Autor: Mario Urgel Garcia
424.16.31



Disefio de un dron de vigilancia controlado de forma

remota por teléfono movil

Disefio electrdnico

6.5.3.6. Videos

Por ultimo, por medio de este menu se accede a las grabaciones realizadas por la

camara durante el recorrido realizado.

Ilustracion 77: Videos Aplicacion Android

Autor: Mario Urgel Garcia -75 -
424.16.31



Disefio de un dron de vigilancia controlado de forma
remota por teléfono movil : » -

Conclusiones y lineas futuras

7. CONCLUSIONES Y LINEAS FUTURAS

/7.1. CONCLUSIONES

Las conclusiones que se han podido extraer de este trabajo fin de grado (TFG) han

sido las siguientes:

e Se ha disefado el sistema completo de un dron cuadricdptero de vigilancia

con el analisis de componentes y funciones y la cohesién entre ellos.

e Se ha realizado el disefio mecanico del cuadricoptero, de tal forma que se
ha estudiado el equilibrio entre durabilidad de sus componentes y ligereza,

todo ello por medio del software Autodesk Inventor.

o El disefio de la placa de circuito impreso ha sido llevado a cabo mediante

el software KiCad por medio de su herramienta PCBnew.

e La placa de circuito impreso ird atornillada en la base superior del
cuadricoptero, y a su vez cableada a las patas del tren de aterrizaje que se
encuentran en contacto con la base de carga, que a su vez ird conectada

al transformador.

e A la hora de realizar la placa de circuito impreso se ha analizado cada
componente para obtener los resultados y configuracion mas 6ptimos, de
forma que se ha logrado un buen funcionamiento del conjunto de los

mismos.

e El sistema de control ha sido disefiado de forma que el cuadricéptero,
situado en su base de carga, recibe informacién por medio de barreras
infrarrojas de seguridad para, a continuacion, realizar la ruta programada

mientras filma el recorrido.

e El software de control se ha especificado utilizando diagramas UML de
actividad y de casos de control especificando cada una de las funciones y

situaciones en las que puede desenvolverse el dron.

e La aplicacion movil para Android es la manera llevada a cabo por el usuario
para comunicarse con el cuadricéptero, el cual realiza posteriormente el

resto de situaciones de manera automatica.

-76 - Autor: Mario Urgel Garcia
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e Tanto para el disefio de las ventanas de la aplicacion mdvil como los
diagramas UML pertenecientes al software de control han sido realizadas

mediante el software Microsoft Visio.

7.2. LINEAS FUTURAS

Finalmente, las diversas tareas de cara a profundizar en este proyecto serian las

siguientes:

e Fabricacion del modelo en 3D, asi como de su placa de circuito impreso, de
cara a construirlo en la realidad y verificar el correcto funcionamiento de

cada uno de sus componentes y el conjunto de los mismos.

e Programacién de la aplicacién Android y comprobacién del correcto

funcionamiento de la misma en un smartphone.

e Disefio del sistema de seguridad formado por barreras infrarrojas y de su
comunicacién con el cuadricoptero, por medio del cual se podria comprobar

su funcionamiento tanto con el dron como con la aplicacién movil.

Autor: Mario Urgel Garcia -77 -
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ANEXO1 DOCUMENTACION

1. ANEXO1 DOCUMENTACION

En este anexo se va a exponer toda la informacién en forma de datasheet que se

ha utilizado para llevar a cabo el desarrollo del cuadricoptero.

1.1. INDICE ANEXOS

1. Moddulo de expansion de entradas y salidas.
2. Transformador.

3. Convertidor 5V.

4. Convertidor 3V3.

5. Memoria EEPROM.

6. Acelerometro, giroscopio y magnetometro.
7. Cargador de baterias.

8. Moddulo GPS.

9. Buffer.

10. Driver motores.

Autor: Mario Urgel Garcia
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MicrocHir MCP23008/MCP23S08

8-Bit I/O Expander with Serial Interface

Features

+ 8-bit remote bidirectional I/O port
- 1/O pins default to input

» High-speed 12C™ interface (MCP23008)
- 100 kHz
- 400 kHz
- 1.7 MHz

+ High-speed SPI interface (MCP23S08)
- 10 MHz

* Hardware address pins

- Three for the MCP23008 to allow up to eight
devices on the bus

- Two for the MCP23S08 to allow up to four
devices using the same chip-select

» Configurable interrupt output pin

- Configurable as active-high, active-low or
open-drain

+ Configurable interrupt source
- Interrupt-on-change from configured defaults
or pin change
+ Polarity Inversion register to configure the polarity
of the input port data
+ External reset input
* Low standby current: 1 A (max.)
* Operating voltage:
- 1.8V 10 5.5V @ -40°C to +85°C
12C @ 100 kHz
SPI @ 5 MHz

- 2.7V 10 5.5V @ -40°C to +85°C
12C @ 400 kHz
SPI @ 10 MHz

- 4.5V t0 5.5V @ -40°C to +125°C
1°C @ 1.7 kHz
SPI @ 10 MHz

Packages

- 18-pin PDIP (300 mil)
« 18-pin SOIC (300 mil)

+ 20-pin SSOP
» 20-pin QFN
Block Diagram
MCP23S08 I
: SCK —4>:
Sl —a—
I SO «—F———
[ e 4
'MCP23008 !
: SCL > Serial Serializer/ < » GPO
I SDA < »| Interface Deserializer | 8~ < > GP1
mMcp23so8 ! | | < » GP2
| ATAO I A2A0 13 cpio || > GP3
L ___. ' Control < » GP4
ontro
< » GP5
RESET < » GP6
INT < Interrupt | < » GP7
Logic A
8
4
Voo POR Configuration/
Control
Vss ——| Registers
© 2007 Microchip Technology Inc. DS21919E-page 1



MCP23008/MCP23S08

Package Types
MCP23008
PDIP/SOIC SSOP
scL —01 ~ 180 <— VDD SCL —»cA1 20F0<«— VDD
SDA =<=[]2 170 <> GP7 SDA <2 19 <> GP7
A2 —[3 160 == GP6 A2 —3 18 o<+ GP6
A1l —[4 S 150 <= GP5 A1l —rc4 8 17 Fo<«» GP5
A0 5 @ 14h <= GP4 A0 —=cH5 o 16fa<» GP4
—_H:e B 1300 <= GP3 RESET —=cH6 N 15 <= GP3
N g7 = 12 P2 NC —cH7 O 14Ra<=GP2
NG —0q’ jﬂg INT <18 = 1305 <= GP1
INT ~—08 1p == Gh Vss —=cH9 12:::'0GP0
Vss —=09 100 == GPO N/G — 0 T Ne
QFN
< 4 Ao wn N~
o
28526
O 2 & &= ¢
A2 —>1 15 |[«—> GP6
Al —»12 14|«—> GP5
A0 —»|3 MCP23008 13l¢—» GP4
RESET —»|4 12|«—> GP3
NC ——5 11— GP2
© N 0 o 2
2255
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MCP23008/MCP23S08

Package Types: (Continued)

PDIP/SOIC MCP23S08 ssop
SCK —[1 ~ 180 <— VDD SCK —cA1 20F0<— VDD
Sl —=[2 170 <= GP7 S| —»2 19 0<» GP7
SO <03 o 160 <> GP6 SO <—|:?2 13::;0 gps
4 & 150 <= GP5 Al —scnd B <> GP5
%:Es § 140 <= GP4 __AO—>cA5 @ 16fa<» GP4
RESET —~0[6 & 130 <= GP3 RESET —c6 §  15fg<= GP3
CcsS g CS —rH7 [8) 1455 <> GP2
cs —0O7 12[1 <> GP2 NT - s = 13
INT <—0]8 110 == GP1 ~ Fo <> GP1
9 100 <= GPO Vss —rH9 125 <= GPO
Ves =0 N/C —cH10 M N/C
QFN
X n o
o
535S 20
OR 22k ¢Q
A2 —»|1 15 [«—> GP6
Al —»2 14|/¢—> GP5
A0 —»l3  MCP23S08  13l¢ » Gp4
RESET —»4 12|¢«—> GP3
csS —5 11— GP2
© ~ 0 o 2
=2285%
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NOTES:
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MCP23008/MCP23S08

1.0 DEVICE OVERVIEW

The MCP23X08 device provides 8-bit, general
purpose, parallel I/O expansion for I2C bus or SPI
applications. The two devices differ in the number of
hardware address pins and the serial interface:

« MCP23008 — IC interface; three address pins
* MCP23S08 — SPI interface; two address pins

The MCP23X08 consists of multiple 8-bit configuration
registers for input, output and polarity selection. The
system master can enable the 1/Os as either inputs or
outputs by writing the 1/0 configuration bits. The data
for each input or output is kept in the corresponding
Input or Output register. The polarity of the Input Port
register can be inverted with the Polarity Inversion
register. All registers can be read by the system master.

1.1 Pin Descriptions

The interrupt output can be configured to activate
under two conditions (mutually exclusive):

1. When any input state differs from its
corresponding input port register state, this is
used to indicate to the system master that an
input state has changed.

2. When an input state differs from a preconfigured
register value (DEFVAL register).

The Interrupt Capture register captures port values at
the time of the interrupt, thereby saving the condition
that caused the interrupt.

The Power-on Reset (POR) sets the registers to their
default values and initializes the device state machine.

The hardware address pins are used to determine the
device address.

TABLE 1-1: PINOUT DESCRIPTION
Pin PDIP/ Pin .
Name solc QFN SSOP Type Function
SCL/SCK 1 19 1 | | Serial clock input.
SDA/SI 2 20 2 I/O | Serial data I/O (MCP23008)/Serial data input (MCP23S08).
A2/SO 3 1 3 I/O | Hardware address input (MCP23008)/
Serial data output (MCP23S08).
A2 must be biased externally.
A1l 4 2 4 | Hardware address input. Must be biased externally.
AO 5 3 5 | Hardware address input. Must be biased externally.
RESET 6 4 6 | External reset input. Must be biased externally.
NC/CS 7 5 7 I | No connect (MCP23008)/External chip select input (MCP23S08).
INT 8 7 8 O |Interrupt output. Can be configured for active-high, active-low or
open-drain.
Vss 9 17 9 P | Ground.
GPO 10 9 12 1/0 | Bidirectional I/O pin. Can be enabled for interrupt-on-change and/or
internal weak pull-up resistor.
GP1 11 10 13 I/0O | Bidirectional I/O pin. Can be enabled for interrupt-on-change and/or
internal weak pull-up resistor.
GP2 12 11 14 I/O | Bidirectional I/O pin. Can be enabled for interrupt-on-change and/or
internal weak pull-up resistor.
GP3 13 12 15 /0 | Bidirectional I/O pin. Can be enabled for interrupt-on-change and/or
internal weak pull-up resistor.
GP4 14 13 16 /0 | Bidirectional I/O pin. Can be enabled for interrupt-on-change and/or
internal weak pull-up resistor.
GP5 15 14 17 1/0 | Bidirectional I/O pin. Can be enabled for interrupt-on-change and/or
internal weak pull-up resistor.
GP6 16 15 18 I/O | Bidirectional I/O pin. Can be enabled for interrupt-on-change and/or
internal weak pull-up resistor.
GP7 17 16 19 I/O | Bidirectional I/O pin. Can be enabled for interrupt-on-change and/or
internal weak pull-up resistor.
VDD 18 18 20 P | Power.
N/C — 6,8 10, 11 — |—

© 2007 Microchip Technology Inc.
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MCP23008/MCP23S08

1.2 Power-on Reset (POR)

The on-chip POR circuit holds the device in reset until
VDD has reached a high enough voltage to deactivate
the POR circuit (i.e., release the device from Reset).
The maximum VDD rise time is specified in Section 2.0
“Electrical Characteristics”.

When the device exits the POR condition (releases
reset), device operating parameters (i.e., voltage,
temperature, serial bus frequency, etc.) must be met to
ensure proper operation.

1.3 Serial Interface

This block handles the functionality of the 1’c
(MCP23008) or SPI (MCP23S08) interface protocol.
The MCP23X08 contains eleven registers that can be
addressed through the serial interface block (Table 1-2):

TABLE 1-2: REGISTER ADDRESSES
Address Access to:
00h IODIR
0lh IPOL
02h GPINTEN
03h DEFVAL
04h INTCON
05h IOCON
06h GPPU
07h INTF
08h INTCAP (Read-only)
09h GPIO
0Ah OLAT

1.3.1 SEQUENTIAL OPERATION BIT

The Sequential Operation (SEQOP) bit (IOCON
register) controls the operation of the address pointer.
The address pointer can either be enabled (default) to
allow the address pointer to increment automatically
after each data transfer, or it can be disabled.

When operating in Sequential mode
(IOCON.SEQOP = 0), the address pointer automati-
cally increments to the next address after each byte
is clocked.

When operating in Byte mode (IOCON.SEQOP = 1),
the MCP23X08 does not increment its address
counter after each byte during the data transfer. This
gives the ability to continually read the same address
by providing extra clocks (without additional control
bytes). This is useful for polling the GPIO register for
data changes.

1.3.2 I°C™ INTERFACE
1.3.2.1 I2C Write Operation

The 12C Write operation includes the control byte and
register address sequence, as shown in the bottom of
Figure 1-1. This sequence is followed by eight bits of
data from the master and an Acknowledge (ACK) from
the MCP23008. The operation is ended with a STOP
or RESTART condition being generated by the master.

Data is written to the MCP23008 after every byte
transfer. If a STOP or RESTART condition is
generated during a data transfer, the data will not be
written to the MCP23008.

Byte writes and sequential writes are both supported
by the MCP23008. The MCP23008 increments its
address counter after each ACK during the data
transfer.

1.3.2.2 I2C Read Operation

The I1°C Read operation includes the control byte
sequence, as shown in the bottom of Figure 1-1. This
sequence is followed by another control byte (includ-
ing the START condition and ACK) with the R/W bit
equal to a logic 1 (R/W = 1). The MCP23008 then
transmits the data contained in the addressed register.
The sequence is ended with the master generating a
STOP or RESTART condition.

1.3.2.3 I°C Sequential Write/Read

For sequential operations (Write or Read), instead of
transmitting a STOP or RESTART condition after the
data transfer, the master clocks the next byte pointed to
by the address pointer (see Section 1.3.1 “Sequential
Operation Bit” for details regarding sequential
operation control).

The sequence ends with the master sending a STOP or
RESTART condition.

The MCP23008 address pointer will roll over to
address zero after reaching the last register address.

Refer to Figure 1-1.
1.3.3 SPI INTERFACE

1.3.3.1 SPI Write Operation

The SPI Write operation is started by lowering CS. The
Write command (slave address with R/W bit cleared) is
then clocked into the device. The opcode is followed by
an address and at least one data byte.

1.3.3.2 SPI Read Operation

The SPI Read operation is started by lowering CS.The
SPI read command (slave address with R/W bit set) is
then clocked into the device. The opcode is followed by
an address, with at least one data byte being clocked
out of the device.

DS21919E-page 6
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MCP23008/MCP23S08

FIGURE 1-1: MCP23008 I2C™ DEVICE PROTOCOL
[s]-START
SR| - RESTART [s] op [w]ADDR }|—[ DN |..[ DN |—»]P]
[p]-sTOP
[w ] - rite —»IsR| oP |R| Dout|..| Dour h—»@
IEI - Read B
- Device opcode » |SR| op |W| DIN | | DIN | ’ IEI

ADDR | - Device address
Dout |- Data out from MCP23008

- Data into MCP23008

7]

[s| op [Rjy—————#[ Dour |...[ Dour | —p[P]

——»SR| oP |R]| Dout |..| Dour |~[—>|E|
-

—»SR| OP

Wl ADDR | DN |..[ DN |—»[P]

7]

Byte and Sequential Write

Byte (S| OP [w]| ADDR | —»] DN |—»[P]|

Sequential [S| oP [w[ADDR |— DN |..[ DN |—=[P]

Byte and Sequential Read

Byte[S[ oP |w|—m[sR[ OP [R] Dour |—#[P]

Sequential S| OP | w|—mSR| OP

|R| Dour | | Dout |—>|E|

1.3.3.3 SPI Sequential Write/Read

For sequential operations, instead of deselecting the
device by raising CS, the master clocks the next byte
pointed to by the address pointer.

The sequence ends by the raising of cS.

The MCP23S08 address pointer will roll over to
address zero after reaching the last register address.

1.4 Hardware Address Decoder

The hardware address pins are used to determine the
device address. To address a device, the correspond-
ing address bits in the control byte must match the pin
state.

* MCP23008 has address pins A2, A1 and AO.

* MCP23S08 has address pins A1 and AQ.

The pins must be biased externally.

© 2007 Microchip Technology Inc.
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MCP23008/MCP23S08

1.4.1 ADDRESSING I2C DEVICES FIGURE 1-2: I2C™ CONTROL BYTE
(MCP23008) FORMAT
The MCP23008 is a slave 12C device that supports 7-bit I ;
slave addressing, with the read/write bit filling out the : Control Byte :
control byte. The slave address contains four fixed bits [ sJo]1]o]o[A2]At]A0[RW]ACK]
and three user-defined hardware address bits (pins A2, ! A 4
A1 and AQ). Figure 1-2 shows the control byte format. «+—— Slave Address —
14.2 ADDRESSING SPI DEVICES S_tart R/W bit ——
(MCP23S08) bit ACK bit
. . R/W = 0 = write
The MCP23S08 is a slave SPI device. The slave R/W = 1 = read
address contains five fixed bits and two user-defined

hardware address bits (pins A1 and A0), with the read/
write bit filling out the control byte. Figure 1-3 shows FIGURE 1-3: SPI CONTROL BYTE

the control byte format. FORMAT

s i

47 Control Byte 4>
[o[1]0o[o]o0[Al[A0]RW]
. ' A

<4— Slave Address ——»!

R/W bit ———
R/W = 0 = write
R/W =1 =read

FIGURE 1-4: I’C™ ADDRESSING REGISTERS

| sJo|1]o]o]A2[Aa1]A0] 0 JACK][ A7 [ A6 [ A5 | A4 [ A3 ] A2 ] A1 | A0 JACK]

Z RW =0 .
I I— Device Opcode >

Register Address 4>

‘A

The ACKs are provided by the MCP23008.

FIGURE 1-5: SPI ADDRESSING REGISTERS

CSs

[oJ1]o]ofo[Aat]a|rw] JA7T]As[As]AM[A3]A2]AI]A0]

;47 Device Opcode > < Register Address —v

DS21919E-page 8 © 2007 Microchip Technology Inc.



MCP23008/MCP23S08

1.5 GPIO Port 1.6  Configuration and Control

The GPIO module contains the data port (GPIO), Registers

internal pull up resistors and the Output Latches The Configuration and Control blocks contain the
(OLAT). registers as shown in Table 1-3.

Reading the GPIO register reads the value on the port.
Reading the OLAT register only reads the OLAT, not
the actual value on the port.

Writing to the GPIO register actually causes a write to
the OLAT. Writing to the OLAT register forces the
associated output drivers to drive to the level in OLAT.
Pins configured as inputs turn off the associated output
driver and put it in high-impedance.

TABLE 1-3: CONFIGURATION AND CONTROL REGISTERS

Rﬁg'::’ A?:;ifs bit 7 bit 6 bit 5 bit 4 bit 3 bit 2 bit 1 bit 0 P?I':{EST
IODIR 00 107 106 105 104 103 102 101 00 |1111 1111
IPOL 01 IP7 IP6 IP5 P4 IP3 P2 IP1 PO | 0000 0000
GPINTEN 02 GPINT7 | GPINT6 | GPINT5 | GPINT4 | GPINT3 | GPINT2 | GPINT1 | GPINTO | 0000 0000
DEFVAL 03 DEF7 | DEF6 | DEF5 | DEF4 | DEF3 | DEF2 | DEF1 | DEFO |0000 0000
INTCON 04 10C7 10C6 10C5 10C4 10C3 10C2 10C1 I0CO | 0000 0000
IOCON 05 — — SREAD | DISSLW | HAEN* | ODR | INTPOL —  [--00 o00-
GPPU 06 PU7 PU6 PU5 PU4 PU3 PU2 PU1 PUO | 0000 0000
INTF 07 INT7 INT6 INT5 INT4 INT3 INT2 INTA INTO [0000 0000
INTCAP 08 ICP7 ICP6 ICP5 ICP4 ICP3 ICP2 ICP1 ICPO | 0000 0000
GPIO 09 GP7 GP6 GP5 GP4 GP3 GP2 GP1 GPO |0000 0000
OLAT 0A oL7 oL6 oL5 oL4 oL3 oL2 OL1 OLO |0000 0000

* Not used on the MCP23008.

© 2007 Microchip Technology Inc. DS21919E-page 9



MCP23008/MCP23S08

1.6.1 I/O DIRECTION (IODIR) REGISTER
Controls the direction of the data I/0.

When a bit is set, the corresponding pin becomes an
input. When a bit is clear, the corresponding pin
becomes an output.

REGISTER 1-1: IODIR - I/O DIRECTION REGISTER (ADDR 0x00)

R/W-1 R/W-1 R/W-1 R/W-1 R/W-1 R/W-1 R/W-1 R/W-1
107 106 105 104 o3 | 102 | o1 100
bit 7 bit 0
Legend:
R = Readable bit W = Writable bit U = Unimplemented bit, read as ‘0’
-n = Value at POR ‘1’ = Bit is set ‘0’ = Bit is cleared x = Bit is unknown
bit 7-0 107:100: These bits control the direction of data I/O <7:0>

1 = Pin is configured as an input.
0 = Pin is configured as an output.

DS21919E-page 10
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MCP23008/MCP23S08

1.6.2 INPUT POLARITY (IPOL) REGISTER

The IPOL register allows the user to configure the
polarity on the corresponding GPIO port bits.

If a bit is set, the corresponding GPIO register bit will
reflect the inverted value on the pin.

REGISTER 1-2: IPOL — INPUT POLARITY PORT REGISTER (ADDR 0x01)

R/W-0 R/W-0 R/W-0 R/W-0 R/W-0 R/W-0 R/W-0 R/W-0
IP7 IP6 IP5 IP4 P [ P2 [ IPd IPO
bit 7 bit 0
Legend:
R = Readable bit W = Writable bit U = Unimplemented bit, read as ‘0’
-n = Value at POR ‘1’ = Bitis set ‘0’ = Bit is cleared x = Bit is unknown
bit 7-0 IP7:1P0: These bits control the polarity inversion of the input pins <7:0>

1 = GPIO register bit will reflect the opposite logic state of the input pin.
0 = GPIO register bit will reflect the same logic state of the input pin.

© 2007 Microchip Technology Inc. DS21919E-page 11
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1.6.3 INTERRUPT-ON-CHANGE
CONTROL (GPINTEN) REGISTER

The GPINTEN register controls the interrupt-on-
change feature for each pin.

If a bit is set, the corresponding pin is enabled for
interrupt-on-change. The DEFVAL and INTCON
registers must also be configured if any pins are
enabled for interrupt-on-change.

REGISTER 1-3: GPINTEN - INTERRUPT-ON-CHANGE PINS (ADDR 0x02)

R/W-0 R/W-0 R/W-0 R/W-0 R/W-0 R/W-0 R/W-0 R/W-0
GPINT7 GPINT6 GPINT5 GPINT4 GPINT3 ‘ GPINT2 ‘ GPINT1 GPINTO
bit 7 bit 0

Legend:

R = Readable bit W = Writable bit U = Unimplemented bit, read as ‘0’

-n = Value at POR 1’ = Bit is set ‘0’ = Bit is cleared x = Bit is unknown
bit 7-0 GPINT7:GPINTO: General purpose |/O interrupt-on-change bits <7:0>

1 = Enable GPIO input pin for interrupt-on-change event.
0 = Disable GPIO input pin for interrupt-on-change event.

Refer to INTCON and GPINTEN.

DS21919E-page 12 © 2007 Microchip Technology Inc.
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1.6.4 DEFAULT COMPARE (DEFVAL)
REGISTER FOR INTERRUPT-ON-
CHANGE

The default comparison value is configured in the
DEFVAL register. If enabled (via GPINTEN and
INTCON) to compare against the DEFVAL register, an
opposite value on the associated pin will cause an
interrupt to occur.

REGISTER 1-4: DEFVAL - DEFAULT VALUE REGISTER (ADDR 0x03)

R/W-0 R/W-0 R/W-0 R/W-0 R/W-0 R/W-0 R/W-0 R/W-0
DEF7 DEF6 DEF5 DEF4 DEF3 ‘ DEF2 ‘ DEF1 DEFO
bit 7 bit 0
Legend:
R = Readable bit W = Writable bit U = Unimplemented bit, read as ‘0’
-n = Value at POR ‘1’ = Bit is set ‘0’ = Bit is cleared x = Bit is unknown
bit 7-0 DEF7:DEFO: These bits set the compare value for pins configured for interrupt-on-change from

defaults <7:0>. Refer to INTCON.
If the associated pin level is the opposite from the register bit, an interrupt occurs.

Refer to INTCON and GPINTEN.

© 2007 Microchip Technology Inc. DS21919E-page 13
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1.6.5 INTERRUPT CONTROL (INTCON)
REGISTER

The INTCON register controls how the associated pin
value is compared for the interrupt-on-change feature.
If a bit is set, the corresponding I/O pin is compared
against the associated bit in the DEFVAL register. If a
bit value is clear, the corresponding I/O pin is compared
against the previous value.

REGISTER 1-5: INTCON - INTERRUPT-ON-CHANGE CONTROL REGISTER (ADDR 0x04)

R/W-0 R/W-0 R/W-0 R/W-0 R/W-0 R/W-0 R/W-0 R/W-0
I0C7 10C6 I0C5 10C4 I0C3 10C2 ‘ 10C1 ‘ 10CO
bit 7 bit 0
Legend:
R = Readable bit W = Writable bit U = Unimplemented bit, read as ‘0’
-n = Value at POR ‘1’ = Bit is set ‘0’ = Bit is cleared x = Bit is unknown
bit 7-0 I0C7:10CO0: These bits control how the associated pin value is compared for interrupt-on-change
<7:0>

1 = Controls how the associated pin value is compared for interrupt-on-change.

0 = Pin value is compared against the previous pin value.

Refer to INTCON and GPINTEN.

DS21919E-page 14
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1.6.6 CONFIGURATION (IOCON)
REGISTER

The IOCON register contains several bits for
configuring the device:

» The Sequential Operation (SEQOP) controls the
incrementing function of the address pointer. If the
address pointer is disabled, the address pointer
does not automatically increment after each byte

» The Hardware Address Enable (HAEN) control bit
enables/disables the hardware address pins (A1,
A0) on the MCP23S08. This bit is not used on the
MCP23008. The address pins are always enabled
on the MCP23008.

* The Open-Drain (ODR) control bit enables/
disables the INT pin for open-drain configuration.

* The Interrupt Polarity (INTPOL) control bit sets
the polarity of the INT pin. This bit is functional

is clocked during a serial transfer. This feature is
useful when it is desired to continuously poll
(read) or modify (write) a register.

» The Slew Rate (DISSLW) bit controls the slew
rate function on the SDA pin. If enabled, the SDA
slew rate will be controlled when driving from a

only when the ODR bit is cleared, configuring the
INT pin as active push-pull.

high to a low.
REGISTER 1-6: IOCON - 1/0 EXPANDER CONFIGURATION REGISTER (ADDR 0x05)
u-0 U-0 R/W-0 R/W-0 R/W-0 R/W-0 R/W-0 u-0
— — SEQOP DISSLW HAEN ODR ‘ INTPOL ‘ —
bit 7 bit 0
Legend:
R = Readable bit W = Writable bit U = Unimplemented bit, read as ‘0’
-n = Value at POR ‘1’ = Bit is set ‘0’ = Bit is cleared x = Bit is unknown
bit 7-6 Unimplemented: Read as ‘0.
bit 5 SEQOP: Sequential Operation mode bit.

1 = Sequential operation disabled, address pointer does not increment.
0 = Sequential operation enabled, address pointer increments.
bit 4 DISSLW: Slew Rate control bit for SDA output.
1 = Slew rate disabled.
0 = Slew rate enabled.
bit 3 HAEN: Hardware Address Enable bit (MCP23S08 only).
Address pins are always enabled on MCP23008.
1 = Enables the MCP23S08 address pins.
0 = Disables the MCP23S08 address pins.
bit 2 ODR: This bit configures the INT pin as an open-drain output.
1 = Open-drain output (overrides the INTPOL bit).
0 = Active driver output (INTPOL bit sets the polarity).
bit 1 INTPOL.: This bit sets the polarity of the INT output pin.
1 = Active-high.
0 = Active-low.
bit 0 Unimplemented: Read as ‘0’.

© 2007 Microchip Technology Inc. DS21919E-page 15
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1.6.7 PULL-UP RESISTOR
CONFIGURATION (GPPU)
REGISTER

The GPPU register controls the pull-up resistors for the
port pins. If a bit is set and the corresponding pin is
configured as an input, the corresponding port pin is
internally pulled up with a 100 kQ resistor.

REGISTER 1-7: GPPU — GPIO PULL-UP RESISTOR REGISTER (ADDR 0x06)

R/W-0 R/W-0 R/W-0 R/W-0 R/W-0 R/W-0 R/W-0 R/W-0
PU7 PUG PU5 PU4 PU3 | Pu2 | Put | PUO
bit 7 bit 0
Legend:
R = Readable bit W = Writable bit U = Unimplemented bit, read as ‘0’
-n = Value at POR 1’ = Bit is set ‘0’ = Bit is cleared x = Bit is unknown
bit 7-0 PU7:PUO: These bits control the weak pull-up resistors on each pin (when configured as an input)
<7:0>.

1 = Pull-up enabled.
0 = Pull-up disabled.

DS21919E-page 16
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1.6.8 INTERRUPT FLAG (INTF)
REGISTER

The INTF register reflects the interrupt condition on the

port pins of any pin that is enabled for interrupts via the

GPINTEN register. A ‘set’ bit indicates that the

associated pin caused the interrupt.

This register is ‘read-only’. Writes to this register will be

ignored.

REGISTER 1-8:

Note: INTF will always reflect the pin(s) that
have an interrupt condition. For example,
one pin causes an interrupt to occur and is
captured in INTCAP and INF. If before
clearing the interrupt another pin changes,
which would normally cause an interrupt, it
will be reflected in INTF, but not INTCAP.

INTF — INTERRUPT FLAG REGISTER (ADDR 0x07)

R-0 R-0 R-0 R-0 R-0 R-0 R-0 R-0
INT7 INT6 INT5 INT4 INT3 ‘ INT2 ‘ INT1 INTO
bit 7 bit 0
Legend:
R = Readable bit W = Writable bit U = Unimplemented bit, read as ‘0’
-n = Value at POR ‘1’ = Bit is set ‘0’ = Bit is cleared x = Bit is unknown
bit 7-0 INT7:INTO: These bits reflect the interrupt condition on the port. Will reflect the change only if interrupts

are enabled (GPINTEN) <7:0>.

1 = Pin caused interrupt.
0 = Interrupt not pending.

© 2007 Microchip Technology Inc.
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1.6.9 INTERRUPT CAPTURE (INTCAP)
REGISTER

The INTCAP register captures the GPIO port value at
the time the interrupt occurred. The register is ‘read-
only’ and is updated only when an interrupt occurs. The
register will remain unchanged until the interrupt is
cleared via a read of INTCAP or GPIO.

REGISTER 1-9: INTCAP - INTERRUPT CAPTURED VALUE FOR PORT REGISTER (ADDR 0x08)

R-x R-x R-x R-x R-x R-x R-x R-x
ICP7 ICP6 ICP5 ICP4 ICP3 ICP2 ICP1 ‘ ICPO
bit 7 bit 0
Legend:
R = Readable bit W = Writable bit U = Unimplemented bit, read as ‘0’
-n = Value at POR ‘1’ = Bit is set ‘0’ = Bit is cleared x = Bit is unknown
bit 7-0 ICPT7:ICPO: These bits reflect the logic level on the port pins at the time of interrupt due to pin change
<7.0>
1 = Logic-high.

0 = Logic-low.

DS21919E-page 18 © 2007 Microchip Technology Inc.
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1.6.10 PORT (GPIO) REGISTER

The GPIO register reflects the value on the port.
Reading from this register reads the port. Writing to this
register modifies the Output Latch (OLAT) register.

REGISTER 1-10: GPIO - GENERAL PURPOSE I/O PORT REGISTER (ADDR 0x09)

R/W-0 R/W-0 R/W-0 R/W-0 R/W-0 R/W-0 R/W-0 R/W-0
GP7 GP6 | GP5 | GP4 GP3 | GeP2 | GP1 | GPO
bit 7 bit 0
Legend:
R = Readable bit W = Writable bit U = Unimplemented bit, read as ‘0’
-n = Value at POR ‘1’ = Bit is set ‘0’ = Bit is cleared x = Bit is unknown
bit 7-0 GP7:GPO0: These bits reflect the logic level on the pins <7:0>
1 = Logic-high.

0 = Logic-low.

© 2007 Microchip Technology Inc. DS21919E-page 19
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1.6.11 OUTPUT LATCH REGISTER (OLAT)

The OLAT register provides access to the output
latches. A read from this register results in a read of the
OLAT and not the port itself. A write to this register
modifies the output latches that modify the pins
configured as outputs.

REGISTER 1-11: OLAT - OUTPUT LATCH REGISTER 0 (ADDR 0x0A)

R/W-0 R/W-0 R/W-0 R/W-0 R/W-0 R/W-0 R/W-0 R/W-0
oL7 oL6 OoL5 oL4 o3 | o2 | oL OLO
bit 7 bit 0
Legend:
R = Readable bit W = Writable bit U = Unimplemented bit, read as ‘0’
-n = Value at POR ‘1’ = Bit is set ‘0’ = Bit is cleared x = Bit is unknown
bit 7-0 OL7:0L0: These bits reflect the logic level on the output latch <7:0>
1 = Logic-high.

0 = Logic-low.

DS21919E-page 20
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1.7 Interrupt Logic

The interrupt output pin will activate if an internal
interrupt occurs. The interrupt block is configured by
the following registers:

* GPINTEN - enables the individual inputs

* DEFVAL - holds the values that are compared
against the associated input port values

* INTCON - controls if the input values are
compared against DEFVAL or the previous values
on the port

* IOCON (ODR and INPOL) — configures the INT
pin as push-pull, open-drain and active-level

Only pins configured as inputs can cause interrupts.
Pins configured as outputs have no affect on INT.

Interrupt activity on the port will cause the port value to
be captured and copied into INTCAP. The interrupt will
remain active until the INTCAP or GPIO register is
read. Writing to these registers will not affect the
interrupt.

The first interrupt event will cause the port contents to
be copied into the INTCAP register. Subsequent
interrupt conditions on the port will not cause an
interrupt to occur as long as the interrupt is not cleared
by a read of INTCAP or GPIO.

1.7.1 INTERRUPT CONDITIONS

There are two possible configurations to cause
interrupts (configured via INTCON):

1. Pins configured for interrupt-on-pin-change
will cause an interrupt to occur if a pin changes
to the opposite state. The default state is reset
after an interrupt occurs. For example, an
interrupt occurs by an input changing from 1 to
0. The new initial state for the pin is a logic 0.

2. Pins configured for interrupt-on-change from
register value will cause an interrupt to occur if
the corresponding input pin differs from the
register bit. The interrupt condition will remain as
long as the condition exists, regardless if the
INTAP or GPIO is read.

See Figure 1-6 and Figure 1-7 for more information on
interrupt operations.

FIGURE 1-6: INTERRUPT-ON-PIN-

CHANGE

o | \

|
>< ACTIVE

|

|

|
INT >< ACTIVE ><
|

Port value Read GPIU  Port value
is captured or INTCAP s captured
into INTCAP into INTCAP
FIGURE 1-7: INTERRUPT-ON-CHANGE
FROM REGISTER
DEFAULT
DEFVAL

GP: 7 6 5 4 3 2 1 0

X[ X | X | X |X |0 |X X

GP2 — | | |
| | |
| |
I |

|
|

INT _>>< ACTIVE X >< AClTIVE
[ |

Port value
is captured
into INTCAP

Read GPIU
or INTCAP

(INT clears only if interrupt
condition does not exist.)
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NOTES:
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2.0 ELECTRICAL CHARACTERISTICS

Absolute Maximum Ratings 1

Ambient temperature UNAEr DIas..........coccuviiiiiiiiiiiie ettt e e e ee e e e e e e e e e e sere e e annnee s -40°C to +125°C
STOrage tEMPEIAtUIE .......oiiiieiee ettt e b e e e e e e -65°C to +150°C
Voltage on VDD With reSPECE 10 VSS ....eiiiiiieee e e e e e e e e e e e e e e e e s e e s ennneneneees -0.3V to +5.5V
Voltage on all other pins with respect to VSS (eXCePt VDD)....c.coiiiiiiiiiiiiiie e -0.6V to (VDD + 0.6V)
Total power diSSIPation (NOTE) ........c.eeiiiiiieie et e e e e e e e e e e st e e e e e e e sssbeee e e e sntaeeeeesensnnes 700 mW
Maximum CUIreNnt OUL OF VSS PIN ...ttt e ettt e e e e et e e e e e nbee e e e e e nnseeaeeeesnnneeaaaann 150 mA
Maximum CUITENT INTO VDD PN ..eeeiiieiiiiieiiie et e e et e e e e e e e e e e e e e s s aeses e e aeeeeeeeeeeeaaaaaaeeeesesesanannnees 125 mA
Input clamp current, K (V1 < 0 OF VI > VDD).....oioiiieiiieieenceie ettt sttt sttt st +20 mA
Output clamp current, I0K (VO < 0 OF VO > VDD) ....cuiiiuiiiiiiiictieeteetetete ettt ettt ettt st ss vt snebe st essesessesesaens +20 mA
Maximum output current sunk by @any OULPUL PN ..ot e 25 mA
Maximum output current sourced by any OUIPUL PIN .....ooviiiiir i e e 25 mA

Note:  Power dissipation is calculated as follows:
PDIS = VDD x {IDD - X IoH} + X, {(VDD-VOH) x IoH} + > (VoL x loL)

T NOTICE: Stresses above those listed under “Absolute Maximum Ratings” may cause permanent damage to the
device. This is a stress rating only and functional operation of the device at those or any other conditions above those
indicated in the operation listings of this specification is not implied. Exposure to maximum rating conditions for
extended periods may affect device reliability.

© 2007 Microchip Technology Inc. DS21919E-page 23
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2.1 DC Characteristics

Operating Conditions (unless otherwise indicated):
DC Characteristics 1.8V < VDD < 5.5V at -40°C < TA < +85°C (I-Temp)
4.5V < VDD < 5.5V at -40°C < TA < +125°C (E-Temp) (Note 1)

P:{:m Characteristic Sym Min Typ Max Units Conditions

D001 |Supply Voltage VDD 1.8 — 5.5 \%

D002 |VDD Start Voltage to VPOR — Vss — \Y,
Ensure Power-on
Reset

D003 |VDD Rise Rate to SVbD 0.05 — — V/ms |Design guidance only.
Ensure Power-on Not tested.
Reset

D004 |Supply Current IDD — — 1 mA |SCL/SCK =1 MHz

D005 |Standby current IbDs — — 1 HA

— — 2 MA |45V -55V @ +125°C
(Note 1)

Input Low-Voltage

D030 |A0, A1 (TTL buffer) ViL Vss — |0.15VDD \Y

D031 |CS, GPIO, SCL/SCK, Vss — 0.2 VbD \%
SDA, A2, RESET
(Schmitt Trigger)
Input High-Voltage

D040 |AO0, A1 VH [025VDbD+0.8| — VDD \Y,
(TTL buffer)

D041 ﬁ, GPIO, SCL/SCK, 0.8 VDD — VDD \% For entire VDD range.
SDA, A2, RESET
(Schmitt Trigger)
Input Leakage Current

D060 |I/O port pins || — | — | #1 | pA |vss<ven<Vop
Output Leakage Current

D065 |I/O port pins ILo — — +1 MA  |VSS <VPIN <VDD

D070 |GPIO weak pull-up IPU 40 75 115 MA  |VDD =5V, GP Pins = Vss
current —40°C < TA< +85°C
Output Low-Voltage

D080 |GPIO VoL — — 0.6 V  |loL=8.5mA, VDD = 4.5V
INT — — 0.6 \Y loL = 1.6 mA, VDD = 4.5V
SO, SDA — — 0.6 V  |loL=3.0 mA, VDD = 1.8V
SDA — — 0.8 \Y loL = 3.0 mA, VDD = 4.5V
Output High-Voltage

D090 |GPIO, INT, SO VOH VDD - 0.7 — — \Y IoH = -3.0 mA, VDD = 4.5V

VDD - 0.7 — — IoH = -400 pA, VDD = 1.8V

Capacitive Loading Specs on Output Pins

D101 |GPIO, SO, INT Cio — — 50 pF

D102 |SDA Cs — — 400 pF

Note 1: This parameter is characterized, not 100% tested.
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FIGURE 2-1: LOAD CONDITIONS FOR DEVICE TIMING SPECIFICATIONS
VDD
1KO Pin gﬁ
SCL and 50 pF
SDA pin
MCP23008 —
I 135 pF =
FIGURE 2-2: RESET AND DEVICE RESET TIMER TIMING
¢4
VDD »
I(¢
, . P
RESET \ 7(
|<— 30— 32 .
1dé
Internal 2
RESET
|34
o
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TABLE 2-1: DEVICE RESET SPECIFICATIONS

AC Characteristics

Operating Conditions (unless otherwise indicated):
1.8V < VDD < 5.5V at -40°C < TA < +85°C (I-Temp)
4.5V <VDD < 5.5V at -40°C < TA < +125°C (E-Temp) (Note 1)

Pilr:m Characteristic Sym Min Typ(" Max Units Conditions
30 |RESET Pulse Width TRSTL 1 — — gs
(Low)
32 Device Active After THLD — 0 — us  |VDD = 5.0V
RESET high
34  |Output High-Impedance Tioz — — 1 us
From RESET Low

Note 1:

FIGURE 2-3:

This parameter is characterized, not 100% tested.

I’C™ BUS START/STOP BITS TIMING

SCL

103 e 100 —=

START STOP
Condition Condition
FIGURE 2-4: I2C™ BUS DATA TIMING
: — e 102
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TABLE 2-2: I’C™ BUS DATA REQUIREMENTS

Operating Conditions (unless otherwise indicated):
< < -40°C < TA < +85°C (I-
FC™ AC Characteristics 452 V0D = 5.5V ol 40°C < TA < +125°C (E.Tomp) (Note 1)
RpPu (SCL, SDA) = 1 kQ, CL (SCL, SDA) = 135 pF
Param | Characteristic Sym Min Typ | Max | Units | Conditions
No.
100 | Clock High Time: THIGH
100 kHz mode 4.0 — — pus 1.8V —-5.5V (I-Temp)
400 kHz mode 0.6 — — s |2.7V —-5.5V (I-Temp)
1.7 MHz mode 0.12 — — us | 4.5V —5.5V (E-Temp)
101 | Clock Low Time: TLOW
100 kHz mode 4.7 — — pus | 1.8V —5.5V (I-Temp)
400 kHz mode 1.3 — — Ms | 2.7V —5.5V (I-Temp)
1.7 MHz mode 0.32 — — s |4.5V - 5.5V (E-Temp)
102 |SDA and SCL Rise Time: TR
100 kHz mode (Note 1) — — | 1000 | ns [1.8V-5.5V (I-Temp)
400 kHz mode 20+0.1C8@ | — | 300 | ns [2.7V-5.5V (I-Temp)
1.7 MHz mode 20 — 160 ns |4.5V -5.5V (E-Temp)
103 | SDA and SCL Fall Time: TF
100 kHz mode (Note 1) — — | 300 | ns [1.8V-5.5V (I-Temp)
400 kHz mode 20+0.1C8® | — | 300 | ns [2.7V-5.5V (I-Temp)
1.7 MHz mode 20 — 80 ns |4.5V-5.5V (E-Temp)
90 | START Condition Setup Time: | TSU:STA
100 kHz mode 4.7 — — pus | 1.8V —5.5V (I-Temp)
400 kHz mode 0.6 — — Ms | 2.7V —5.5V (I-Temp)
1.7 MHz mode 0.16 — — s |4.5V - 5.5V (E-Temp)
91 START Condition Hold Time: | THD:STA
100 kHz mode 4.0 — — pus | 1.8V —5.5V (I-Temp)
400 kHz mode 0.6 — — s 2.7V —5.5V (I-Temp)
1.7 MHz mode 0.16 — — ps |4.5V - 5.5V (E-Temp)
106 |Data Input Hold Time: THD:DAT
100 kHz mode 0 — | 345 | ps |1.8V-5.5V (I-Temp)
400 kHz mode 0 — 0.9 s 2.7V —5.5V (I-Temp)
1.7 MHz mode 0 — | 015 | ps |4.5V-5.5V (E-Temp)
107 | Data Input Setup Time: TSU:DAT
100 kHz mode 250 — — ns |1.8V-5.5V (I-Temp)
400 kHz mode 100 — — ns |2.7V—5.5V (I-Temp)
1.7 MHz mode 0.01 — — s |4.5V - 5.5V (E-Temp)
92 STOP Condition Setup Time: | Tsu:sTO
100 kHz mode 4.0 — — pus | 1.8V —5.5V (I-Temp)
400 kHz mode 0.6 — — s 2.7V —5.5V (I-Temp)
1.7 MHz mode 0.16 — — ps 4.5V - 5.5V (E-Temp)

Note 1: This parameter is characterized, not 100% tested.
2: Csis specified to be from 10 to 400 pF.
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TABLE 2-2: I’C™ BUS DATA REQUIREMENTS (CONTINUED)

Operating Conditions (unless otherwise indicated):
< < -40°C < < +85° -
e AC Characteristics 45 2 V00 = 5.5V al 40°C < TA < +125°C (E.Tomp) (Note 1)
RpPu (SCL, SDA) = 1 kQ, CL (SCL, SDA) = 135 pF
Param | Characteristic Sym Min Typ Max | Units | Conditions
No.
109 | Output Valid From Clock: TAA
100 kHz mode — — | 345 | ps |1.8V-5.5V (I-Temp)
400 kHz mode — — 0.9 us | 2.7V —5.5V (I-Temp)
1.7 MHz mode — — 1018 | ps |[4.5V-5.5V (E-Temp)
110 |Bus Free Time: TBUF
100 kHz mode 4.7 — — us | 1.8V —5.5V (I-Temp)
400 kHz mode 1.3 — — s 2.7V —5.5V (I-Temp)
1.7 MHz mode N/A — N/A s | 4.5V - 5.5V (E-Temp)
Bus Capacitive Loading: Cs
100 kHz and 400 kHz — — 400 | pF |(Note 1)
1.7 MHz — — 100 pF |(Note 1)
Input Filter Spike TsP
Suppression: (SDA and SCL)
100 kHz and 400 kHz — — 50 ns
1.7 MHz — — 10 ns | Spike suppression off

Note 1: This parameter is characterized, not 100% tested.
2: Csis specified to be from 10 to 400 pF.

FIGURE 2-5: SPI INPUT TIMING

MSb in X X ’:’: X Lsbin ¥
7 J

SO high-impedance
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FIGURE 2-6: SPI OUTPUT TIMING
cs /
[ L
7))
8 9
SCK _|_Mode 1,1
Mode 0,0
12—
13
SO }{ }f
MSb out . >< >< LSb out
S| don’t care .

TABLE 2-3: SPI INTERFACE AC CHARACTERISTICS

SPI Interface AC Characteristics

Operating Conditions (unless otherwise indicated):
1.8V < VDD < 5.5V at -40°C < TA < +85°C (I-Temp)
4.5V <VDD < 5.5V at -40°C < TA < +125°C (E-Temp) (Note 1)

Pi{:‘m Characteristic Sym Min Typ | Max | Units Conditions
Clock Frequency FcLk — — 5 MHz | 1.8V - 5.5V (I-Temp)
— — 10 MHz |2.7V - 5.5V (I-Temp)
— — 10 MHz | 4.5V - 5.5V (E-Temp)
cs Setup Time Tcss 50 — — ns

2 CS Hold Time TcsH 100 — — ns 1.8V - 5.5V (I-Temp)
50 — — ns |[2.7V-5.5V (I-Temp)
50 — — ns |4.5V-5.5V (E-Temp)
3 CS Disable Time Tcsb 100 — — ns 1.8V — 5.5V (I-Temp)
50 — — ns |2.7V-5.5V (I-Temp)
50 — — ns [4.5V—5.5V (E-Temp)
4 Data Setup Time Tsu 20 — — ns 1.8V - 5.5V (I-Temp)
10 — — ns |[2.7V-5.5V (I-Temp)
10 — — ns |4.5V -5.5V (E-Temp)
5 Data Hold Time THD 20 — — ns 1.8V — 5.5V (I-Temp)
10 — — ns |2.7V-5.5V (I-Temp)
10 — — ns [4.5V-5.5V (E-Temp)

CLK Rise Time TR — — 2 Ms | Note 1

CLK Fall Time TF — — 2 us | Note 1
Clock High Time THI 90 — — ns 1.8V - 5.5V (I-Temp)
45 — — ns |[2.7V-5.5V (I-Temp)
45 — — ns |4.5V -5.5V (E-Temp)

Note 1: This parameter is characterized, not 100% tested.
2: Tv =90 ns (max) when address pointer rolls over from address 0x0A to 0x00.

© 2007 Microchip Technology Inc.
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TABLE 2-3: SPI INTERFACE AC CHARACTERISTICS (CONTINUED)

Operating Conditions (unless otherwise indicated):
SPI Interface AC Characteristics 1.8V < VDD < 5.5V at -40°C < TA < +85°C (I-Temp)
4.5V <VDD < 5.5V at -40°C < TA < +125°C (E-Temp) (Note 1)
Pi{:‘m Characteristic Sym Min Typ | Max | Units Conditions
9 Clock Low Time TLO 90 — — ns 1.8V - 5.5V (I-Temp)
45 — — ns |[2.7V-5.5V (I-Temp)
45 — — ns |4.5V -5.5V (E-Temp)
10 Clock Delay Time TcLb 50 — — ns
1 Clock Enable Time TCLE 50 — — ns
122 | Output Valid from Clock Low Tv — — 90 ns |1.8V—5.5V (I-Temp)
— — 45 ns |2.7V-5.5V (I-Temp)
— — 45 ns [4.5V-5.5V (E-Temp)
13 Output Hold Time THO 0 — — ns
14 Output Disable Time Tbis — — 100 ns

Note 1: This parameter is characterized, not 100% tested.
2: Tv =90 ns (max) when address pointer rolls over from address 0x0A to 0x00.

FIGURE 2-7: GPIO AND INT TIMING
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TABLE 2-4: GP AND INT PINS

Operating Conditions (unless otherwise indicated):
AC Characteristics 1.8V < VDD < 5.5V at -40°C < TA < +85°C (I-Temp)
4.5V <VDD < 5.5V at -40°C < TA < +125°C (E-Temp) (Note 1)
P:r:m Characteristic Sym Min Typ Max | Units Conditions
50 Serial data to output valid TGPoV — — 500 ns
51 Interrupt pin disable time TINTD — — 600 ns
52 GP input change to register | TGPIV — — 450 ns
valid
53 I0C event to INT active TGPINT — — 600 ns
Glitch Filter on GP Pins TGLITCH| — — 150 ns
Note 1: This parameter is characterized, not 100% tested

© 2007 Microchip Technology Inc.
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NOTES:

DS21919E-page 32

© 2007 Microchip Technology Inc.

33



MCP23008/MCP23S08

3.0 PACKAGING INFORMATION

31 Package Marking Information

18-Lead PDIP (300 mil) Example:

e e o o e s O s s B ol e s O s s s
XXXXXXXKKKKXXXKKKK MCP23008-E/P (€3
PO00:0:0000:0:0:0:000:0:0'¢

° R\ YYWHNNN ° R\ 0634256

T T T T TR IS T T T T T T TR TS

18-Lead SOIC (300 mil) Example:

IRININIRINININIE] IRININIRIRININIE]
XXXXXXKKKKXXX MCP23008
XXXXXXKKKKKXX E/SO @3
XXXXXXKKKKXXX

® @ YYWWNNN Y 6\ 0634256

IR IR

20-Lead QFN Example

O
XXXXX 23508
XXXKXX E/MLE3
XXXXXX 0637
YWWNNN 256

20-Lead SSOP Example:

PO0:0:0:0:010:0:0:0:04 MCP23S08
XXXXXXKKXXKK E/SS @3

@ Y YWWNNN R\ 0634256
o o
JUUIUTuuuY JUUTUULUoY

Legend: XX..X Customer-specific information
Y Year code (last digit of calendar year)
YY Year code (last 2 digits of calendar year)
Www Week code (week of January 1 is week ‘01)
NNN Alphanumeric traceability code
@ Pb-free JEDEC designator for Matte Tin (Sn)
* This package is Pb-free. The Pb-free JEDEC designator (@)
can be found on the outer packaging for this package.

Note: In the event the full Microchip part number cannot be marked on one line, it will
be carried over to the next line, thus limiting the number of available
characters for customer-specific information.

© 2007 Microchip Technology Inc. DS21919E-page 33
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18-Lead Plastic Dual In-Line (P) — 300 mil Body [PDIP]

Note:

http://www.microchip.com/packaging

For the most current package drawings, please see the Microchip Packaging Specification located at

NOTE 1
N\

Notes:

1. Pin 1 visual index feature may vary, but must be located within the hatched area.

M P T Y Y

NG S S

ot
g
]
o]
a]
o]
o]
q]

@)

!

"y

/

TUTTTTTL

I

\

A2

c
1 -
b1
~——p — & |—=—o eB —=
Units INCHES

Dimension Limits |~ MIN NOM | MAX
Number of Pins N 18
Pitch e .100 BSC
Top to Seating Plane A - - .210
Molded Package Thickness A2 115 .130 195
Base to Seating Plane Al .015 - -
Shoulder to Shoulder Width E .300 .310 .325
Molded Package Width E1l .240 .250 .280
Overall Length D .880 .900 .920
Tip to Seating Plane L 115 .130 .150
Lead Thickness c .008 .010 .014
Upper Lead Width bl .045 .060 .070
Lower Lead Width b .014 .018 .022
Overall Row Spacing § eB - - .430

2. § Significant Characteristic.
3. Dimensions D and E1 do not include mold flash or protrusions. Mold flash or protrusions shall not exceed .010" per side.
4. Dimensioning and tolerancing per ASME Y14.5M.

BSC: Basic Dimension. Theoretically exact value shown without tolerances.

Microchip Technology Drawing C04-007B
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18-Lead Plastic Small Outline (SO) — Wide, 7.50 mm Body [SOIC]

Note: For the most current package drawings, please see the Microchip Packaging Specification located at

http://www.microchip.com/packaging

D

IN00An0nn

NOTE 1—

Units MILLIMETERS

Dimension Limits MIN NOM MAX
Number of Pins N 18
Pitch e 1.27 BSC
Overall Height A - - 2.65
Molded Package Thickness A2 2.05 - -
Standoff § Al 0.10 - 0.30
Overall Width E 10.30 BSC
Molded Package Width E1l 7.50 BSC
Overall Length D 11.55 BSC
Chamfer (optional) h 0.25 - 0.75
Foot Length L 0.40 - 1.27
Footprint L1 1.40 REF
Foot Angle [0} 0° - 8°
Lead Thickness c 0.20 — 0.33
Lead Width b 0.31 - 0.51
Mold Draft Angle Top o 5° - 15°
Mold Draft Angle Bottom B 5° - 15°

Notes:

1. Pin 1 visual index feature may vary, but must be located within the hatched area.

. 8 Significant Characteristic.

2
3. Dimensions D and E1 do not include mold flash or protrusions. Mold flash or protrusions shall not exceed 0.15 mm per side.
4. Dimensioning and tolerancing per ASME Y14.5M.

BSC: Basic Dimension. Theoretically exact value shown without tolerances.

REF: Reference Dimension, usually without tolerance, for information purposes only.

Microchip Technology Drawing C04-051B

© 2007 Microchip Technology Inc.
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MCP23008/MCP23S08

20-Lead Plastic Quad Flat, No Lead Package (ML) — 4x4x0.9 mm Body [QFN]

Note: For the most current package drawings, please see the Microchip Packaging Specification located at
http://www.microchip.com/packaging

D D2
EXPOSED
| PAD\ |
| AR AN
| N | *
| | e
—— - — ——— - 7—; v77—'_ — -T\-\_'—\ - ——
07007, E R _{
Voo 000 2 NN b
00000 NN 1
s 2k 1 \\\\}
0007 ?
\ N
TOP VIEW NOTE 1 BOTTOM VIEW — L=

(. n ﬁ\
;:\_D_D_D_D_j_O
A3j A1
Units MILLIMETERS
Dimension Limits MIN NOM MAX
Number of Pins N 20
Pitch e 0.50 BSC
Overall Height A 0.80 0.90 1.00
Standoff Al 0.00 0.02 0.05
Contact Thickness A3 0.20 REF
Overall Width E 4.00 BSC
Exposed Pad Width E2 2.60 2.70 2.80
Overall Length D 4.00 BSC
Exposed Pad Length D2 2.60 2.70 2.80
Contact Width b 0.18 0.25 0.30
Contact Length L 0.30 0.40 0.50
Contact-to-Exposed Pad K 0.20 - -

Notes:
1. Pin 1 visual index feature may vary, but must be located within the hatched area.
2. Package is saw singulated.
3. Dimensioning and tolerancing per ASME Y14.5M.
BSC: Basic Dimension. Theoretically exact value shown without tolerances.
REF: Reference Dimension, usually without tolerance, for information purposes only.

Microchip Technology Drawing C04-126B
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MCP23008/MCP23S08

20-Lead Plastic Shrink Small Outline (SS) — 5.30 mm Body [SSOP]

http://www.microchip.com/packaging

Note:  For the most current package drawings, please see the Microchip Packaging Specification located at

D

T

N ]

A1
L1 f—
Units MILLIMETERS

Dimension Limits MIN NOM MAX
Number of Pins N 20
Pitch e 0.65 BSC
Overall Height A - - 2.00
Molded Package Thickness A2 1.65 1.75 1.85
Standoff Al 0.05 - -
Overall Width E 7.40 7.80 8.20
Molded Package Width El 5.00 5.30 5.60
Overall Length D 6.90 7.20 7.50
Foot Length L 0.55 0.75 0.95
Footprint L1 1.25 REF
Lead Thickness c 0.09 - 0.25
Foot Angle [0} 0° 4° 8°
Lead Width b 0.22 - 0.38

Notes:

1. Pin 1 visual index feature may vary, but must be located within the hatched area.

2. Dimensions D and E1 do not include mold flash or protrusions. Mold flash or protrusions shall not exceed 0.20 mm per side.

3. Dimensioning and tolerancing per ASME Y14.5M.

BSC: Basic Dimension. Theoretically exact value shown without tolerances.

REF: Reference Dimension, usually without tolerance, for information purposes only.

Microchip Technology Drawing C04-072B

© 2007 Microchip Technology Inc.
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MCP23008/MCP23S08

NOTES:
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MCP23008/MCP23S08

APPENDIX A: REVISION HISTORY

Revision E (August 2007)

1. Section 3.0 “Packaging Information”:
Updated package outline drawings.

Revision D (February 2007)

1. Changed Byte and Sequential Read in
Figure 1-1 from “R” to “W".

2. Table 2-4, Param No. 51 and 53: Changed from
450 to 600 and 500 to 600, respecively.

3. Added disclaimer to package outline drawings.
4. Updated package outline drawings.

Revision C (October 2006)

1. Added 20-pin QFN package information
throughout document.

2. Added disclaimer to package outline drawings.

Revision B (February 2005)

The following is the list of modifications:

1. Section 1.6 “Configuration and Control Reg-
isters”. Added Hardware Address Enable
(HAEN) bit to Table 1-3.

2. Section 1.6.6 “Configuration (IOCON) Regis-
ter”. Added Hardware Address Enable (HAEN)
bit to Register 1-6.

Revision A (December 2004)

» Original Release of this Document.

© 2007 Microchip Technology Inc.
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NOTES:
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MCP23008/MCP23S08

PRODUCT IDENTIFICATION SYSTEM

To order or obtain information, e.g., on pricing or delivery, refer to the factory or the listed sales office.

* While these devices are only offered in the “E”
temperature range, the device will operate at different
voltages and temperatures as identified in the

f)

PART NO. - X IXX Examples:
_|._ T —I_ a) MCP23008-E/P: Extended Temp.,
Device Te:perature Package 18LD PDIP package.
ange b) MCP23008-E/SO: Extended Temp.,
18LD SOIC package.
Device MCP23008:  8-Bit I/O Expander w/ 2C™ Interface c) MCP23008T-E/SO: Tape and Reel,
MCP23008T:  8-Bit I/O Expander w/ I2C Interface Extended Temp.,
(Tape and Reel) 18LD SOIC package.
MCP23S08: 8-Bit I/0 Expander w/ SPI Interface d) MCP23008-E/SS: Extended Temp.,
MCP23S08T: 8-Bit I/0 Expander w/ SPI Interface 20LD SSOP package.
(Tape and Reel) e) MCP23008T-E/SS: Tape and Reel,
Extended Temp.,
_ 5 o . 20LD SSOP package.
;Z'Eg:rat“re E = -40°C1o+125°C (Extended) f) MCP23008-E/ML: Extended Temp.,

20LD QFN package.

N « . R a) MCP23S08-E/P: Extended Temp.,
Section 2.0 “Electrical Characteristics”. 18LD PDIP package.
b) MCP23S08-E/SO: Extended Temp.,
Package ML = Plastic Quad Flat, No Lead Package 18LD SOIC package.
4x4x0.9 mm Body (QFN), 20-Lead c) MCP23S08T-E/SO: Tape and Reel,
P =  Plastic DIP (300 mil Body), 18-Lead Extended Temp.,
SO = Plastic SOIC (300 mil Body), 18-Lead 18LD SOIC package.
8S = SSOP, (209 mil Body, 5.30 mm), 20-Lead d) MCP23S08-E/SS: Extended Temp.,
20LD SSOP package.
e) MCP23S08T-E/SS: Tape and Reel,

Extended Temp.,
20LD SSOP package.

MCP23S08T-E/MF: Tape and Reel,

Extended Temp.,
20LD QFN package.

© 2007 Microchip Technology Inc.
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MCP23008/MCP23S08

NOTES:
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Note the following details of the code protection feature on Microchip devices:

. Microchip products meet the specification contained in their particular Microchip Data Sheet.

. Microchip believes that its family of products is one of the most secure families of its kind on the market today, when used in the

intended manner and under normal conditions.

. There are dishonest and possibly illegal methods used to breach the code protection feature. All of these methods, to our
knowledge, require using the Microchip products in a manner outside the operating specifications contained in Microchip’s Data
Sheets. Most likely, the person doing so is engaged in theft of intellectual property.

. Microchip is willing to work with the customer who is concerned about the integrity of their code.

. Neither Microchip nor any other semiconductor manufacturer can guarantee the security of their code. Code protection does not

mean that we are guaranteeing the product as “unbreakable.”

Code protection is constantly evolving. We at Microchip are committed to continuously improving the code protection features of our
products. Attempts to break Microchip’s code protection feature may be a violation of the Digital Millennium Copyright Act. If such acts
allow unauthorized access to your software or other copyrighted work, you may have a right to sue for relief under that Act.

Information contained in this publication regarding device
applications and the like is provided only for your convenience
and may be superseded by updates. It is your responsibility to
ensure that your application meets with your specifications.
MICROCHIP MAKES NO REPRESENTATIONS OR
WARRANTIES OF ANY KIND WHETHER EXPRESS OR
IMPLIED, WRITTEN OR ORAL, STATUTORY OR
OTHERWISE, RELATED TO THE INFORMATION,
INCLUDING BUT NOT LIMITED TO ITS CONDITION,
QUALITY, PERFORMANCE, MERCHANTABILITY OR
FITNESS FOR PURPOSE. Microchip disclaims all liability
arising from this information and its use. Use of Microchip
devices in life support and/or safety applications is entirely at
the buyer’s risk, and the buyer agrees to defend, indemnify and
hold harmless Microchip from any and all damages, claims,
suits, or expenses resulting from such use. No licenses are
conveyed, implicitly or otherwise, under any Microchip
intellectual property rights.

QUALITY MANAGEMENT SYSTEM
CERTIFIED BY DNV

=—I1S0/TS 16949:2002 —

Trademarks

The Microchip name and logo, the Microchip logo, Accuron,
dsPIC, KEeLoQ, KEELOQ logo, microlD, MPLAB, PIC,
PICmicro, PICSTART, PRO MATE, rfPIC and SmartShunt are
registered trademarks of Microchip Technology Incorporated
in the U.S.A. and other countries.

AmpLab, FilterLab, Linear Active Thermistor, Migratable
Memory, MXDEV, MXLAB, SEEVAL, SmartSensor and The
Embedded Control Solutions Company are registered
trademarks of Microchip Technology Incorporated in the
U.S.A.

Analog-for-the-Digital Age, Application Maestro, CodeGuard,
dsPICDEM, dsPICDEM.net, dsPICworks, ECAN,
ECONOMONITOR, FanSense, FlexROM, fuzzyLAB,
In-Circuit Serial Programming, ICSP, ICEPIC, Mindi, MiWi,
MPASM, MPLAB Certified logo, MPLIB, MPLINK, PICKkit,
PICDEM, PICDEM.net, PICLAB, PICtail, PowerCal,
PowerlInfo, PowerMate, PowerTool, REAL ICE, rfLAB, Select
Mode, Smart Serial, SmartTel, Total Endurance, UNI/O,
WiperlLock and ZENA are trademarks of Microchip
Technology Incorporated in the U.S.A. and other countries.

SQTP is a service mark of Microchip Technology Incorporated
in the U.S.A.

All other trademarks mentioned herein are property of their
respective companies.

© 2007, Microchip Technology Incorporated, Printed in the
U.S.A,, All Rights Reserved.

f“} Printed on recycled paper.

Microchip received ISO/TS-16949:2002 certification for its worldwide
headquarters, design and wafer fabrication facilities in Chandler and
Tempe, Arizona; Gresham, Oregon and design centers in California
and India. The Company’s quality system processes and procedures
are for its PIC® MCUs and dsPIC® DSCs, KEELOQ® code hopping
devices, Serial EEPROMSs, microperipherals, nonvolatile memory and
analog products. In addition, Microchip’s quality system for the design
and manufacture of development systems is ISO 9001:2000 certified.

© 2007 Microchip Technology Inc.
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MICROCHIP

WORLDWIDE SALES AND SERVICE

AMERICAS

Corporate Office

2355 West Chandler Blvd.
Chandler, AZ 85224-6199
Tel: 480-792-7200

Fax: 480-792-7277
Technical Support:
http://support.microchip.com
Web Address:
www.microchip.com

Atlanta

Duluth, GA

Tel: 678-957-9614
Fax: 678-957-1455

Boston
Westborough, MA
Tel: 774-760-0087
Fax: 774-760-0088
Chicago

Itasca, IL

Tel: 630-285-0071
Fax: 630-285-0075

Dallas

Addison, TX

Tel: 972-818-7423
Fax: 972-818-2924

Detroit

Farmington Hills, Ml
Tel: 248-538-2250
Fax: 248-538-2260

Kokomo

Kokomo, IN

Tel: 765-864-8360
Fax: 765-864-8387

Los Angeles
Mission Viejo, CA
Tel: 949-462-9523
Fax: 949-462-9608

Santa Clara

Santa Clara, CA
Tel: 408-961-6444
Fax: 408-961-6445

Toronto
Mississauga, Ontario,
Canada

Tel: 905-673-0699
Fax: 905-673-6509

ASIA/PACIFIC

Asia Pacific Office
Suites 3707-14, 37th Floor
Tower 6, The Gateway
Harbour City, Kowloon
Hong Kong

Tel: 852-2401-1200
Fax: 852-2401-3431
Australia - Sydney
Tel: 61-2-9868-6733
Fax: 61-2-9868-6755
China - Beijing

Tel: 86-10-8528-2100
Fax: 86-10-8528-2104

China - Chengdu
Tel: 86-28-8665-5511
Fax: 86-28-8665-7889

China - Fuzhou
Tel: 86-591-8750-3506
Fax: 86-591-8750-3521

China - Hong Kong SAR
Tel: 852-2401-1200

Fax: 852-2401-3431
China - Qingdao

Tel: 86-532-8502-7355
Fax: 86-532-8502-7205

China - Shanghai
Tel: 86-21-5407-5533
Fax: 86-21-5407-5066

China - Shenyang
Tel: 86-24-2334-2829
Fax: 86-24-2334-2393

China - Shenzhen
Tel: 86-755-8203-2660
Fax: 86-755-8203-1760

China - Shunde
Tel: 86-757-2839-5507
Fax: 86-757-2839-5571

China - Wuhan

Tel: 86-27-5980-5300

Fax: 86-27-5980-5118
China - Xian

Tel: 86-29-8833-7252

Fax: 86-29-8833-7256

ASIA/PACIFIC

India - Bangalore
Tel: 91-80-4182-8400
Fax: 91-80-4182-8422

India - New Delhi
Tel: 91-11-4160-8631
Fax: 91-11-4160-8632

India - Pune
Tel: 91-20-2566-1512
Fax: 91-20-2566-1513

Japan - Yokohama
Tel: 81-45-471- 6166
Fax: 81-45-471-6122

Korea - Daegu
Tel: 82-53-744-4301
Fax: 82-53-744-4302

Korea - Seoul

Tel: 82-2-554-7200
Fax: 82-2-558-5932 or
82-2-558-5934

Malaysia - Penang
Tel: 60-4-646-8870
Fax: 60-4-646-5086

Philippines - Manila
Tel: 63-2-634-9065
Fax: 63-2-634-9069
Singapore

Tel: 65-6334-8870
Fax: 65-6334-8850

Taiwan - Hsin Chu
Tel: 886-3-572-9526
Fax: 886-3-572-6459

Taiwan - Kaohsiung
Tel: 886-7-536-4818
Fax: 886-7-536-4803
Taiwan - Taipei

Tel: 886-2-2500-6610
Fax: 886-2-2508-0102

Thailand - Bangkok
Tel: 66-2-694-1351
Fax: 66-2-694-1350

EUROPE

Austria - Wels

Tel: 43-7242-2244-39
Fax: 43-7242-2244-393
Denmark - Copenhagen
Tel: 45-4450-2828

Fax: 45-4485-2829
France - Paris

Tel: 33-1-69-53-63-20
Fax: 33-1-69-30-90-79
Germany - Munich
Tel: 49-89-627-144-0
Fax: 49-89-627-144-44
Italy - Milan

Tel: 39-0331-742611
Fax: 39-0331-466781

Netherlands - Drunen
Tel: 31-416-690399
Fax: 31-416-690340
Spain - Madrid

Tel: 34-91-708-08-90
Fax: 34-91-708-08-91
UK - Wokingham

Tel: 44-118-921-5869
Fax: 44-118-921-5820
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MW

MEAN WELL

SPECIFICATION

35W Single Output Switching Power Supply

B Features:

* Universal AC input/Full range

* Protections:Short circuit/Over load/Over voltage
* Cooling by free air convection

* 100% full load burn-in test

* Fixed switching frequency at 60KHz

2 years warranty

PS'35 series

M 25/CBCE

3. Tolerance : includes set up tolerance, line regulation and load regulation.
4. The power supply is considered a component which will be installed into a final equipment. The final equipment must be re-confirmed that it still meets

EMC directives.

MODEL PS-35-3.3 PS-35-5 PS-35-7.5 PS-35-12 PS-35-13.5 PS-35-15 PS-35-24 PS-35-48
DC VOLTAGE 3.3V 5V 7.5V 12V 13.5V 15V 24V 48V
RATED CURRENT 6A 6A 4.7A 3A 2.6A 2.4A 1.5A 0.75A
CURRENT RANGE 0~6A 0~6A 0~4.7A 0~3A 0~2.6A 0~2.4A 0~1.5A 0~0.75A
RATED POWER 19.8W 30w 35.25W 36W 35.1W 36W 36W 36W
OUTPUT RIPPLE & NOISE (max.) Note.2| 80mVp-p 100mVp-p 100mVp-p 120mVp-p 120mVp-p 150mVp-p 200mVp-p 240mVp-p
VOLTAGE ADJ. RANGE 3.14~363V |4.75~55V |7.13~825V |10.8~13.2V [1215~14.85V |135~16.5V |21.6~26.4V |43.2~52.8V
VOLTAGE TOLERANCE Note.3 | £2.0% 12.0% 12.0% 1.0% 1.0% £1.0% £1.0% +1.0%
LINE REGULATION 10.5% 0.5% 10.5% 10.5% 10.5% 10.5% 10.5% $0.5%
LOAD REGULATION 1% 1% 1% 10.5% 10.5% 10.5% 10.5% $0.5%
SETUP, RISE TIME 1200ms, 30ms/230VAC,1200ms,30ms/115VAC at full load
HOLD TIME (Typ.) 50ms/230VAC,10ms/115VAC at full load
VOLTAGE RANGE 90 ~ 264VAC 127 ~370VDC
FREQUENCY RANGE 47 ~ 440Hz
INPUT EFFICIENCY(Typ.) 70% 78% 80% 81% 81% 81% 85% 84%
AC CURRENT (Typ.) 0.75A/115VAC 0.5A/230VAC
INRUSH CURRENT (Typ.) COLD START 23A/115VAC 45A/230VAC
LEAKAGE CURRENT <2mA/240VAC
OVER LOAD 105~ 1.50% rated 9utput power (3.3V:105 ~ 160% rated output power)‘ _
PROTECTION Protection type : Hiccup mode, recovers automatically after fault condition is removed.
38~495V  [575~6.75V |8.63~10.5V |13.8~16.2v |15.5~18.2V [17.25~20.25V | 27.6~324V | 55.2~62.4V
OVER VOLTAGE -
Protection type : shut down O/P voltage,re-power on to recover
WORKING TEMP. -20 ~+65°C (Refer to output load derating curve)
WORKING HUMIDITY 20 ~ 90% RH non-condensing
ENVIRONMENT | STORAGE TEMP., HUMIDITY | -20 ~ +85°C, 10 ~ 95% RH
TEMP. COEFFICIENT +0.05%/°C (0~50C)
VIBRATION 10 ~500Hz, 2G 10min./1cycle, Period for 60min.each along X, Y, Z axes
SAFETY STANDARDS UL60950, TUV EN60950-1 Approved
WITHSTAND VOLTAGE I/P-O/P:3KVAC  I/P-FG:1.5KVAC  O/P-FG:0.5KVAC
SAFETY & |ISOLATION RESISTANCE 1/P-O/P, I/P-FG, O/P-FG:100M Ohms/500VDC
EMC EMI CONDUCTION & RADIATION | Compliance to EN55022 (CISPR22) Class B
(Note 4) HARMONIC CURRENT Compliance to EN61000-3-2,-3
EMS IMMUNITY Compliance to EN61000-4-2,3,4,5,6,8,11; ENV50204, EN55024, Light industry level, criteria A
MTBF 588.8Khrs
OTHERS | DIMENSION 101.6*50.8*24mm (L*W*H)
PACKING 0.124Kg;96PCS/12.9Kg/0.8CUFT
1. All parameters NOT specially mentioned are measured at 230VAC input, rated load and 25°C of ambient temperature.
NOTE 2. Ripple & noise are measured at 20MHz of bandwidth by using a 12" twisted pair-wire terminated with a 0.1uf & 47uf parallel capacitor.
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35W Outputs Switching Power Supply

MW PS'35 series

B Mechanical Specification Unit:mm
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1} 1) :
AC Input Connector (CN1) : JST B3P-VH-B or equivalent DC Output Connector (CN2) : JST B4P-VH-B or equivalent
PinNo. | Assignment | Mating Housing Terminal PinNo.| Assignment Mating Housing Terminal
1 ACIL 1,2 +V JSTVHR JST SVH-21T-P1.1
3 ACIN orJeSunX/l;Ent JSB§¥$u-i€;ré§t1'1 3,4 -V or equivalent or equivalent
2 NC
H Block Diagram fosc : 60KHz
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TRACO
POWER

DC/DC Converters

TEN 5 Series, 6 Watt

Features

€ Wide 2:1 input range
@ Full SMD-design

@ High efficiency up to 86%

@ Extended operating temperature

range -40°C to 85°C

@ 1/0 isolation 1’500 VDC
@ Indefinite short circuit protection

@ Input filter to meet EN 55022, class A
and FCC, level A without external

components

@ Shielded metal case with insulated

baseplate

@ 24-pin DIP with industry standard pinout
@ High reliability, MTBF >1 Mio. h
@ 3-year product warranty

CB @

Scheme

UL 60950-1

tery powered equipments and industrial systems.

The TEN 5 Series is a range of DC/DC-converter modules with wide input range
of 2:1. State of the art SMD-technology guarantees a product with very high re-
liability and good cost /performance ratio. 1/O-isolation of 1’500 VDC together
with conducted noise compliance to EN 55022-A and FCC level A makes these
converters ideal for a wide range of applications in communications, mobile bat-

Ordercode Input voltage range Output voltage Output current max. Efficiency typ.
TEN 5-0510 3.3VDC 1200 mA 75%
TEN 5-0511 5VDC 1000 mA 79%
TEN 5-0512 A 12 VDC 500 mA 82 %
TEN 5-0513 V'5D - 7VbC | 15 VDC 400 mA 82%
TEN 5-0521 |5 VOC nominal) +5VDC £500 mA 79%
TEN 5-0522 +12 VDC +250 mA 82 %
TEN 5-0523 £15 VDC £200 mA 82%
TEN 5-1210 3.3VDC 1200 mA 77 %
TEN 5-1211 5VDC 1000 mA 81%
TEN 5-1212 12 VDC 500 mA 84%
TEN 5-1213 ] 29V_D] 8 VDC | 15 VDC 400 mA 84%
TEN 5-1221 (12 VDC nominal) +5 VDC +500 mA 81%
TEN 5-1222 £12 VDC £250 mA 84%
TEN 5-1223 +15 VDC £200 mA 84%
TEN 5-2410 3.3VDC 1200 mA 79 %
TEN 5-2411 5VDC 1000 mA 83 %
TEN 5-2412 8 - 36 VDC 12 VDC 500 mA 86 %
TEN 5-2413 e vee 15 VDC 400 mA 86 %
TEN 5-2421 | nominal +5 VDC £500 mA 83%
TEN 5-2422 £12 VDC +250 mA 86 %
TEN 5-2423 +£15 VDC +200 mA 86 %
TEN 5-4810 3.3VDC 1200 mA 79%
TEN 5-4811 5VDC 1000 mA 83%
TEN 5-4812 12 VDC 500 mA 86 %
TEN 5-4813 43‘:/5 75 VDC | 15 VDC 400 mA 86 %
TEN 5-4821 (48 VDC nominal) +5VDC £500 mA 83 %
TEN 5-4822 +12 VDC £250 mA 86 %
TEN 5-4823 £15VDC £200 mA 86 %

http://www.tracopower.com Page 1 of 3
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TRACO DC/DC Converters
POWER TEN 5 Series 6 Watt

Input Specifications

Input current no load 5 Vin models: 80 mA typ.
12 Vin models: 30 mA typ.
24 Vin models: 15 mA typ.
48 Vin models: 8 mA typ.

Start-up voltage / 5 Vin models: 4.4 VDC / 4.0 VDC (or lower]
under voltage shut down 12 Vin models: 8.0 VDC / 8.0 VDC (or lower)
24 Vin models:  16.0 VDC / 16.0 VDC (or lower)
48 Vin models:  32.0 VDC / 32.0 VDC (or lower]
|ong term operation at undervo\foge will
demage the converter!

Surge voltage (1 sec. max. 5 Vin models: 10 V max.
12 Vin models: 25 V max.
24 Vin models: 50 V max.
48 Vin models: 100 V max.

Reverse voltage protection 1.0 A max.

Conducted noise (input) EN 55022 class A, FCC part 15, level A
Voltage set accuracy 1.0%

Regulation — Input variation Vin min. to Vin max. 0.3 % max.

- load variation 20 - 100 %
single output models: 1.0 % max.
dual output models balanced load: 2.0 % max.

dual output models unbalanced load: 5.0 % max. (25 % / 100 %)

Minimum load 5 % of rated max current (operation at lower
load condifion is safe but a higher output ripple
will be experienced)

Ripple and noise (20 MHz Bandwidth) 50 mVpk-pk typ., 75 mVpk-pk max.
Temperature coefficient +£0.02 %/K

Output current limitation >120 % of lout max., foldback
Short-circuit protection indefinite (automatic recovery)

Start up time (nominal Vin and constant resistive load) 10 ms typ. (for power on and remote on)
Capacitive load single output models: 6800 pF max.

dual output models: 1000 pF max. (each output)

General Specifications

Temperature ranges - Operating -40°C to +85°C
- Case temperature +90°C max.
- Storage -50°C to +125°C
Derating 3.3 %/K above 70°C
Humidity (non condensing) 95 % rel H max.
Reliability, calculated MTBF (MII-HDBK217F, at +25°C, ground benign) >1 Mio. h
Isolation voltage (60 sec.) - Input/Output 1’500 VDC
Isolation capacitance = Input/Output 380 pF typ.
Isolation resistance - Input/Output >1’000 M Ohm (500 VDC)
Switching frequency 300 kHz typ. (Pulse frequency modulation PFAA
Safety standards UL 60950-1, IEC/EN 60950-1
Safety approval CSA File No. 226037
http://directories.csa-international.org
Environmental compliance - Reach www.tracopower.com/products/ten5-reach.pdf
- RoHS directive 2011/65/EU

All specifications valid at nominal input voltage, full load and +25°C after warm-up time unless otherwise stated.

hitp://www.tracopower.com Page 2 of 3
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TRACO DC/DC Converters
POWER TEN 5 Series 6 Watt

Physical Specifications

Casing material steel, metal

Baseplate material non conductive FR4
Potting material epoxy (UL 94V-O rated)
Weight 16.9 g (0.59 oz)
Soldering temperature max. 260°C / 10 sec.

Outline Dimensions

o
J3
J=y
R o -
T ° 5:23 g" Pin Single Dual
A 3 2 | ~Vin (GND) | ~Vin (GND)
<| > 3 | ~Vin (GND) | ~Vin (GND)
—~N Olgo 5 9 No pin Common
pond [ S
- % 11 No con. —Vout
gLa o166 B 9o 14 +Vout +Vout
0| = o 14 110 16 —Vout Common
Y A ) 22 | +Vin(Veo) | +Vin (Veo)
23 | +Vin (Vcc) +Vin (Vcc)
Insulated Baseplate
4.1

(0.16

Dimensions in [mm], () = Inch

Pin diameter 2 0.5 +0.05 (0.02 +0.002)
Tolerances +0.25 (+0.01)
Pin pifch tolerances +0.13 (+0.005)

Specifications can be changed without notice! Make sure you are using the latest documentation, downloadable at www.tracopower.com

TRACO
POWER www.tracopower.com Rev. January 06. 2015
Page 3 of 3
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DYCOES

AP1509

I M € O R P O R AT E D

150KHz, 2A PWM BUCK DC/DC CONVERTER

Description

Pin Assignments

The AP1509 series are monolithic IC designed for a step-
down DC/DC converter, and own the ability of driving a
2A load without additional transistor. It saves board space.
The external shutdown function can be controlled by logic
level and then come into standby mode. The internal
compensation makes feedback control having good line and
load regulation without external design. Regarding protected
function, thermal shutdown is to prevent over temperature
operating from damage, and current limit is against over
current operating of the output switch. If current limit function
occurs and Veg is down below 0.5V, the switching frequency
will be reduced. The AP1509 series operates at a switching
frequency of 150KHz thus allow smaller sized filter
components than what would be needed with lower frequency
switching regulators. Other features include a guaranteed
+4% tolerance on output voltage under specified input voltage
and output load conditions, and +15% on the oscillator
frequency. The output version included fixed 3.3V, 5V, 12V,
and an adjustable type. The chips are available in a standard
8-lead SOP-8 package.

(Top View)

v [1]® 8] oND
output [2] 7] oND
AP1509
FB [3] (6] oND
sD [4] 5] GND
SOP-8L

Features

Applications

* Output Voltage: 3.3V, 5V, 12V and Adjustable Output
Version

» Adjustable Version Output Voltage Range, 1.23V to
18V+4%

* 150KHz +15% Fixed Switching Frequency

» Voltage Mode Non-Synchronous PWM Control

* Thermal-Shutdown and Current-Limit Protection

*  ON/OFF Shutdown Control Input

» Operating Voltage can be up to 22V

e Output Load Current: 2A

» SOP-8L Packages

» Low Power Standby Mode

* Built-in Switching Transistor On Chip

* SOP-8L: Available in “Green” Molding Compound
(No Br, Sh)

e Lead Free Finish/ RoHS Compliant (Note 1)

Notes:
http://lwww.diodes.com/products/lead_free.html.

AP1509 10f13

Document number: DS31016 Rev. 4 - 2

www.diodes.com

» Simple High-Efficiency Step-Down Regulator
On-Card Switching Regulators
» Positive to Negative Converter

1. EU Directive 2002/95/EC (RoHS). All applicable RoHS exemptions applied. Please visit our website at

June 2010
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AP1509

DYCOES

I M € O R P O R AT E D

150KHz, 2A PWM BUCK DC/DC CONVERTER

Typical Application Circuit

(1) Fixed Type Circuit

3.3V/I2A
Output Load

™~ Co

Capacitor

2.5VI2A
Output Load

~

Co
Capacitor

2.5VI2A
Output Load

| Co
~Capacitor

FB
12V 3
DC Input 47L1H
o . AP1509- | Outeut | v
VIN 33 Inductor
+ 4 5 6 7 8 +
cn SD  |GND|GND|GND|GND D1 =
Capacitor Schottky Diode
(2) Adjustable Type Circuit
S S
ul | FB
DC Input
Output 39uH
o 1 AP1509 2} =% A
VN Inductor
+ 4 5 6 7 8 n
Cn T SD [GND|GND|GND |GND D1 —
Capacitor Schottky
Diode
R1
Vour = Vs X(1 +—)

R2
V|:B =1.23V
R2 = 1K ~ 3K
(3) Delay Start Circuit
R2 1K Rl’\/{%
ul | FB
12v — 3 L1
DC Input
\Y Output 39uH
o . Ny AP1509  2f——P SABE
i c Inductor
DELAY

4 5 6 7 8 +

XDl

+ SD |GND |GND|GND|GND
Cn T SChOttky =
. Diode
Capacitor
AP1509 20f13
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DICDES APLS09

I N coRPORATED 150KHz, 2A PWM BUCK DC/DC CONVERTER

Pin Descriptions

Pin Name Description
VN Operating voltage input
Output Switching output
GND Ground
FB Output voltage feedback control
SD ON/OFF Shutdown

Functional Block Diagram

SD
O
) V|N
200mV 220mVv
g“"e”t 1.235v 2.5V Start §
ource Reference Regulator up
bias
4
Comp
@_
+
Frequecy
compen- - Pre- 2A
FB ¢ sation Somp driver Switch
M Output
150kH
2 I Thermal
OsC. Shutdown — 5 GND
AP1509 30f13 June 2010
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DICDES AP1509

I N coRPORATED 150KHz, 2A PWM BUCK DC/DC CONVERTER

Absolute Maximum Ratings

Symbol Parameter Rating Unit
ESD HBM Human Body Model ESD Protection 2 KV
ESD MM Machine Model ESD Protection 200 \Y,
Vin Supply Voltage +24 \%
Vsp ON/OFF Pin Input Voltage -0.3to +18 \Y/
Veg Feedback Pin Voltage -0.3to +18 V
Vour Output Voltage to Ground -1 \%
Po Power Dissipation Internally Limited w
Tst Storage Temperature -65 to +150 °C
T, Operating Junction Temperature -40 to +125 °C

Recommended Operating Conditions

Symbol Parameter Min Max Unit
louT Output Current 0 2 A
Vop Operating Voltage 4.5 22 \%
Ta Operating Ambient Temperature -20 85 °C
AP1509 40f13 June 2010
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DICDES AP1509

I N coRPORATED 150KHz, 2A PWM BUCK DC/DC CONVERTER

Electrical Characteristics

Unless otherwise specified, V\y = 12V for 3.3V, 5V, adjustable version and Vy = 18V for the 12V version. l.oap = 0.5A
Specifications with boldface type are for full operating temperature range, the other type are for T;= 25°C.

Symbol Parameter Conditions Min Typ. Max Unit
. Veg= 1.3V i -50
Irs Feedback Bias Current (Adjustable version only) 10 100 nA
. 127 150 173
Fosc Oscillator Frequency 110 173 KHz
Oscillator Frequency of When current limit occurred
Fsce |Short Circuit Protect and Veg < 0.5V, T, = 25°C 10 30 S0 KHz
lour = 2A 1.4
Vsar Saturation Voltage No outside circuit 1.25 15 \Y
Veg = OV force driver on )
DC Max. Duty Cycle (ON) Vg = OV force driver on 100 %
Min. Duty Cycle (OFF) Vg = 12V force driver off 0
Peak current
loL Current Limit No outside circuit 3 A
Veg = OV force driver on
_ Output No outside circuit i
I Output =0 Leakage Vg = 12V force driver off 200 uA
Output =-1 |Current Vin= 22V -5 mA
lo Quiescent Current Veg = 12V force driver off 5 10 mA
| Standby Quiescent ON/OFF pin =5V 70 150 UA
STBY  ICurrent Vin= 22V 200
Vi _ ) Low (regulator ON) - 0.6
ON/OFF Pin Logic Input 13 Vv
Viu Threshold Voltage High (regulator OFF) 2.0 ' -
ON/OFF Pin Logic Input _
Iu Current Viocic = 2.5V (OFF) -0.01 UA
I ON/OFF Pin Input Current |V ogic = 0.5V (ON) -0.1 -1
B1a Thermal Resistance SOP-8L ggggtlon 0 15 °C/W
Thermal Resistance Junction to
0;c with a copper area of SOP-8L . 70 °C/W
X ) ambient
approximately 3 in

AP1509 50f 13 June 2010
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DICDES AP1509

I N coRPORATED 150KHz, 2A PWM BUCK DC/DC CONVERTER

Electrical Characteristics (Continued)

Specifications with boldface type are for full operating temperature range, the other type are for T;= 25°C.

Symbol Parameter Conditions Vvin Typ. Vmax Unit
Output 4.5V Viy =22V 1.193 1.267
Ves | Feedback 0.2A < loap < 2A 118 | 123 1.28 v
AP1509-ADJ Vour programmed for 3V ) )
n EfﬁCiency Vin =12V, | oap=2A 76 76 %
Vo |Outputvaltage LISV EVWEZV | S68 | T 3awm |
AP1509-3.3V == LOAD = - :
n EffiCiency VIN = 12V, ILOAD =2A 78 78 %
Vour  |Output Voltage g\gi \</I;\I|_i§2<v2 A f '785 5 55'225 \Y;
AP1509-5V — = - -
n EfﬁCiency Vin =12V, |l oap = 2A 83 83 %
Vour  |Output Voltage 15V <V|y <22V 11.52 12 12.48 v
AP1509-12V 0.2A <l oap < 2A 11.4 12.6
n EfﬁCiency Vin =15V, loap = 2A 90 90 %
AP1509 6 of 13 June 2010
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DICDES AP1509

I N coRPORATED 150KHz, 2A PWM BUCK DC/DC CONVERTER

Typical Performance Characteristics

AP1509 Efficiency vs. Temperature AP1509 Efficiency vs. Temperature
(VIN=12V, VouT=5VY, l0=2A) (VIN=12V, VouT=3.3V, l0=2A)
86 81
85
84 | 801
83 L 79
;\6\ 82 __ 78 T SN
: 81 - e\o/ 77 E \
2 80 | >
L 79 S 76 I
S o
E 78 / HLE, 75 L
77 ]
76 | 74 ,
75 73
-50 -30 -10 10 30 50_70 538 110 130 150 50 -30 -10 10 30 50 70 90 110 130 150
Temperature (Ta) (C) Temperature (Tp) (°C)
AP1509 Saturation Voltage vs. Temperature AP1509 Switch Current Limit vs. Temperature
(Vin =12V, VEg=0V, VSD=0) (ViN=12V, VEg=0V)
1.4 5.5
13 <
= = 5
> 12 E
) -
g 11 z 45 |
6 S
> 1 5 4
£ 09 (;)
g S35
:‘,7‘3 0.8 (%
0.7 3
50 25 0 25 50 75 100 125 50 -3 -10 10 30 50 70 90
Temperature (TA) (°C) Temperature (TA) (°C)
AP1509 Supply Current vs. Temperature
(Vin=12V, No Load, Von/off =0V(Switch ON) ,Von/off =5V(Switch OFF))
15
60
14 \
13 2 55
2 12 B > \
Ent E 50
8 8 N Switch ON / > 40
WILC =
% 7 N _J a2 35 \ /
n 5 30 . . .
-50 -30 -10 10 30 50 70 90 110 130 150 .50 -30 -10 10 30 50 70 90 110 130 150
Temperature (TA) (°C) Temperature (TA) (°C)
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AP1509

DYCOES

I N coRPORATED 150KHz, 2A PWM BUCK DC/DC CONVERTER

Typical Performance Characteristics (Continued)

AP1509 Threshold Voltage vs. Temperature

AP1509 ON/OFF Current vs. ON/OFF Voltage

(ViN=12V, 10=100mA) (ViN=12V)
1.7 10
1.6 0t
_ 15 -10 f
2 <-20 |
o 14 %.30
g 1.3 5_40 L
S 12 3-50 L
S 11 o 60 f
< L -70
[} 1y Q 80
< pd
= 09 O -90
0.8 -100
-50 -30 -10 10 30 50 70 90 110 130 150 0 3 6 9 12 15 18 21
Temperature (TA) (°C) ON/OFF Voltage (V)
AP1509 Frequency vs. Temperature AP1509 Feedback Current vs. Temperature
(VIN=12V, 10=500mA, VouTt=5V) (VIN=12V, VouT=5V, VIib=1.3V)
170
10
165 |
T %
160 ~ 10t —_—
<155 2 /
5 -20 |
5 3
L -
$ 150 /\ g 30
g <
0L 145 | o 40
L
140 -50
50 -30 -10 10 30 50 70 90 110 130 150 -50 -30 -10 10 30 50 70 90 110 130 150
Temperature (TA) (°C) Temperature (TA) (°C)
AP1509 Output Voltage vs. Temperature
(VIN=12V, l0=2A)
35
3.45 |
3.4 ¢
3.35 ¢
33 | /x
S325
5 3.2 /
53.15
Z a1 |
3.05
3 L
2.95
2.9
-40 20 0 20 40 60 80 100 120 140 160
Temperature (TA) (°C)
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DYCOES

AP1509

I M € O R P O R AT E D

150KHz, 2A PWM BUCK DC/DC CONVERTER

Typical Performance Characteristics (Continued)

Header Frequency vs. Temperature

Feedback Voltage vs. Temperature

(VIN=15V, VouT=5V)

1000 1.26
900 |- /
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¥ 600 | &
2 500 Q124
é 400 X
©
o
g 30 S1.23 |
(L 200 o
100 w
0 1.22
-40 10 60 110 -40 10 60 110
Temperature (°C) Temperature (°C)
Supply Current vs. Temperature Supply Current vs. Supply Voltage
(VIN=15V, VouT=5V, louT=0A) (VIN=15V, VouTt=5V, louT=0A)
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Efficiency vs. Output Current Efficiency vs. Output Current
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DICDES AP1509

I N coRPORATED 150KHz, 2A PWM BUCK DC/DC CONVERTER

Functions Description

Pin Functions

+Vin

This is the positive input supply for the IC switching regulator. A suitable input bypass capacitor must be
presented at this pin to minimize voltage transients and to supply the switching currents needed by the
regulator.

Ground
Circuit ground.

Output

Internal switch. The voltage at this pin switches between (+V|y — Vsat) and approximately — 0.5V, with a duty
cycle of approximately Vour / Vin. TO minimize coupling to sensitive circuitry, the PC board copper area
connected to this pin should be minimized.

Feedback
Senses the regulated output voltage to complete the feedback loop.

SD

Allows the switching regulator circuit to be shutdown using logic level signals thus dropping the total input
supply current to approximately 150uA. Pulling this pin below a threshold voltage of approximately 1.3V turns
the regulator on, and pulling this pin above 1.3V (up to a maximum of 18V) shuts the regulator down. If this
shutdown feature is not needed, the SD pin can be wired to the ground pin.

Thermal Considerations

The SOP-8L package needs a heat sink under most conditions. The size of the heat sink depends on the input
voltage, the output voltage, the load current and the ambient temperature. The AP1509 junction temperature
rises above ambient temperature for a 2A load and different input and output voltages. The data for these
curves was taken with the AP1509 (SOP-8L package) operating as a buck-switching regulator in an ambient
temperature of 25°C (still air). These temperature increments are all approximate and are affected by many
factors. Higher ambient temperatures require more heat sinker.

For the best thermal performance, wide copper traces and generous amounts of printed circuit board copper
should be used in the board layout (One exception is the output (switch) pin, which should not have large areas
of copper). Large areas of copper provide the best transfer of heat (lower thermal resistance) to the surrounding
air, and moving air lowers the thermal resistance even further.

Package thermal resistance and junction temperature increments are all approximate. The increments are
affected by a lot of factors. Some of these factors include board size, shape, thickness, position, location, and
even board temperature. Other factors are, trace width, total printed circuit copper area, copper thickness,
single or double-sided, multi-layer board and the amount of solder on the board.

The effectiveness of the PC board to dissipate heat also depends on the size, quantity and spacing of other
components on the board, as well as whether the surrounding air is still or moving. Furthermore, some of these
components such as the catch diode will add heat to the PC board and the heat can vary as the input voltage
changes. For the inductor, depending on the physical size, type of core material and the DC resistance, it could
either act as a heat sink taking heat away from the board, or it could add heat to the board.

AP1509 10 of 13 June 2010
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DICDES AP1509

I N coRPORATED 150KHz, 2A PWM BUCK DC/DC CONVERTER

Ordering Information

AP1509-XX S X-13
1T 7T L |
[ ]
| Output Version | | Package | | LeadFree | | Packing
Blank : Adjustable S : SOP-8L L: Lead Free 13 : Tape & Reel
33:3.3V G : Green
50: 5.0V
12:12V
Device Package Packaging 13" Tape and Reel
Code (Note 2) Quantity Part Number Suffix
#|AP1509-XXSL-13 S SOP-8L 2500/Tape & Reel -13
&, |AP1509-XXSG-13 S SOP-8L 2500/Tape & Reel -13

Notes: 2. Pad layout as shown on Diodes Inc. suggested pad layout document AP02001, which can be found on our website at
http://www.diodes.com/datasheets/ap02001.pdf.

Marking Information

(1) SOP-8L
( Top View)
g [1[1] s}
Logo «—— )}, —» L : Lead Free
G : Green
Part No. <4+— 1509-XX _ _ -
Output Type : YYWWXX |yt Feer s 08 %
[13 é%%k%"a‘ d éu:?{? ble o represents 52 and 53 week
1509-50 - 5.0V |l| |_| |_| |i| X : Internal Code
1509-12 : 12V
AP1509 11 of 13 June 2010
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DICDES APLSOS

I N coRPORATED 150KHz, 2A PWM BUCK DC/DC CONVERTER

Package Outline Dimensions (All Dimensions in mm)

(1) Package Type: SOP-8L

INInInIng

5.90/6.10

0.1010.20

O
TUUT L |
g sy

‘ | é 5 Detail "A"

1
| ’77:[_13 g _JJ [  \ow
27typ | osns /%L

4.85/4.95
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Land Pattern Recommendation
(Unit: mm)

ma;
0.15/0.25

4

x-1.55,
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DICDES AP1509

I N coRPORATED 150KHz, 2A PWM BUCK DC/DC CONVERTER

IMPORTANT NOTICE

DIODES INCORPORATED MAKES NO WARRANTY OF ANY KIND, EXPRESS OR IMPLIED, WITH REGARDS TO THIS
DOCUMENT, INCLUDING, BUT NOT LIMITED TO, THE IMPLIED WARRANTIES OF MERCHANTABILITY AND FITNESS FOR A
PARTICULAR PURPOSE (AND THEIR EQUIVALENTS UNDER THE LAWS OF ANY JURISDICTION).

Diodes Incorporated and its subsidiaries reserve the right to make modifications, enhancements, improvements, corrections or other
changes without further notice to this document and any product described herein. Diodes Incorporated does not assume any liability
arising out of the application or use of this document or any product described herein; neither does Diodes Incorporated convey any
license under its patent or trademark rights, nor the rights of others. Any Customer or user of this document or products described
herein in such applications shall assume all risks of such use and will agree to hold Diodes Incorporated and all the companies
whose products are represented on Diodes Incorporated website, harmless against all damages.

Diodes Incorporated does not warrant or accept any liability whatsoever in respect of any products purchased through unauthorized
sales channel.

Should Customers purchase or use Diodes Incorporated products for any unintended or unauthorized application, Customers shall
indemnify and hold Diodes Incorporated and its representatives harmless against all claims, damages, expenses, and attorney fees
arising out of, directly or indirectly, any claim of personal injury or death associated with such unintended or unauthorized application.

Products described herein may be covered by one or more United States, international or foreign patents pending. Product names
and markings noted herein may also be covered by one or more United States, international or foreign trademarks.

LIFE SUPPORT

Diodes Incorporated products are specifically not authorized for use as critical components in life support devices or systems without
the express written approval of the Chief Executive Officer of Diodes Incorporated. As used herein:

A. Life support devices or systems are devices or systems which:
1. are intended to implant into the body, or

2. support or sustain life and whose failure to perform when properly used in accordance with instructions for use provided
in the labeling can be reasonably expected to result in significant injury to the user.

B. A critical component is any component in a life support device or system whose failure to perform can be reasonably expected
to cause the failure of the life support device or to affect its safety or effectiveness.

Customers represent that they have all necessary expertise in the safety and regulatory ramifications of their life support devices or
systems, and acknowledge and agree that they are solely responsible for all legal, regulatory and safety-related requirements
concerning their products and any use of Diodes Incorporated products in such safety-critical, life support devices or systems,
notwithstanding any devices- or systems-related information or support that may be provided by Diodes Incorporated. Further,
Customers must fully indemnify Diodes Incorporated and its representatives against any damages arising out of the use of Diodes
Incorporated products in such safety-critical, life support devices or systems.

Copyright © 2010, Diodes Incorporated

www.diodes.com
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M24C64-DF

64-Kbit serial I°C bus EEPROM
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June 2016

Datasheet - production data

Features

Compatible with all °C bus modes:

- 1MHz

— 400 kHz

— 100 kHz

Memory array:

— 64 Kbit (8 Kbyte) of EEPROM

— Page size: 32 byte

— Additional Write lockable page
(M24C64-D order codes)

Single supply voltage:

— 1.7Vto55Vover—40°C/+85°C

— 16Vto55Vover0°C/+85°C

Write:

— Byte Write within 5 ms

— Page Write within 5 ms

Random and sequential Read modes

Write protect of the whole memory array

Enhanced ESD/Latch-Up protection

More than 4 million Write cycles

More than 200-years data retention

Packages

PDIP8 ECOPACK1®

S08 ECOPACK?2®

TSSOP8 ECOPACK2®

UFDFPN ECOPACK2®

WLCSP ECOPACK2®

Unsawn wafer (each die is tested)

DoclD16891 Rev 33 1/53

This is information on a product in full production.
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Description

The M24C64 is a 64-Kbit IZC-compatibIe EEPROM (Electrically Erasable PROgrammable
Memory) organized as 8 K x 8 bits.

Over an ambient temperature range of -40 °C / +85 °C, the M24C64-W can operate with a
supply voltage from 2.5 V to 5.5 V, the M24C64-R can operate with a supply voltage from
1.8 Vto 5.5V, and the M24C64-F and M24C64-DF can operate with a supply voltage from
1.7 V to 5.5 V ( the M24C64-F can also operate down to 1.6 V, under some restricting

conditions).

The M24C64-D offers an additional page, named the Identification Page (32 byte). The
Identification Page can be used to store sensitive application parameters which can be
(later) permanently locked in Read-only mode.

Figure 1. Logic diagram

VCC

|

M24xxx

VSS

—— SDA

Al01844f

Table 1. Signal names

Signal name Function Direction
E2, E1, EO Chip Enable Input
SDA Serial Data I/0
SCL Serial Clock Input
wC Write Control Input
Vee Supply voltage -
Vss Ground -

DoclD16891 Rev 33

3

69



M24C64-W M24C64-R M24C64-F M24C64-DF Description

Note:

3

Figure 2. 8-pin package connections, top view

B0 []1 8 [] vee
E1 []2 7 [Jwe
E2 [|3 6 []scL
vss [| 4 5 [] sbA
[ ] AI01845f
1. See Section 9: Package mechanical data for package dimensions, and how to identify pin 1
Figure 3. UFDFPN5 package connections
Vee 5 WC 5| ] ¢
Vss 2 | 255D | 2 vgg 2] | —| P
XYZW
SDA 3 4 scL 4| )3
Top view Bottom view
(marking side) (pads side)
MS32117V1

Inputs E2, E1, EO are not connected, therefore read as (000). Please refer to Section 2.3 for
further explanations.

Figure 4. WLCSP 4 bump Ultra thin package connections
1 2 2 1

o SN 7T
g Y/\ VCC \:‘ < VSS /\/\‘ @ >@ )
B | scL) | SDA | @ B

Marking side Bump side
(top view) (bottom view) MSv38426V2

1. Inputs E2, E1, EO are read as (000). Please refer to Section 2.3 for further explanations.

Table 2. Signals vs. bump position

Position A B
1 Vee SCL
2 Vss SDA
DoclD16891 Rev 33 7/53
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Figure 5. 5-bump WLCSP connections (M24C64-FCS6TP/K)

7T A
{ SDA |
Pt P

Lwe | SCL

Marking side Bump side
(top View) (bottom view) MS35045V1
1. Inputs E2, E1, EO are internally connected to (001). Please refer to Section 2.3 for further explanations.
Figure 6. 8-bump thin WLCSP connections (M24C64-DFCT6TP/K)
W ved (e @ @ @
N__~ N_~ N_
A
TN TN
(o (=)
() (o () ® & ®
Marking side

Bump side
(top view) (bottom view)

MS35046V1
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2

2.1

2.2

2.3

24

3

Signal description

Serial Clock (SCL)

The signal applied on the SCL input is used to strobe the data available on SDA(in) and to
output the data on SDA(out).

Serial Data (SDA)

SDA is an input/output used to transfer data in or data out of the device. SDA(out) is an
open drain output that may be wire-OR’ed with other open drain or open collector signals on
the bus. A pull-up resistor must be connected from Serial Data (SDA) to V¢ (Figure 15
indicates how to calculate the value of the pull-up resistor).

Chip Enable (E2, E1, E0)

(E2,E1,EQ) input signals are used to set the value that is to be looked for on the three least
significant bits (b3, b2, b1) of the 7-bit device select code (see Table 3). These inputs must
be tied to V¢ or Vgg, as shown in Figure 7. When not connected (left floating), these inputs
are read as low (0).

For the 4-balls WLCSP package (see Figure 4), the (E2,E1,EQ) inputs are internally
connected to (0, O, 0).

For the 5-balls WLCSP package (see Figure 5), the (E2,E1,EQ) inputs are internally
connected to (0,0,1).

Figure 7. Chip enable inputs connection

VCC VCC
M24xxx M24xxx
Ei |: Ei
VSS VSS
Ai12806

Write Control (W_C)

This input signal is useful for protecting the entire contents of the memory from inadvertent
write operations. Write operations are disabled to the entire memory array when Write
Control (WC) is driven high. Write operations are enabled when Write Control (WC) is either
driven low or left floating.

When Write Control (M) is driven high, device select and address bytes are
acknowledged, Data bytes are not acknowledged.

DocID16891 Rev 33 9/53
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2.5

2.6

2.6.1

2.6.2

2.6.3

2.6.4

10/53

Vgs (ground)

Vgg is the reference for the V¢ supply voltage.

Supply voltage (V¢c)

Operating supply voltage (V¢c)

Prior to selecting the memory and issuing instructions to it, a valid and stable V¢ voltage
within the specified [Vcc(min), Vec(max)] range must be applied (see Operating conditions
in Section 8: DC and AC parameters). In order to secure a stable DC supply voltage, it is
recommended to decouple the V¢ line with a suitable capacitor (usually of the order of

10 nF to 100 nF) close to the Vc/Vgg package pins.

This voltage must remain stable and valid until the end of the transmission of the instruction
and, for a write instruction, until the completion of the internal write cycle (ty).

Power-up conditions

The V¢ voltage has to rise continuously from 0 V up to the minimum V¢ operating voltage
(see Operating conditions in Section 8: DC and AC parameters).

Device reset

In order to prevent inadvertent write operations during power-up, a power-on-reset (POR)
circuit is included.

At power-up, the device does not respond to any instruction until V¢ has reached the
internal reset threshold voltage. This threshold is lower than the minimum V¢ operating
voltage (see Operating conditions in Section 8: DC and AC parameters). When V¢ passes
over the POR threshold, the device is reset and enters the Standby Power mode; however,
the device must not be accessed until V¢ reaches a valid and stable DC voltage within the
specified [Vcc(min), Vec(max)] range (see Operating conditions in Section 8: DC and AC
parameters).

In a similar way, during power-down (continuous decrease in V), the device must not be
accessed when V¢ drops below Ve (min). When V¢ drops below the power-on-reset
threshold voltage, the device stops responding to any instruction sent to it.

Power-down conditions

During power-down (continuous decrease in V), the device must be in the Standby Power
mode (mode reached after decoding a Stop condition, assuming that there is no internal
write cycle in progress).

3
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Memory organization

3

3

Memory organization

The memory is organized as shown below.

Figure 8. Block diagram

wC
B0 — . High voltage
E1 Control logic g%nerato?
E2 —

SCL

SDA <= -» 1/0 shift register

Address register Data
and counter register

Y decoder

[——— 1 page ————————

Identification page

X decoder

MS30912V1
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4 Device operation

The device supports the 12c protocol. This is summarized in Figure 9. Any device that sends
data on to the bus is defined to be a transmitter, and any device that reads the data to be a
receiver. The device that controls the data transfer is known as the bus master, and the
other as the slave device. A data transfer can only be initiated by the bus master, which will
also provide the serial clock for synchronization. The device is always a slave in all
communications.

Figure 9. I2C bus protocol

SCL

SDA

SCL

SDA

SCL

SDA

—

‘<~ SDA e SDA > 5
STOP

STABT Input Change o
Condition Condition
1 2 3 7 8 9
\ / MSB X X X x >< \ AcK
START
Condition
1 2 3 7 8 9 H
\ MSB X X X: x x \ Ack /
STOP
Condition

Al00792B
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4.1

4.2

4.3

4.4

3

Start condition

Start is identified by a falling edge of Serial Data (SDA) while Serial Clock (SCL) is stable in
the high state. A Start condition must precede any data transfer instruction. The device
continuously monitors (except during a Write cycle) Serial Data (SDA) and Serial Clock
(SCL) for a Start condition.

Stop condition

Stop is identified by a rising edge of Serial Data (SDA) while Serial Clock (SCL) is stable and
driven high. A Stop condition terminates communication between the device and the bus
master. A Read instruction that is followed by NoAck can be followed by a Stop condition to
force the device into the Standby mode.

A Stop condition at the end of a Write instruction triggers the internal Write cycle.

Data input

During data input, the device samples Serial Data (SDA) on the rising edge of Serial Clock
(SCL). For correct device operation, Serial Data (SDA) must be stable during the rising edge
of Serial Clock (SCL), and the Serial Data (SDA) signal must change only when Serial Clock
(SCL) is driven low.

Acknowledge bit (ACK)

The acknowledge bit is used to indicate a successful byte transfer. The bus transmitter,
whether it be bus master or slave device, releases Serial Data (SDA) after sending eight bits
of data. During the ot clock pulse period, the receiver pulls Serial Data (SDA) low to
acknowledge the receipt of the eight data bits.

DoclD16891 Rev 33 13/53
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4.5 Device addressing
To start communication between the bus master and the slave device, the bus master must
initiate a Start condition. Following this, the bus master sends the device select code, shown
in Table 3 (most significant bit first).
Table 3. Device select code
Device type identifier(! Chip Enable address®® RW
b7 b6 b5 b4 b3 b2 b1 b0
Device select code _
when addressing the 1 0 1 0 E2 E1 EO RW
memory array
Device select code _
when accessing the 1 0 1 1 E2 E1 EO RW
Identification page
1. The most significant bit, b7, is sent first.
2. EO, E1 and E2 are compared with the value read on input pins EO, E1 and E2.
When the device select code is received, the device only responds if the Chip Enable
address is the same as the value on its Chip Enable E2,E1,EQ inputs.
The 8" bit is the Read/Write bit (RW). This bit is set to 1 for Read and 0 for Write operations.
If a match occurs on the device select code, the corresponding device gives an
acknowledgment on Serial Data (SDA) during the ot bit time. If the device does not match
the device select code, the device deselects itself from the bus, and goes into Standby
mode.
14/53 DoclD16891 Rev 33 Kys
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5

5.1

3

Instructions

Write operations

Following a Start condition the bus master sends a device select code with the R/W bit (RW)
reset to 0. The device acknowledges this, as shown in Figure 10, and waits for two address
bytes. The device responds to each address byte with an acknowledge bit, and then waits
for the data byte.

Table 4. Most significant address byte
‘A15‘A14|A13‘A12‘A11|A10‘A9‘AS‘

Table 5. Least significant address byte
|A7|A6‘A5‘A4‘A3‘A2‘A1‘AO‘

When the bus master generates a Stop condition immediately after a data byte Ack bit (in
the “10t" bit” time slot), either at the end of a Byte Write or a Page Write, the internal Write
cycle tyy is triggered. A Stop condition at any other time slot does not trigger the internal
Write cycle.

After the Stop condition and the successful completion of an internal Write cycle (ty), the
device internal address counter is automatically incremented to point to the next byte after
the last modified byte.

During the internal Write cycle, Serial Data (SDA) is disabled internally, and the device does
not respond to any requests.

If the Write Control input (WC) is driven High, the Write instruction is not executed and the
accompanying data bytes are not acknowledged, as shown in Figure 11.

DoclD16891 Rev 33 15/53
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5.1.1

Byte Write

After the device select code and the address bytes, the bus master sends one data byte. If
the addressed location is Write-protected, by Write Control (WC) being driven high, the

transfer by generating a Stop condition, as shown in Figure 10.

device replies with NoAck, and the location is not modified. If, instead, the addressed
location is not Write-protected, the device replies with Ack. The bus master terminates the

Figure 10. Write mode sequences with WC=0 (data write enabled)

16/53

Byte Write

Page Write

WC (cont'd)

Page Write (cont'd)

ACK ACK ACK ACK
TT T T 17T TT T T T 17T TT T T T 17T LI N B |
Dev sel Byte addr Byte addr Data in |_|
v b T | T | 1111111
5 . =
& R/W &
ACK ACK ACK ACK
LI I | Trrrrrr Trrrrrr TTrrrrr TTrrrra
Dev sel Byte addr Byte addr Data in 1 Data in 2
||||||I|||||||| T | 1111111 T |
o I
& R/W
ACK ACK
=1 | Trrrrrr |
-'—l Data in N |_|
| [ |
Q
<]
%) Al01106d
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Instructions

51.2 Page Write

The Page Write mode allows up to 32 byte to be written in a single Write cycle, provided that
they are all located in the same page in the memory: that is, the most significant memory
address bits, A15/A5, are the same. If more bytes are sent than will fit up to the end of the
page, a “roll-over” occurs, i.e. the bytes exceeding the page end are written on the same

page, from location 0.

The bus master sends from 1 to 32 byte of data, each of which is acknowledged by the
device if Write Control (WC) is low. If Write Control (WC) is high, the contents of the
addressed memory location are not modified, and each data byte is followed by a NoAck, as
shown in Figure 11. After each transferred byte, the internal page address counter is

incremented.

The transfer is terminated by the bus master generating a Stop condition.

Figure 11. Write mode sequences with WC =1 (data write inhibited)

we
ACK ACK ACK NO ACK
LI I I I | rrrrrra rrrrrra LI I
Byte Write Dev sel Byte addr Byte addr Data in I_I
Ll L 1 1 1 II L L 1 1 1.1 L L 1 1 1.1 Ll L L 1 1.1
5 W 5
o RIW &
wC
ACK ACK ACK NO ACK
LI rrrrrri rrrrrri LI Trrrri-r
Page Write Dev sel Byte addr Byte addr Data in 1 Data in 2
IIIIIIII L L 1 1 1.1 L L 1 1 1.1 Ll L L 1 1.1 I TN
E J—
& R/W
W_C(cont'd)
NO ACK NO ACK
1T I LI B N B R | I
Page Write (cont'd) _J Data in N I_I
| [ T A |
Q.
S
@ Al01120d
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5.1.3

51.4

5.1.5

18/53

Write Identification Page (M24C64-D only)

The Identification Page (32 byte) is an additional page which can be written and (later)
permanently locked in Read-only mode. It is written by issuing the Write Identification Page
instruction. This instruction uses the same protocol and format as Page Write (into memory
array), except for the following differences:

e Device type identifier = 1011b

e MSB address bits A15/A5 are don't care except for address bit A10 which must be ‘0.
LSB address bits A4/A0 define the byte address inside the Identification page.

If the Identification page is locked, the data bytes transferred during the Write Identification
Page instruction are not acknowledged (NoAck).

Lock Identification Page (M24C64-D only)

The Lock Identification Page instruction (Lock ID) permanently locks the Identification page
in Read-only mode. The Lock ID instruction is similar to Byte Write (into memory array) with
the following specific conditions:

e  Device type identifier = 1011b
e  Address bit A10 must be ‘1’; all other address bits are don't care
e The data byte must be equal to the binary value xxxx xx1x, where x is don't care

ECC (Error Correction Code) and Write cycling

The ECC is offered only in devices identified with process letter K, all other devices
(identified with a different process letter) do not embed the ECC logic.

The Error Correction Code (ECC) is an internal logic function which is transparent for the
12C communication protocol.

The ECC logic is implemented on each group of four EEPROM bytes(1). Inside a group, if a
single bit out of the four bytes happens to be erroneous during a Read operation, the ECC
detects this bit and replaces it with the correct value. The read reliability is therefore much
improved.

Even if the ECC function is performed on groups of four bytes, a single byte can be
written/cycled independently. In this case, the ECC function also writes/cycles the three
other bytes located in the same group(1). As a consequence, the maximum cycling budget is
defined at group level and the cycling can be distributed over the 4 bytes of the group: the
sum of the cycles seen by byte0, byte1, byte2 and byte3 of the same group must remain
below the maximum value defined Table 12: Cycling performance.

1. A group of four bytes is located at addresses [4*N, 4*N+1, 4*N+2, 4*N+3], where N is an integer.
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5.1.6 Minimizing Write delays by polling on ACK

During the internal Write cycle, the device disconnects itself from the bus, and writes a copy
of the data from its internal latches to the memory cells. The maximum Write time (t,,) is
shown in AC characteristics tables in Section 8: DC and AC parameters, but the typical time
is shorter. To make use of this, a polling sequence can be used by the bus master.

The sequence, as shown in Figure 12, is:

e Initial condition: a Write cycle is in progress.

e  Step 1: the bus master issues a Start condition followed by a device select code (the
first byte of the new instruction).

e  Step 2: if the device is busy with the internal Write cycle, no Ack will be returned and
the bus master goes back to Step 1. If the device has terminated the internal Write
cycle, it responds with an Ack, indicating that the device is ready to receive the second
part of the instruction (the first byte of this instruction having been sent during Step 1).

Figure 12. Write cycle polling flowchart using ACK

Write cycle
in progress

—

| Start condition
v

Device select
with RW = 0

AC
returned

NO

First byte of instruction YES

with RW = 0 already
decoded by the device

Next
Operation is
addressing the
memory

YES

!

Send Address
and Receive ACK

A
| ReStart |

I

| Stop l

A 4 A

Data for the Device select
Write operation with RW = 1
v v
Continue the Continue the
Write operation Random Read operation

AlO1847e

1. The seven most significant bits of the Device Select code of a Random Read (bottom right box in the figure) must be
identical to the seven most significant bits of the Device Select code of the Write (polling instruction in the figure).
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5.2 Read operations
Read operations are performed independently of the state of the Write Control (WC) signal.
After the successful completion of a Read operation, the device internal address counter is
incremented by one, to point to the next byte address.
For the Read instructions, after each byte read (data out), the device waits for an
acknowledgment (data in) during the 9th bit time. If the bus master does not acknowledge
during this 9th time, the device terminates the data transfer and switches to its Standby
mode.
Figure 13. Read mode sequences
ACK NO ACK
Current T T T T 17T L B B | I
Address Dev sel Data out I_I
Read L 1 1 1.1 | L 1 1 1 1.1
5 = 8
n RW o
ACK ACK ACK ACK NO ACK
Random L I B B | |||||||| LI B B B N | LI I B I | IIIIIIII
Address Dev sel * Byte addr Byte addr Dev sel * Data out I_I
Read IIIIIIII L 1 1 1 1.1 L1 1 1 1 1 IIIIII| L 1 1 1 1.1
5 W 5 W 8
& R/W & R/W &
ACK ACK ACK NO ACK
Sequential LI I I | TT T T T T1T | 1= =°r | LIL I B B | I
Current Dev sel Data out 1 |'|' 1-| Data out N I_I
Read L1 11 11 | [ T T | LJ_.. _-.-LJ4 [ T I |
5 = 8
o R/W &
ACK ACK ACK ACK ACK
Sequention T T T T 17T T T T T T 17T T T T T T 11T LI I I | LIBL I I B N I | |I"I'
Random Dev sel * Byte addr Byte addr Dev sel * Data out1 '
Read I TN N TN N N N N N - L1 1 1 1 1 IIIIII| L 1 1 1 1.1 J. L -
5 = 5 =
& R/W & R/W
ACK NO ACK
1T | LI I I N I | I
Data out N I_I
| [ T T |
Q.
2
@ Al01105d
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5.21

5.2.2

5.2.3

5.3

3

Random Address Read

A dummy Write is first performed to load the address into this address counter (as shown in
Figure 13) but without sending a Stop condition. Then, the bus master sends another Start
condition, and repeats the device select code, with the RW bit set to 1. The device
acknowledges this, and outputs the contents of the addressed byte. The bus master must
not acknowledge the byte, and terminates the transfer with a Stop condition.

Current Address Read

For the Current Address Read operation, following a Start condition, the bus master only
sends a device select code with the R/W bit set to 1. The device acknowledges this, and
outputs the byte addressed by the internal address counter. The counter is then
incremented. The bus master terminates the transfer with a Stop condition, as shown in
Figure 13, without acknowledging the byte.

Note that the address counter value is defined by instructions accessing either the memory
or the Identification page. When accessing the Identification page, the address counter
value is loaded with the byte location in the Identification page, therefore the next Current
Address Read in the memory uses this new address counter value. When accessing the
memory, it is safer to always use the Random Address Read instruction (this instruction
loads the address counter with the byte location to read in the memory, see Section 5.2.1)
instead of the Current Address Read instruction.

Sequential Read

This operation can be used after a Current Address Read or a Random Address Read. The
bus master does acknowledge the data byte output, and sends additional clock pulses so
that the device continues to output the next byte in sequence. To terminate the stream of
bytes, the bus master must not acknowledge the last byte, and must generate a Stop
condition, as shown in Figure 13.

The output data comes from consecutive addresses, with the internal address counter
automatically incremented after each byte output. After the last memory address, the
address counter “rolls-over”, and the device continues to output data from memory address
00h.

Read ldentification Page (M24C64-D only)

The Identification Page (32 bytes) is an additional page which can be written and (later)
permanently locked in Read-only mode.

The Identification Page can be read by issuing an Read Identification Page instruction. This
instruction uses the same protocol and format as the Random Address Read (from memory
array) with device type identifier defined as 1011b. The MSB address bits A15/A5 are don't
care, the LSB address bits A4/A0 define the byte address inside the Identification Page. The
number of bytes to read in the ID page must not exceed the page boundary (e.g.: when
reading the ldentification Page from location 10d, the number of bytes should be less than
or equal to 22, as the ID page boundary is 32 bytes).
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5.4

22/53

Read the lock status (M24C64-D only)

The locked/unlocked status of the Identification page can be checked by transmitting a
specific truncated command [Identification Page Write instruction + one data byte] to the
device. The device returns an acknowledge bit if the Identification page is unlocked,
otherwise a NoAck bit if the Identification page is locked.

Right after this, it is recommended to transmit to the device a Start condition followed by a
Stop condition, so that:

. Start: the truncated command is not executed because the Start condition resets the
device internal logic,

e  Stop: the device is then set back into Standby mode by the Stop condition.

3
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6 Initial delivery state

The device is delivered with all the memory array bits and Identification page bits set to 1
(each byte contains FFh).

When delivered in unsawn wafer, all memory bits are set to 1 (each memory byte contains
FFh) except the last byte located at address 1FFFh which is written with the value 22h.

DoclD16891 Rev 33 23/53
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Maximum rating

Stressing the device outside the ratings listed in Table 6 may cause permanent damage to
the device. These are stress ratings only, and operation of the device at these, or any other
conditions outside those indicated in the operating sections of this specification, is not
implied. Exposure to absolute maximum rating conditions for extended periods may affect
device reliability.

Table 6. Absolute maximum ratings

Symbol Parameter Min Max. Unit
Ambient operating temperature —40 130 °C
Tsta Storage temperature —65 150 °C
Lead temperature during soldering see note(!) °C
TLeD PDIP-specific lead temperature during soldering - 260(2) °C
loL DC output current (SDA = 0) - 5 mA
Vio Input or output range -0.50 6.5 V
Vee Supply voltage —-0.50 6.5 V
Vesp Electrostatic pulse (Human Body model)(3) - 300014 \%

1. Compliant with JEDEC Std J-STD-020D (for small body, Sn-Pb or Pb-free assembly), the ST ECOPACK®

7191395 specification, and the European directive on Restrictions of Hazardous Substances (RoHS

directive 2011/65/EU of July 2011).

T_eap Max must not be applied for more than 10 s.

Positive and negative pulses applied on different combinations of pin connections, according to AEC-

Q100-002 (compliant with ANSI/ESDA/JEDEC JS-001-2012 standard, C1=100 pF, R1=1500 Q).

4000 V for devices identified with process letter K and P.

DoclD16891 Rev 33
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DC and AC parameters

8

3

DC and AC parameters

This section summarizes the operating and measurement conditions, and the DC and AC
characteristics of the device.

Table 7. Operating conditions (voltage range W)

Symbol Parameter Min. Max. Unit
Vee Supply voltage 25 5.5 \%
Ta Ambient operating temperature -40 85 °C
fc Operating clock frequency - 1M MHz
1. 400 kHz for devices identified by process letter P.
Table 8. Operating conditions (voltage range R)
Symbol Parameter Min. Max. Unit
Vee Supply voltage 1.8 5.5 \%
Ta Ambient operating temperature —40 85 °C
fe Operating clock frequency - 1M MHz
1. 400 kHz for devices identified by process letter P.
Table 9. Operating conditions (voltage range F)
Symbol Parameter Min. Max. Unit
Vee | Supply voltage 1.6 1.7 5.5 Y,
Ambient operating temperature: READ -40 -40 85 .
TA Ambient operating temperature: WRITE 0 -40 85 ¢
f Operating clock frequency, Ve 2 1.6 V(1) - 400 cHa
Operating clock frequency, Ve 2 1.7 V - 1000
1. Only for devices identified with process letter T
Table 10. AC measurement conditions
Symbol Parameter Min. Max. Unit
Cous Load capacitance 100 pF
SCL input rise/fall time, SDA input fall time - 50 ns
Input levels 0.2Vgct0 0.8 Ve \
Input and output timing reference levels 0.3V 10 0.7 Ve \Y
DoclD16891 Rev 33 25/53
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Figure 14. AC measurement I/O waveform

Input voltage levels Input and output
Timing reference levels
0.8Vce
0.2Vce
MS19774V1
Table 11. Input parameters
Symbol Parameter(!) Test condition Min. | Max. | Unit
CiN Input capacitance (SDA) - - 8 pF
CiN Input capacitance (other pins) - - 6 pF
Z _ ViN < 0.3 Ve 30 - kQ
Input impedance (E2, E1, EO, WC)(2)
Zy ViN> 0.7 Ve 500 - kQ
1. Characterized only, not tested in production.
2. input impedance when the memory is selected (after a Start condition).
Table 12. Cycling performance
Symbol | Parameter Test condition Max.(! Unit
Write cycle | Ta <25 °C, Veg(min) < Vg < Veg(max) | 4,000,000 . @)
Ncycle d @) . - Write cycle
endurance Ta =85 °C, Vge(min) < Ve < Vee(max) 1,200,000

1. Cycling performance for products identified by process letter K or T (previous products were specified with
1 million cycles at 25 °C)

2. The Write cycle endurance is defined by characterization and qualification. For devices embedding the
ECC functionality (see Chapter 5.1.5), the write cycle endurance is defined for group of four bytes located
at addresses [4*N, 4*N+1, 4*N+2, 4*N+3] where N is an integer.

3. A Write cycle is executed when either a Page Write, a Byte write, a Write Identification Page or a Lock

Identification Page instruction is decoded. When using the Byte Write, the Page Write or the Write
Identification Page, refer also to Section 5.1.5: ECC (Error Correction Code) and Write cycling

Table 13. Memory cell data retention

Parameter Test condition Min. Unit

Data retention(") Tp=55°C 2009 Year

1. The data retention behavior is checked in production, while the data retention limit defined in this table is
extracted from characterization and qualification results.

2. For products identified by process letter K or T (previous products were specified with a data retention of 40
years at 55°C).

3
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Table 14. DC characteristics (M24C64-W, device grade 6)

Test conditions (in addition to those

in Table 7) Min. Max. Unit

Symbol Parameter

Input leakage current V|N = Vgs or Ve, device in Standby

I (SCL, SDA, E2, E1, mode - 2 MA
EO)

| Output leakage SDA in Hi-Z, external voltage applied ) +92 A

LO | current on SDA: Vgg or Ve = H

2.5V < Ve <55V, fy= 400 kHz

| Suonl (Read) (rise/fall time < 50 ns) ) 2 mA
upply current (Rea
ce 25V <Vgc<55V,f=1MHz(" ) 05 | ma
(rise/fall time < 50 ns)
. During tyy, ) @)
lcco | Supply current (Write) 25V <Vge <55V 2.5 mA
Device not selected®), ) 5 uA
| Standby supply Vin=VgsorVee, Vec =25V
(ofo3
current ; 3
Device not selected! ), ) 3(4) uA

V|N = VSS or Vcc, VCC =55V

Input low voltage
ViL | (SCL, SDA, WC, E2,
E1, E0)®

—045 [03Vee| V

Input high voltage

ViH ;
Input high voltage

(m, E2, E1, EO)(G) 0.7 Vee | Vect0.6 V

IOL =21 mA, VCC =25Vor
VoL | Output low volt - 04 | V
oL |PUPULIOWVORAge 1) | =3mA Ve =55V

1. For devices identified with process letter K or T.
Characterized value, not tested in production.

The device is not selected after power-up, after a Read instruction (after the Stop condition), or after the
completion of the internal write cycle tyy (tyy is triggered by the correct decoding of a Write instruction).

Previous products (identified with process letter P) offer ICC1(max) =5 pA
E; inputs should be tied to V¢4 (see Section 2.3).
E; inputs should be tied to V. (see Section 2.3).

3
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Table 15. DC characteristics (M24C64-R device grade 6)

28/53

Test conditions(") (in addition to . .
Symbol Parameter those in Table 8) Min. Max. |Unit
| Input leakage current V|n = Vsg or Vi, device in ) +9 A
L |(EO, E1, E2, SCL, SDA) | Standby mode * M
SDA in Hi-Z, external voltage
Lo Output leakage current applied on SDA: Vgg or Vee - +2 MA
Vee = 1.8V, f.=400 kHz - 0.8 mA
lcc | Supply current (Read)
f,= 1 MHz®?) - 25 | mA
L \(3) | During tyy. } )
lcco | Supply current (Write) 18V <Vee 25V 1.5 mA
Device not selected(®),
lcc1 | Standby supply current Vin = Vs of Veg, Vg = 1.8 V - 1 MA
Input low voltage
Vi (SCL, SDA)®) 1.8V < V<25V —-045 [0.25V¢ec| V
Input high voltage
(SCL, SDA) 1.8V< Ve <25V 0.75 Ve 6.5 \Y,
VIH - put high volt
P 0 vorage 18V < Vg <25V 0.75 Vgg | Vet 0.6| V
(WC)
VoL | Output low voltage loL = 1mA, Ve = 1.8 V@) - 0.2 %

o x> onN

N o

please refer to Table 14 instead of this table.

Only for devices operating at fo max = 1 MHz (see note (1) in Table 18).
For devices identified with process letter Kor T

Characterized value, not tested in production.

If the application uses the voltage range R device with 2.5V <V, < 5.5V and -40 °C < T, < +85 °C,

The device is not selected after power-up, after a Read instruction (after the Stop condition), or after the

completion of the internal write cycle tyy (tyy is triggered by the correct decoding of a Write instruction).

E; inputs should be tied to V¢ (see Section 2.3).
E; inputs should be tied to V. (see Section 2.3).

loL = 0.7 mA for devices identified by process letter P.
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DC and AC parameters

3

Table 16. DC characteristics (M24C64-F, M24C64-DF, device grade 6)

Test conditions(?) (in addition to . .
Symbol Parameter those in Table 9) Min. Max. | Unit
| Input leakage current | VN =Vss orVee } +9 A
L' |(E1,E2, SCL, SDA) |device in Standby mode - H
SDA in Hi-Z, external voltage applied
Lo Output leakage current on SDA: Vg or Ve - 2 MA
VCC=1.6Vor1.7V, fc =400 kHz - 0.8
lcc | Supply current (Read) mA
fo =1 MHz(? - 25
lcco | Supply current (Write) | During tyy VCC <2.5V - 1.5@) | mA
Device not selected®),
lcc1 | Standby supply current | V| =Vgg or Ve, Veg = 1.6 Vor - 1 MA
1.7V
Input low voltage B
Vi (SCL, SDA, WC, Ei)(s) Vee <25V 045 |025Vcc| V
Input high voltage
VIH - put high vol Y
nput high voltage
(m’ E2 E1, EO)(G) Vee <25V 0.75 Ve | Vet 0.6
VoL | Output low voltage loL =1mA, Vg =1.6Vor 1.7V - 0.2 \
If the application uses the voltage range F device with 2.5V <V <5.5V and -40 °C < T < +85 °C,
please refer to Table 14 instead of this table.
Only for devices identified by process letter Kor T (see Table 18).
Characterized value, not tested in production.
The device is not selected after power-up, after a Read instruction (after the Stop condition), or after the
completion of the internal write cycle tyy (tyy is triggered by the correct decoding of a Write instruction).
E; inputs should be tied to Vgg(see Section 2.3).
E; inputs should be tied to V¢ (see Section 2.3).
DoclD16891 Rev 33 29/53
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Table 17. 400 kHz AC characteristics

Symbol Alt. Parameter Min. Max. Unit
fc fscL | Clock frequency - 400 kHz
tcHeL tyign | Clock pulse width high 600 - ns
tcLcH tlow |Clock pulse width low 1300 - ns
tartare'” t= | SDA (out) fall time 20 300 ns
txH1XH2 tr Input signal rise time 3) (3) ns
txL1xL2 te Input signal fall time ) @) ns
tbxcH tsu:paT | Data in set up time 100 - ns
tcLpx thp:pat | Data in hold time 0 - ns
terax™® toy |Data out hold time 50(5) - ns
tCLQV(G) tan Clock low to next data valid (access time) - 900 ns
tcHDL tsu.sTa | Start condition setup time 600 - ns
toLcL tup:sta | Start condition hold time 600 - ns
tcHDH tsu:sTo | Stop condition set up time 600 - ns
foHDL taur l’(i)r:jitti)c()e;ween Stop condition and next Start 1300 ) ns
twiol ™M | tsywe | WC set up time (before the Start condition) 0 - us
tDHWH(S)“) tip-we WC hold time (after the Stop condition) 1 - us
tw twr Internal Write cycle duration - 5 ms
tNS(1) ) gLEl)I:()a Yv;:jr:glzegglc:trs: (input filter on SCL and ) 50(9) ns

1. Characterized only, not tested in production.
With C_ =10 pF.

3. There is no min. or max. values for the input signal rise and fall times. It is however recommended by the
I2C specification that the input signal rise and fall times be more than 20 ns and less than 300 ns when
fc <400 kHz.

4. To avoid spurious Start and Stop conditions, a minimum delay is placed between SCL=1 and the falling or
rising edge of SDA.

5. The previous products were specified with tc| qx longer than 50 ns. it should be noted that any tc qx value
longer than 50ns offers a safe margin when compared to the 12C-bus specification recommendations.

6. tcLqv is the time (from the falling edge of SCL) required by the SDA bus line to reach either 0.3V or
0.7V, assuming that Ry,,s X Cp,s time constant is within the values specified in Figure 15.

WC=0 set up time condition to enable the execution of a WRITE command.
WC=0 hold time condition to enable the execution of a WRITE command.

The previous products were specified with tyg longer than 50ns. it should be noted that the tyg (max) =
50ns is the value defined by the 12C-bus specification.

3
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Table 18. 1 MHz AC characteristics

Symbol Alt. Parameter() Min. Max. Unit

fc fscL | Clock frequency 0 1 MHz
tcHeL tyign | Clock pulse width high 260 - ns
teLcH tLow | Clock pulse width low 500 - ns
tyHAXHZ t | Input signal rise time ) ) ns
txL1xL2 te Input signal fall time (2) 2) ns
tar1ae® t= | SDA (out) fall time 204 120 ns
toxcH tsu:par | Data in setup time 50 - ns
tcLpx thp:paT | Data in hold time 0 - ns
torax® toy | Data out hold time 50(6) - ns
tCLQV(7) taa | Clock low to next data valid (access time) - 450 ns
tcHDL tsu.sTa | Start condition setup time 250 - ns
toLeL tup-sta | Start condition hold time 250 - ns
tcHDH tsu:sTo | Stop condition setup time 250 - ns
{oHDL taur l’(i)r:jitti)c()e;ween Stop condition and next Start 500 ) ns
twiol®® | tsuwe |WC set up time (before the Start condition) 0 - us
tDHWH(g)(3) thp-we WC hold time (after the Stop condition) 1 - us
tw twr | Write time - 5 ms
tNS(s) ) gLEl)I:()a width ignored (input filter on SCL and ) 50(10) ns

1. Only for devices identified by the process letter K or T (devices qualified at 1 MHz).

2. There is no min. or max. values for the input signal rise and fall times. It is however recommended by the
I2C specification that the input signal rise and fall times be less than 120 ns when fc <1 MHz.

3. Characterized only, not tested in production.
With C_ =10 pF.

To avoid spurious Start and Stop conditions, a minimum delay is placed between SCL=1 and the falling or
rising edge of SDA.

6. The previous products were specified with tc| ox longer than 50 ns. it should be noted that any tc) ox value
longer than 50ns offers a safe margin when compared to the 12C-bus specification recommendations.

7. tcLqy is the time (from the falling edge of SCL) required by the SDA bus line to reach either 0.3 V¢ or
0.7 Ve, assuming that the Rbus x Cbus time constant is within the values specified in Figure 16.

WC=0 set up time condition to enable the execution of a WRITE command.
WC=0 hold time condition to enable the execution of a WRITE command.

10. The previous products were specified with tyg longer than 50 ns. it should be noted that the 12C-bus
specification recommends a tyg value longer than 50ns.

3
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Figure 15. Maximum R, ¢ value versus bus parasitic capacitance (Cy,s) for
an 12C bus at maximum frequency fc = 400 kHz
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Figure 16. Maximum Ry, value versus bus parasitic capacitance Cy¢) for
an 12C bus at maximum frequency fz = 1MHz
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Figure 17. AC waveforms
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Package mechanical data

In order to meet environmental requirements, ST offers these devices in different grades of
ECOPACK® packages, depending on their level of environmental compliance. ECOPACK®
specifications, grade definitions and product status are available at: www.st.com.
ECOPACK® is an ST trademark.

For die information concerning the M24C64 delivered in unsawn wafer, please contact your
nearest ST Sales Office.

3
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Package mechanical data

9.1 UFDFPNS5 package information
Figure 18. UFDFPNS5 — 1.7x1.4 mm, 0.55 mm thickness, ultra thin fine pitch
dual flat package, no lead - package outline
D Kyt
' Pin 1
Pin1 —p ) e =
X
E E1 ¢
v I
]
D1 —» |<L1
Top view Bottom view
(marking side) (pads side)
'Y
A
v
. . + Al
Side view AOUK_ME_V2
On the bottom side, pin 1 is identified by the specific pad shape and, on the top side, pin 1 is defined from
the orientation of the marking: when reading the marking, pin 1 is below the upper left package corner.
Table 19. UFDFPNS5 - 1.7 x 1.4 mm, 0.55 mm thickness, ultra thin fine pitch
dual flat package, no lead - package mechanical data
millimeters inches(!)
Symbol
Min Typ Max Min Typ Max
A 0.500 0.550 0.600 0.0197 0.0217 0.0236
A1 0.000 - 0.050 0.0000 - 0.0020
b®?) 0.175 0.200 0.225 0.0069 0.0079 0.0089
D 1.600 1.700 1.800 0.0630 0.0669 0.0709
D1 1.400 1.500 1.600 0.0551 0.0591 0.0630
E 1.300 1.400 1.500 0.0512 0.0551 0.0591
E1 0.175 0.200 0.225 0.0069 0.0079 0.0089
X - 0.200 - - 0.0079 -
Y - 0.200 - - 0.0079 -
- 0.400 - - 0.0157 -
L 0.500 0.550 0.600 0.0197 0.0217 0.0236
L1 - 0.100 - - 0.0039 -
k - 0.400 - - 0.0157 -
1. Values in inches are converted from mm and rounded to 4 decimal digits.
2. Dimension b applies to plated terminal and is measured between 0.15 and 0.30mm from the terminal tip.
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9.2 UFDFPN8 package information
Figure 19. UFDFPN8 — 2x3 mm, 0.55 thickness, ultra thin fine pitch
dual flat package, no lead - package outline
D Pin #1 1D marking e b
\ ‘ Y : A
] <000
|
‘ 4
/ |
Pin1 !
E ’*’***ﬁ ****** — E2
| |
‘ K
v i
L 0.0 !
A A i
- >
| D2
3 () | eee
ZW_MEeV4
1. Drawing is not to scale.
2. The central pad (the area E2 by D2 in the above illustration) must be either connected to Vgg or left floating
(not connected) in the end application.
Table 20. UFDFPN8 — 2x3 mm, 0.55 thickness, ultra thin fine pitch dual flat package,
no lead - package mechanical data
millimeters inches(!)
Symbol
Min Typ Max Min Typ Max
A 0.450 0.550 0.600 0.0177 0.0217 0.0236
A1l 0.000 0.020 0.050 0.0000 0.0008 0.0020
0.200 0.250 0.300 0.0079 0.0098 0.0118
D 1.900 2.000 2.100 0.0748 0.0787 0.0827
D2 1.200 - 1.600 0.0472 - 0.0630
E 2.900 3.000 3.100 0.1142 0.1181 0.1220
E2 1.200 - 1.600 0.0472 - 0.0630
- 0.500 — - 0.0197 -
K 0.300 - - 0.0118 - -
0.300 - 0.500 0.0118 - 0.0197
L1 - - 0.150 - - 0.0059
L3 0.300 - - 0.0118 - -
eee® 0.080 - - 0.0031 - -
1. Values in inches are converted from mm and rounded to four decimal digits.
2. Applied for exposed die paddle and terminals. Exclude embedding part of exposed die paddle from
measuring.
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M24C64-W M24C64-R M24C64-F M24C64-DF Package mechanical data

9.3 TSSOP8 package information

Figure 20.TSSOP8 — 3x4.4 mm, 0.65 mm pitch, 8-lead thin shrink small outline,
package outline

RRRA |

—

El |E

© C )
Hotd S
[ \ At LL’

A A2

»i—ta-b e
TSSOP8AM_V2

1. Drawing is not to scale.

Table 21. TSSOP8 - 3 x 4.4 mm, 0.65 mm pitch, 8-lead thin shrink small outline,
package mechanical data

millimeters inches(!
Symbol
Min. Typ. Max. Min. Typ. Max.

A - - 1.200 - - 0.0472
A1 0.050 - 0.150 0.0020 - 0.0059
A2 0.800 1.000 1.050 0.0315 0.0394 0.0413
b 0.190 - 0.300 0.0075 - 0.0118
c 0.090 - 0.200 0.0035 - 0.0079
CP - - 0.100 - - 0.0039
D 2.900 3.000 3.100 0.1142 0.1181 0.1220
e - 0.650 - - 0.0256 -

E 6.200 6.400 6.600 0.2441 0.2520 0.2598
E1 4.300 4.400 4.500 0.1693 0.1732 0.1772
L 0.450 0.600 0.750 0.0177 0.0236 0.0295
L1 - 1.000 - - 0.0394 -

o 0° - 8° 0° - 8°

1. Values in inches are converted from mm and rounded to four decimal digits.
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SO8N package information

Figure 21. SO8N - 3.9x4.9 mm, 8-lead plastic small outline, 150 mils body width,
package outline

h x 45°
=)/ é \\::} c

GAUGE PLANE
|

!

A1

—
L

L1

j

SO-A_V2

1. Drawing is not to scale.

Table 22. SO8N - 3.9x4.9 mm, 8-lead plastic small outline, 150 mils body width,
package mechanical data

millimeters inches("
Symbol
Min. Typ. Max. Min Typ. Max.

A - - 1.750 - - 0.0689
A1 0.100 - 0.250 0.0039 - 0.0098

A2 1.250 - - 0.0492 - -
b 0.280 - 0.480 0.0110 - 0.0189
c 0.170 - 0.230 0.0067 - 0.0091
4.800 4.900 5.000 0.1890 0.1929 0.1969
E 5.800 6.000 6.200 0.2283 0.2362 0.2441
E1 3.800 3.900 4.000 0.1496 0.1535 0.1575

- 1.270 - - 0.0500 -
0.250 - 0.500 0.0098 - 0.0197

0° - 8° 0° - 8°
L 0.400 - 1.270 0.0157 - 0.0500

L1 - 1.040 - - 0.0409 -
cce - - 0.100 - - 0.0039

1. Values in inches are converted from mm and rounded to four decimal digits.
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M24C64-W M24C64-R M24C64-F M24C64-DF Package mechanical data

Figure 22. SO8N - 3.9x4.9 mm, 8-lead plastic small outline, 150 mils body width,
package recommended footprint

0.6 (x8)

6.7

1.27
07_SO8N_FP_V1

1. Dimensions are expressed in millimeters.

39/53
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Package mechanical data M24C64-W M24C64-R M24C64-F M24C64-DF

9.5 PDIP8 package information

Figure 23. PDIP8 - 8-pin plastic DIP, 0.25 mm lead frame, package outline

b2 > < E >
7 W \
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eA
D eB
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| NNy N [y NNy |

PDIP-B

1. Drawing is not to scale.

2. Not recommended for new designs.

Table 23. PDIP8 - 8-pin plastic DIP, 0.25 mm lead frame, package mechanical data

millimeters inches(!
Symbol
Min. Typ. Max. Min. Typ. Max.
A - - 5.33 - - 0.2098
A1 0.38 - - 0.0150 - -
A2 2.92 3.30 4.95 0.1150 0.1299 0.1949
b 0.36 0.46 0.56 0.0142 0.0181 0.0220
b2 1.14 1.52 1.78 0.0449 0.0598 0.0701
0.20 0.25 0.36 0.0079 0.0098 0.0142
D 9.02 9.27 10.16 0.3551 0.3650 0.4000
7.62 7.87 8.26 0.3000 0.3098 0.3252
E1 6.10 6.35 7.1 0.2402 0.2500 0.2799
e - 2.54 - - 0.1000 -
eA - 7.62 - - 0.3000 -
eB - - 10.92 - - 0.4299
L 2.92 3.30 3.81 0.1150 0.1299 0.1500
1. Values in inches are converted from mm and rounded to four decimal digits.
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M24C64-W M24C64-R M24C64-F M24C64-DF Package mechanical data

9.6 Ultra Thin WLCSP package information

Figure 24. Ultra Thin WLCSP- 4-bump, 0.795 x 0.674 mm, wafer level chip scale
package outline

Back side coating // 1 bbb[Z] Orientation
thickness 0.025 mm
___\D tail A reference
<D X ST .
i o & : i F
4 -+ /4L E _‘L\. _‘,’/— rl-
! Y AI_ F
Orientation / I—‘_,(S()a aa __: ﬁz «
reference |l A3
Wafer back side Side view Bump Side
Bump
A1
Sleee 7] |
R A A_ —
} N
b (4X) - Seating plane
m
vddd®|Z] Detail A

Rotated 90 °

A0Z7BSC_ME_V1

1. Drawing is not to scale.
2. Primary datum Z and seating plane are defined by the spherical crowns of the bump.
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Table 24. Ultra Thin WLCSP- 4-bump, 0.795 x 0.674 mm, wafer level chip scale
package mechanical data

millimeters inches(")
Symbol
Min Typ Max Min Typ Max

A 0.285 0.315 0.345 0.0112 0.0124 0.0136

A1 - 0.115 - - 0.0045 -

A2 - 0.175 - - 0.0069 -

A3 (BSC) - 0.025 - - 0.0010 -

b2 @) - 0.160 - - 0.0063 -
D - 0.795 0.815 - 0.0313 0.0321
E - 0.674 0.694 - 0.0265 0.0273

e - 0.400 - - 0.0157 -

F - 0.137 - - 0.0054 -

G - 0.198 - - 0.0078 -
aaa - - 0.110 - - 0.0043
bbb - - 0.110 - - 0.0043
cce - - 0.110 - - 0.0043
ddd - - 0.060 - - 0.0024
eee - - 0.060 - - 0.0024

1. Values in inches are converted from mm and rounded to 4 decimal digits.

Dimension is measured at the maximum bump diameter parallel to primary datum Z.

Primary datum Z and seating plane are defined by the spherical crowns of the bump.

Figure 25. Thin WLCSP- 4-bump, 0.795 x 0.674 mm, wafer level chip scale
package recommended footprint

|4

' 6 )

4xFb

AOZ7BSC_FP_V1

Dimensions are expressed in millimeters.
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M24C64-W M24C64-R M24C64-F M24C64-DF

Package mechanical data

9.7 WLCSP5 package information

Figure 26. WLCSP 5-bump, 0.959 x 1.073 mm, 0.4 mm pitch wafer level chip scale

(M24C64-FCS6TP/K)- package outline
// T bbb [7]
[e———— D ——» - el

:) \—Deta|l A g

L]

1 + €
~ l
° H OO
v
O [aaa Orientation T S
Orientation (4x) Le—A2| reference «—>F
reference
e— A
Wafer back side i Side view Bump side
Bump k

\ Y Detail A

\ rotated by 90°

STe 1z \ ) & j {1 /
g

5X

Seating plane

1Cd_ME_V3
1. Drawing is not to scale.

2. The index on the wafer back side (circle) is above the index of the bump side (triangle/arrow)

DoclD16891 Rev 33 43/53

106



Package mechanical data

M24C64-W M24C64-R M24C64-F M24C64-DF

44/53

Table 25. WLCSP- 5-bump, 0.959 x 1.073 mm, 0.4 mm pitch wafer level chip scale
package mechanical data

millimeters inches(!)
Symbol
Min Typ Max Min Typ Max

A 0.455 0.545 0.645 0.0179 0.0215 0.0254
A1 - 0.190 - - 0.0075 -
A2 - 0.355 - - 0.0140 -
b2 - 0.270 - - 0.0106 -

D - 0.959 1.074 - 0.0378 0.0423

E - 1.073 1.168 - 0.0422 0.0460

e - 0.693 - - 0.0273 -

el - 0.400 - - 0.0157 -
e2 - 0.3465 - - 0.0136 -

F - 0.280 - - 0.0110 -

G - 0.190 - - 0.0075 -
aaa - - 0.110 - - 0.0043
bbb - - 0.110 - - 0.0043

Values in inches are converted from mm and rounded to 4 decimal digits.

Dimension is measured at the maximum bump diameter parallel to primary datum Z.

Figure 27. WLCSP - 5-bump, 0.959 x 1.073 mm, 0.4 mm pitch wafer level chip scale
recommended footprint

Q@jT

oo

1Cd_FP_V1

1.

Dimensions are expressed in millimeters.
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M24C64-W M24C64-R M24C64-F M24C64-DF Package mechanical data

9.8

3

Thin WLCSP8 package information

Figure 28. Thin WLCSP- 8-bump, 1.073 x 0.959 mm, wafer level chip scale
package outline

// | bbb [Z]

BN Detail A 7 > 1 T
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3 L
" ,
L ’
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Detail A
o
Rotated 90 (Vd_ME_V1
1. Drawing is not to scale.
2. Primary datum Z and seating plane are defined by the spherical crowns of the bump.
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Table 26. Thin WLCSP- 8-bump, 1.073 x 0.959 mm, wafer level chip scale

package mechanical data
millimeters inches(!)
Symbol
Min Typ Max Min Typ Max

A 0.300 0.315 0.330 0.0118 0.0124 0.0130
A1 - 0.115 - - 0.0045 -
A2 - 0.200 - - 0.0079 -
b2 - 0.160 - - 0.0063 -

D - 1.073 0.093 - 0.0422 0.0037

E - 0.959 0.979 - 0.0378 0.0385

e - 0.693 - - 0.0273 -
el - 0.800 - - 0.0315 -
e2 - 0.400 - - 0.0157 -

F - 0.133 - - 0.0052 -

G - 0.137 - - 0.0054 -
aaa - - 0.110 - - 0.0043
bbb - - 0.110 - - 0.0043
cce - - 0.110 - - 0.0043
ddd - - 0.060 - - 0.0024
eee - - 0.060 - - 0.0024

1.

Values in inches are converted from mm and rounded to 4 decimal digits.

2. Dimension is measured at the maximum bump diameter parallel to primary datum Z.

Figure 29. Thin WLCSP- 8-bump, 1.073 x 0.959 mm, wafer level chip scale
package recommended footprint

0.400 mm
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1. Dimensions are expressed in millimeters.
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M24C64-W M24C64-R M24C64-F M24C64-DF Part numbering

10 Part numbering

Table 27. Ordering information scheme
Example: M24C64 -D W MC 6 T P /P F
Device type
M24 = I2C serial access EEPROM
Device function
C64 = 64 Kbit (8192 x 8 bit)
Device family

Blank = Without Identification page
D = With Identification page
Operating voltage
W=VCC=25Vto55V
R=VCC=18Vt055V
F=VCC=17Vt055V
Package

BN = PDIP8(")

MN = SO8 (150 mil width)©

DW = TSSOP8 (169 mil width)®?)
MC = UFDFPN8 (MLP8)(@)

MH = UFDFPN5 (MLP5)@)

CS = 5-bump WLCSP®@)

CT = 8-bump WLCSP?)

CU = 4-bump WLCSP

Device grade

6 = Industrial: device tested with standard test flow over —40 to 85 °C

Option
T = Tape and reel packing

blank = tube packing

Plating technology

P or G = ECOPACK2®
3)

Process!

/P or /K or /T = Manufacturing technology code

Option
Blank = No Back Side Coating
F = Back Side Coating (WLCSP height = 0.345mm)
1. RoHS-compliant (ECOPACK1®)
ECOPACK2® ((RoHS compliant and free of brominated, chlorinated and antimony oxide flame retardants))

3. The process letter is used only when ordering WLCSP packages, the process letter is not specified when
ordering any other package. These process letters appear on the device package (marking) and on the
shipment box. Please contact your nearest ST Sales Office for further information.

3
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Part numbering M24C64-W M24C64-R M24C64-F M24C64-DF

Table 28. Ordering information scheme (unsawn wafer)(” (2)
Example: M24C64 - F T W 20 1/90

Device type
M24 = 12C serial access EEPROM

Device function

C64 = 64 Kbit (8192 x 8 bit)

Operating voltage
F=Vgc=17Vto55V

Process
T =F8H+

Delivery form

W = Wafer (bare die)

Wafer thickness

20 = Non-backlapped wafer

Wafer testing

| = Inkless test

Device grade

90 =-40°C to 85°C

1. For all information concerning the M24C64 delivered in unsawn wafer, please contact your nearest ST
Sales Office.

2. Unsawn wafer in preview.

3

48/53 DocID16891 Rev 33

111



M24C64-W M24C64-R M24C64-F M24C64-DF Part numbering

Engineering samples

Parts marked as “ES”, “E” or accompanied by an Engineering Sample notification letter, are
not yet qualified and therefore not yet ready to be used in production and any consequences
deriving from such usage will not be at ST charge. In no event, ST will be liable for any
customer usage of these engineering samples in production. ST Quality has to be contacted
prior to any decision to use these Engineering samples to run qualification activity.

3
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Revision history

Table 29. Document revision history

Date

Revision

Changes

14-Mar-2011

22

Updated information concerning E2, E1, EO for the WLCSP package:
— note under Figure 3: UFDFPN5 package connections

— comment under Figure 7: Chip enable inputs connection

— note 3 under Table 2: Device select code

07-Apr-2011

23

Updated MLP8 package data and Section 10: Part numberingAdded
footnote (a) in Section 4.5: Memory addressing.

18-May-2011

24

Updated:

— Figure 3: UFDFPN5 package connections
— Table 6: Absolute maximum ratings

— Small text changes

Added:

— Figure 12: Memory cell characteristics

08-Sep-2011

25

Updated:

— Table 22: UFDFPN8 (MLP8) — 8-lead ultra thin fine pitch dual flat no
lead, 2 x 3 mm, data

— Figure 16: Maximum Rbus value versus bus parasitic capacitance
Cbus) for an 12C bus at maximum frequency fC = TMHz

— Figure 6: 12C Fast mode Plus (fC = 1 MHz): maximum Rbus value
versus bus parasitic capacitance (Cbus).

Added tyy p. and tpywy in:

— Table 17: 400 kHz AC characteristics
— Table 18: 1 MHz AC characteristics
— Figure :

Minor text changes.

16-Dec-2011

26

Updated A dimension in Table 25: WLCSP- 5-bump, 0.959 x 1.073 mm,
0.4 mm pitch wafer level chip scale package mechanical data.
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Table 29. Document revision history (continued)

Date

Revision

Changes

28-Aug-2012

27

Datasheet split into:

— M24C64-DF, M24C64-W, M24C64-R,M24C64-F (this
datasheet) for standard products (range 6),

— M24C64-125 datasheet for automotive products (range 3).

Added 8-bump thin WLCSP.

Updated single supply voltage and number of Write cycles on cover
page.

Updated Section 2.1: Serial Clock (SCL) and Section 2.2: Serial Data
(SDA).

Updated Figure 8: Block diagram.

Added Section 4.5: Device addressing.

Section 5.1: Write operations move to Section 5: Instructions and
updated.

Moved Figure 10: Write mode sequences with WC = 0 (data write
enabled) to Section 5.1.1: Byte Write.

Section 5.1.2: Page Write: changed address bits to A15/A5 and updated
Figure 11.

Case of locked Write identification Page removed from Section 5.1.4:
Lock Identification Page (M24C64-D only).

Updated Section 5.1.5: ECC (Error Correction Code) and Write cycling
and move Figure 12: Write cycle polling flowchart using ACK to
Section 5.1.6: Minimizing Write delays by polling on ACK.

Added note 1 in Table 7: Operating conditions (voltage range W) and
Table 8: Operating conditions (voltage range R).

Added Table 12 and updated Table 13: Memory cell data retention.
Removed note 2 in Table 17: 400 kHz AC characteristics for taL1QL2,
twLDL, tDHWH, and tNS.

Table 27: Ordering information scheme: removed ambient operating
temperature for device grade 5 and added Note 3. to MLP8 and WLCSP
packages.

18-Nov-2013

28

Added text in Chapter 5.2.2: Current Address Read
Updated note () under Table 6: Absolute maximum ratings.
Removed note () in Table 3: Device select code.

Updated notes below Table 14: DC characteristics (M24C64-W, device
grade 6) and Table 15: DC characteristics (M24C64-R device grade 6)

Renamed Figure 19 and Table 25.

Updated captions above Figure 26 and Figure 24.
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Table 29. Document revision history (continued)

Date

Revision

Changes

21-Jul-2014

29

Updated Figure 3, Figure 6, Table 15, Table 9, Table 17, Table 18 and
Table 27.

Updated ECOPACK info on front page.

Updated notes:

— (1) on Table 7, Table 8, Table 14, Table 18

— (2) merged with (3) on Table 15

— (8) on Table 15

— (2)on Table 16

— (3) on Table 27

Added:

— note (1) on Table 9

Added:

— supply voltage level specification on Cover page.
— package UFDFPNS5 on Cover page

— Table 18 and Figure 18 related to UFDFPN5 package.
— Note (1) on Section 5.1.5

12-Nov-2014

30

Added:

— note 2 on Table 14

— note 2 on DW, MC and CS package on Table 27
— note 1on BN package on Table 27

— Figure 3

Updated:

— Section 1: Description

— Chapter 5.1.5

— note 3 on Table 6

— note 1 on Table 9

— note 1 on Table 12

— note 1 on Table 13

— lgcp max value and note 5 on Table 14
— lggo max value on Table 15

— lgco max value on Table 16

— note 2 on Table 27

30-Jul-2015

31

Added WLCSP package.
Updated Table 27.

18-Feb-2016

32

Updated Figure 4, Figure 18,Table 19 and added Table 2

22-June-2016

33

Added Reference to unsawn wafer inside cover page and added
Table 28: Ordering information scheme (unsawn wafer)
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M24C64-W M24C64-R M24C64-F M24C64-DF

IMPORTANT NOTICE — PLEASE READ CAREFULLY

STMicroelectronics NV and its subsidiaries (“ST”) reserve the right to make changes, corrections, enhancements, modifications, and
improvements to ST products and/or to this document at any time without notice. Purchasers should obtain the latest relevant information on
ST products before placing orders. ST products are sold pursuant to ST’s terms and conditions of sale in place at the time of order
acknowledgement.

Purchasers are solely responsible for the choice, selection, and use of ST products and ST assumes no liability for application assistance or
the design of Purchasers’ products.

No license, express or implied, to any intellectual property right is granted by ST herein.

Resale of ST products with provisions different from the information set forth herein shall void any warranty granted by ST for such product.

ST and the ST logo are trademarks of ST. All other product or service names are the property of their respective owners.

Information in this document supersedes and replaces information previously supplied in any prior versions of this document.

© 2016 STMicroelectronics — All rights reserved
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‘ ’ ’ augmented

LSM9DSO0

INEMO inertial module:

3D accelerometer, 3D gyroscope, 3D magnetometer

<

LGA-24 (4x4x1.0 mm)

Features

e 3 acceleration channels, 3 angular rate
channels, 3 magnetic field channels

o +2/14/+6/+8/£16 g linear acceleration full scale

o 12/+4/+8/+12 gauss magnetic full scale

o 1245/+500/+2000 dps angular rate full scale

e 16-bit data output

e SPI/I2C serial interfaces

e Analog supply voltage 2.4 Vto 3.6 V

e Power-down mode / low-power mode

e Programmable interrupt generators

¢ Embedded self-test

e Embedded temperature sensor

e Embedded FIFO

e Position and motion detection functions

o Click/double-click recognition

¢ Intelligent power saving for handheld devices

e ECOPACK®, RoHS and “Green” compliant

Datasheet - production data

Applications

¢ Indoor navigation

e Smart user interfaces

e Advanced gesture recognition

e Gaming and virtual reality input devices
¢ Display/map orientation and browsing

Description

The LSM9DSO0 is a system-in-package featuring a
3D digital linear acceleration sensor, a 3D digital
angular rate sensor, and a 3D digital magnetic
Sensor.

The LSM9DSO0 has a linear acceleration full scale
of +2g/+4g/+6g/+89g/+16g, a magnetic field full
scale of +2/+4/+8/+12 gauss and an angular rate
of +245/+500/+2000 dps.

The LSM9DSO0 includes an 12C serial bus
interface supporting standard and fast mode
(100 kHz and 400 kHz) and an SPI serial
standard interface.

The system can be configured to generate
interrupt signals on dedicated pins and is capable
of motion and magnetic field detection.
Thresholds and timing of interrupt generators are
programmable by the end user.

Magnetic, accelerometer and gyroscope sensing
can be enabled or set in power-down mode
separately for smart power management.

The LSM9DSO is available in a plastic land grid
array package (LGA) and it is guaranteed to
operate over an extended temperature range
from -40 °C to +85 °C.

Table 1. Device summary

Part number Temperature range [°C] Package Packing
LSM9DS0 -40 to +85 LGA-24 Tray
LSMODSO0TR -40 to +85 LGA-24 Tape and reel
August 2013 DoclD024763 Rev 2 1/74

This is information on a product in full production.
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1 Block diagram and pin description

1.1 Block diagram

Figure 1. Block diagram

Sensing Block Sensing Interface cor/?\/lgner Cfg;gl
X+ R
Ye CHARGE
AMPLIFIER
> Z+
I(a) A2 .
xi J % MUX >
>
v
X ——CS_XM
X A __cs.G
Ya CHARGE SDA
> > . AMPLIFIER —
I (M) A ——SDO_XM/SA0_XM
» N MUX »
. d _ |—spo_arsao_a
o
= a
- Q |—scuspc
= L
— INT1_XM
——INT2_XM
X+ —
CHARGE
AMPLIFIER  DEMODULATOR —INT_G
—> 771
I (6) ;%, — DRDY_G
! LOW-PASS AD ) Control I
J} % MUX FILTER converter Logic
v
X- L ANALOG
CONDITIONING
Feedback+
Feedback- AUT%I\A/INIC
prve: CONTROL
VOLTAGE
GAIN
AMPLIFIER
Drive+
TRIMMING
INTERRUPT GEN. REFERENCE CIRCUITS CLOCK CONTROL LOGIC
BUILT-IN
FIFO SETRESET T CENsoR .
CIRCUITS
10/74 DoclD024763 Rev 2 KYI

126



LSM9DS0 Block diagram and pin description

1.2 Pin description

Figure 2. Pin connections
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Table 2. Pin description

Pin# Name Function
1 Reserved Leave unconnected
2 Reserved Connect to GND
3 Reserved Connect to GND
4 Reserved Connect to GND
5 GND 0V supply
6 GND 0V supply
7 C1_XM Capacitor connection (C1)
8 SETC_XM S/R capacitor connection (C2)
9 SETP_XM S/R capacitor connection (C2)
10 DEN_G Gyroscope data enable
1" INT_ G Gyroscope programmable interrupt
12 DRDY_G Gyroscope data ready
13 INT1_XM Accelerometer and magnetic sensor interrupt 1
14 INT2_XM Accelerometer and magnetic sensor interrupt 2
15 Vdd Power supply
16 Vdd Power supply
17 Vdd Power supply
18 Vdd_10 Power supply for I/O pins
Gyroscope I2C/SPI mode selection
19 CS_G 1: SPI idle mode / 1°C communication enabled
0: SPI communication mode / I°C disabled
Accelerometer and magnetic sensor SPI enabled
I2C/SPI mode selection
20 CS_XM
- 1: SPI idle mode / I°C communication enabled
0: SPI communication mode / 12C disabled
21 SCL I2C serial clock (SCL)
SPC SPI serial port clock (SPC)
SDO G Gyroscope serial data output (SDO)
22 - Angular rate sensor 12C less significant bit of the device address
SAO0_G
(SA0)
SDO XM Accelerometer and magnetic sensor SPI serial data output (SDO)
23 SAO_XM Accelerometer and magnetic sensor 12C less significant bit of the
- device address (SAO0)
24 SDA I°C serial data (SDA)

3
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Module specifications

2.1 Sensor characteristics
@ Vdd = 3.0V, T = 25 °C unless otherwise noted(®
Table 3. Sensor characteristics
Symbol Parameter Test conditions Min. Typ.(1) Max. Unit
12
14
hps |nemaccator :
18
16
12
i 14
M_FS m:gzj::ment range +8 gauss
12
1245
G_FS ?nr;iij:errit:nt range +500 dps
+2000
Linear acceleration FS =12 g 0.061
Linear acceleration FS =4 g 0.122
LA_So [Linear acceleration sensitivity | Linear acceleration FS = 16 g 0.183 mg/LSB
Linear acceleration FS = 18 g 0.244
Linear acceleration FS = +16 g 0.732
Magnetic FS = +2 gauss 0.08
M_GN | Magnetic sensitivity Magnetic FS = +4 gauss 019 mgauss/
Magnetic FS = +8 gauss 0.32 LSB
Magnetic FS = +12 gauss 0.48
Angular rate FS = +245 dps 8.75
G_So [Angular rate sensitivity Angular rate FS = +500 dps 17.50 n;?;?/
Angular rate FS = £2000 dps 70
LA TCSo ';L”ae:g :3‘3’?1‘:&?}2‘;‘;3?:iti"”y From -40 °C to +85 °C +1.5 %
M_TCSo \“/’f?gﬁ::)cef:t:fg“’”y change | eom .40 °C to +85 °C +3 %
a. The product is factory calibrated at 3.0 V. The operational power supply range is from 2.4 V to 3.6 V.
m DoclD024763 Rev 2 13/74
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Table 3. Sensor characteristics (continued)
Symbol Parameter Test conditions Min. | Typ.(V | Max. Unit
Angular rate sensitivity o o o
G_SoDr From -40 °C to +85 °C +2 )
change vs. temperature
Linear acceleration typical
LA_TyOff |zero-g level offset 160 mg
accuracy®)(*)
FS = 245 dps +10
Angular rate
G_Tyoff |/ "9 FS = 500 dps 15 dps
typical zero-rate level
FS =2000 dps 25
LA_TCOff | Linear acceleration zero-g |y yoita from 25 °C +0.5 mg/°C
level change vs. temperature
G_TCOff Zero-rate level change vs. +0.05 dps/°C
temperature
M_EF | Maximum exposed field No perming effect on zero 10000 | gauss
reading
Sensitivity starts to degrade.
M_DF | Magnetic disturbing field Automatic S/R pulse restores 20 gauss
the sensitivity(s)
Linear acceleration self-test | %2 g range, X, Y, Z-axis
AT posttive difference (07 AST1:0 = 01 see Table 74 60 1700\ mg
FS =245 dps 20 250
G ST Angular rate self-test output FS = 500 d 70 200 d
- change (®)©) - ps ps
FS =2000 dps 150 1000
Top Operating temperature range -40 +85 °C
1. Typical specifications are not guaranteed
2. \Verified by wafer level test and measurement of initial offset and sensitivity
3. Typical zero-g level offset value after MSL3 preconditioning
4. Offset can be eliminated by enabling the built-in high-pass filter
5. Set/ Reset Pulse is automatically applied at each conversion cycle
6. “Self-test output change” is defined as: OUTPUT[mQ](CTRL_REG2_XM (21h) asT1:0 enabled) - OUTPUTIMg] CTRL_REG2_XM

(21h) AST1:0 disabled)
For polarity refer to Table 77: Self-test mode configuration
8. “Self-test output change” is defined as: OUTPUT[mg] CTRL_REG4_G (23h) s71:0 enabled) - OUTPUTIMg] CTRL_REG4_G (23h)
ST1:0 disabled)
9. For polarity refer to Table 31: Self-test mode configuration

14/74
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2.2

Temperature sensor characteristics

The electrical characteristics concerning the temperature sensor are given in the table

below.

@ Vdd = 3.0V, T=25 °C unless otherwise noted.

Table 4. Temperature sensor electrical characteristics

Symbol Parameter Test conditions Min. Typ.“) Max. Unit
TSDr Temperature sensor output 8 LSB/°C
change vs. temperature
TODR Temperature refresh rate ) '\flz—g)]?zl? Hz
Top Operating temperature range -40 +85 °C
1. Typical specifications are not guaranteed.
2. Refer to Table 84: Magnetic data rate configuration.
Kys DoclD024763 Rev 2 15/74
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2.3 Electrical characteristics
@ Vdd = 3.0V, T = 25 °C unless otherwise noted(®)
Table 5. Electrical characteristics
Test . (1) .
Symbol Parameter conditions Min. Typ. Max. Unit
Vdd Supply voltage 24 3.6 \%
Vdd_IO | Module power supply for I/O 1.71 1.8 Vdd+0.1
HR setting
CTRL_REG5
Current consumption of the _XM(M_RES
Idd_XM | accelerometer and magnetic sensor [1,0]) = 11b, 350 MA
in normal mode () see
CTRL_REG5
_ XM (24h)
ldd_G Gyroscope c%l)'ent consumption in 6.1 mA
normal mode
I t
ldd G LP eroscope suy:;py curren 9 mA
- - in sleep mode(®
Idd_Pdn Curregt)consumpnon in power-down 6 uA
mode
VIH Digital high-level input voltage 0.8*vdd_lO \Y,
VIL Digital low-level input voltage 0.2*vdd_IO \%
VOH High-level output voltage 0.9*vdd_IO \%
VOL Low-level output voltage 0.1*vdd_IO \%
Top Operating temperature range -40 +85 °C
1. Typical specifications are not guaranteed
2. Magnetic sensor setting ODR =6.25 Hz, Accelerometer sensor ODR =50 Hz, gyroscope in power-down mode
3. Accelerometer and magnetic sensor in power-down mode
4. Sleep mode introduces a faster turn-on time compared to power-down mode. Accelerometer and magnetic sensor in

power-down mode.

5. Linear accelerometer, magnetic sensor and gyroscope in power-down mode

b. LSM9DSO is factory calibrated at 3.0 V

3
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LSM9DS0 Module specifications
2.4 Communication interface characteristics
241 SPI - serial peripheral interface

Subject to general operating conditions for Vdd and Top.

Table 6. SPI slave timing values

Value("

Symbol Parameter - ox Unit
te(spe) SPI clock cycle 100 ns
fespe) SPI clock frequency 10 MHz
tsu(cs) CS setup time 5
thcs) CS hold time 20
tsu(sl) SDI input setup time 5

th(siy SDI input hold time 15 ns
ty(so) SDO valid output time 50

th(so) SDO output hold time 5
tais(so) SDO output disable time 50

1. Values are guaranteed at 10 MHz clock frequency for SPI with both 4 and 3 wires, based on characterization results, not
tested in production.

Figure 3. SPI slave timing diagram

=\ ) /

: t t // 4 :
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242 Sensor I2C - inter-IC control interface
Subject to general operating conditions for Vdd and Top.
Table 7. I2C slave timing values
I2C standard mode (V) I2C fast mode ()
Symbol Parameter Unit
Min Max Min Max
fiscy) SCL clock frequency 0 100 0 400 kHz
tw(scLL) SCL clock low time 4.7 1.3
us
tw(scLh) SCL clock high time 4.0 0.6
tsu(spba) SDA setup time 250 100 ns
th(SDA) SDA data hold time 0 3.45 0 0.9 us
th(sT) START condition hold time 4 0.6
Repeated START condition
bsu(sR) setup time a7 0.6
us
tsu(sp) STOP condition setup time 4 0.6
¢ Bus free time between STOP 47 13
W(SP:SR) | and START condition ' '
1. Data based on standard 12C protocol requirement, not tested in production.
Figure 4. I2C slave timing diagram
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Measurement points are done at 0.2-Vdd_10 and 0.8-Vdd_IO, for both ports.
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Note:

3

Absolute maximum ratings

Stresses above those listed as “absolute maximum ratings” may cause permanent damage
to the device. This is a stress rating only and functional operation of the device under these
conditions is not implied. Exposure to maximum rating conditions for extended periods may

affect device reliability.

Table 8. Absolute maximum ratings

Symbol Ratings Maximum value Unit
Vdd Supply voltage -0.3t04.8 \Y
Vdd_I10 1/0 pins supply voltage -0.3t0 4.8 \%
Input voltage on any control pin (SCL/SPC, SDA,
Vin SDO_XM/SA0_XM, SDO_G/SA0_G,CS_G,CS_XM, | -0.3toVdd_IO +0.3 \Y
DEN_QG)
3,000 for 0.5 ms g
Apow Acceleration (any axis, powered, Vdd = 2.5 V)

10,000 for 0.1 ms g
3,000 for 0.5 ms g

Aunp Acceleration (any axis, unpowered)
10,000 for 0.1 ms g
Top Operating temperature range -40 to +85 °C
Tste Storage temperature range -40 to +125 °C
ESD Electrostatic discharge protection 2 (HBM) kV

Supply voltage on any pin should never exceed 4.8 V
This device is sensitive to mechanical shock, improper handling can cause
permanent damage to the part.
A This is an electrostatic-sensitive device (ESD), improper handling can cause
2 permanent damage to the part.
DoclD024763 Rev 2 19/74
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Terminology

Set / reset pulse

The set / reset pulse is an automatic operation performed before each magnetic acquisition
cycle to degauss the sensor and to ensure alignment of the magnetic dipoles and thus the
linearity of the sensor itself.

Sensitivity

The methods to determine sensitivity and offset are given below in the following paragraphs.

Linear acceleration sensor sensitivity

Sensitivity describes the gain of the sensor and can be determined by applying 1 g
acceleration to it. As the sensor can measure DC accelerations this can be done easily by
pointing the axis of interest towards the center of the Earth, noting the output value, rotating
the sensor by 180 degrees (pointing to the sky) and noting the output value again. By doing
S0, £1 g acceleration is applied to the sensor. Subtracting the larger output value from the
smaller one, and dividing the result by 2, leads to the actual sensitivity of the sensor. This
value changes very little over temperature and time. The sensitivity tolerance describes the
range of sensitivities of a large population of sensors.

Magnetic sensor sensitivity

Sensitivity describes the gain of the sensor and can be determined by applying a magnetic
field of 1 gauss to it.

Angular rate sensitivity

An angular rate gyroscope is a device that produces a positive-going digital output for
counter-clockwise rotation around the sensitive axis considered. Sensitivity describes the
gain of the sensor and can be determined by applying a defined angular velocity to it. This
value changes very little over temperature and time.

Zero-g level

The zero-g level offset (TyOff) describes the deviation of an actual output signal from the
ideal output signal if no acceleration is present. A sensor in a steady state on a horizontal
surface will measure 0 g for the X-axis and 0 g for the Y-axis whereas the Z-axis will
measure 1 g. The output is ideally in the middle of the dynamic range of the sensor (content
of OUT registers 00h, data expressed as two’s complement number). A deviation from the
ideal value in this case is called Zero-g offset. Offset is to some extent a result of stress to
the MEMS sensor and therefore the offset can slightly change after mounting the sensor
onto a printed circuit board or exposing it to extensive mechanical stress. Offset changes
little over temperature, see “Zero-g level change vs. temperature” (LA_TCOff in Table 3).
The Zero-g level tolerance (TyOff) describes the standard deviation of the range of Zero-g
levels of a population of sensors.

3
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3.25 Zero-gauss level

The zero-gauss level offset describes the deviation of an actual output signal from the ideal
output if no magnetic field is present. Thanks to the Set/Reset Pulse and to the magnetic
sensor readout chain, the offset is dynamically cancelled. The Zero-gauss level does not
show any dependency on temperature or power supply.

3.2.6 Zero-rate level

The zero-rate level describes the actual output signal if there is no angular rate present. The
zero-rate level of highly accurate MEMS sensors is, to some extent, a result of stress to the
sensor and therefore the zero-rate level can slightly change after mounting the sensor onto
a printed circuit board or after exposing it to extensive mechanical stress. This value
changes very little over temperature and time.

3
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Functionality

The LSM9DSO0 is a system-in-package featuring a 3D digital accelerometer, a 3D digital
magnetometer, and a 3D digital gyroscope.

The device includes specific sensing elements and two IC interfaces capable of measuring
both the acceleration/magnetometer and angular rate applied to the module and to provide
a signal to external applications through an SPI/I2C serial interface.

The various sensing elements are manufactured using specialized micromachining
processes, while the IC interfaces are developed using a CMOS technology that allows the
design of a dedicated circuit which is trimmed to better match the sensing element
characteristics.

The LSM9DS0 may also be configured to generate an inertial wake-up and free-fall interrupt
signal according to a programmed acceleration event along the enabled axes.

Self-test

Accelerometer

The self-test allows the linear acceleration sensor functionality to be tested without moving
it. The self-test function is off when the self-test bit (ST) is programmed to ‘0’. When the self-
test bit is programmed to ‘1’ an actuation force is applied to the sensor, simulating a definite
input acceleration. In this case the sensor outputs exhibit a change in their DC levels which
are related to the selected full scale through the device sensitivity. When the self-test is
activated, the device output level is given by the algebraic sum of the signals produced by
the acceleration acting on the sensor and by the electrostatic test-force. If the output signals
change within the amplitude specified inside Section 2.1: Sensor characteristics, then the
sensor is working properly and the parameters of the interface chip are within the defined
specifications.

Gyroscope

The self-test allows to test the mechanical and electric part of the sensor, allowing the
seismic mass to be moved by means of an electrostatic test-force. When the ST is activated
by the IC, an actuation force is applied to the sensor, emulating a definite Coriolis force. In
this case the sensor output will exhibit an output change.

When the ST is active, the device output is given by the algebraic sum of the signals
produced by the velocity acting on the sensor and by the electrostatic test-force.

For polarity please refer to Table 31: Self-test mode configuration.

Linear acceleration main digital blocks

FIFO

The LSM9DS0 embeds 32 slots of data FIFO for each of the three output channels: X, Y
and Z. This allows consistent power saving for the system, since the host processor does
not need to continuously poll data from the sensor, but it can wake up only when needed
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4.2.6
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and burst the significant data out from the FIFO. This buffer can work accordingly in four
different modes: Bypass mode, FIFO mode, Stream mode and Stream-to-FIFO mode. Each
mode is selected by the FIFO_MODE bits in FIFO_SRC_REG (2Fh). Programmable
watermark level, FIFO_Empty or FIFO_Full events can be enabled to generate dedicated
interrupts on the INT1_XM/INT2_XM pin (configured through FIFO_SRC_REG (2Fh)).

Bypass mode

In Bypass mode, the FIFO is not operational and for this reason it remains empty. For each
channel only the first address is used. The remaining FIFO slots are empty.

FIFO mode

In FIFO mode, data from the X, Y and Z channels are stored in the FIFO. A watermark
interrupt can be enabled (FIFO_WTMK_EN bit in FIFO_CTRL _REG (2Eh)) in order to be
raised when the FIFO is filled to the level specified in the FIFO_WTMK_LEVEL bits of
FIFO_CTRL_REG (2Eh). The FIFO continues filling until it is full (32 slots of data for X, Y
and Z). When full, the FIFO stops collecting data from the input channels.

Stream mode

In Stream mode, data from the X, Y and Z measurements are stored in the FIFO. A
watermark interrupt can be enabled and set as in FIFO mode. The FIFO continues filling
until it is full (32 slots of data for X, Y and Z). When full, the FIFO discards the older data as
the new data arrives.

Stream-to-FIFO mode

In Stream-to-FIFO mode, data from the X, Y and Z measurements is stored in the FIFO. A
watermark interrupt can be enabled (FIFO_WTMK_EN bit in FIFO_CTRL_REG (2Eh)) in
order to be raised when the FIFO is filled to the level specified in the FIFO_WTMK_LEVEL
bits of FIFO_CTRL_REG (2Eh). The FIFO continues filling until it is full (32 slots of 8-bit data
for X, Y and Z). When full, the FIFO discards the older data as the data new arrives. Once a
trigger event occurs, the FIFO starts operating in FIFO mode.

Retrieving data from FIFO

A read operation to the OUT_X L A (28h), OUT_X _H A (29h), OUT_Y L A (2Ah),
OUT_Y H A (2Bh) or OUT_Z L A (2Ch), OUT_Z_H_A (2Dh) registers provides the data
stored in the FIFO. Each time data is read from the FIFO, the oldest X, Y and Z data are
placed in the OUT_X L A (28h), OUT_X H_A (29h), OUT_Y L _A (2Ah), OUT_Y H_A

(2Bh) and OUT_Z L_A (2Ch), OUT_Z H_A (2Dh) registers and both single read and
read_burst operations can be used.
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Gyroscope digital main blocks

Figure 5. Gyroscope block diagram
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The LSM9DS0 embeds 32 slots of 16-bit data FIFO for each of the three output channels:
yaw, pitch and roll. This allows consistent power saving for the system, since the host
processor does not need to continuously poll data from the sensor, but can wake up only
when needed and burst the significant data out from the FIFO. This buffer can work
accordingly in five different modes: Bypass mode, FIFO mode, Stream mode, Bypass-to-
Stream mode and Stream-to-FIFO mode. Each mode is selected by the FIFO_MODE bits in
FIFO_CTRL_REG_G (2Eh). A programmable watermark level, FIFO_Empty or FIFO_Full
events can be enabled to generate dedicated interrupts on the DRDY_G pin (configured
through CTRL_REG3_G (22h) and event detection information is available in
FIFO_SRC_REG_G (2Fh). The watermark level can be configured to WTM4:0 in
FIFO_CTRL_REG_G (2Eh).

Bypass mode

In Bypass mode, the FIFO is not operational and for this reason it remains empty. As
described in Figure 6, for each channel only the first address is used. The remaining FIFO
slots are empty. When new data is available, the old data is overwritten.

3
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Figure 6. Bypass mode
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In FIFO mode, data from the yaw, pitch and roll channels is stored in the FIFO. A watermark
interrupt can be enabled (12_WMK bit in CTRL_REG3_G (22h)) in order to be raised when
the FIFO is filled to the level specified in the WTM 4:0 bits of FIFO_CTRL _REG_G (2Eh).
The FIFO continues filling until it is full (32 slots of 16-bit data for yaw, pitch and roll). When
full, the FIFO stops collecting data from the input channels. To restart data collection,
FIFO_CTRL_REG_G (2Eh) must be written back to Bypass mode.

FIFO mode is represented in Figure 7.

Figure 7. FIFO mode
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Stream mode

In Stream mode, data from the yaw, pitch and roll measurements is stored in the FIFO. A
watermark interrupt can be enabled and set as in FIFO mode. The FIFO continues filling
until it is full (32 slots of 16-bit data for yaw, pitch and roll). When full, the FIFO discards the
older data as the new data arrives. Programmable watermark level events can be enabled
to generate dedicated interrupts on the DRDY_G pin (configured through CTRL_REG3_G

(22h).

Stream mode is represented in Figure 8.

Figure 8. Stream mode
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Bypass-to-stream mode

In Bypass-to-stream mode, the FIFO starts operating in Bypass mode and once a trigger
event occurs (related to INT1_CFG_G (30h) events) the FIFO starts operating in Stream
mode. Refer to Figure 9 below.

Figure 9. Bypass-to-stream mode
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Stream-to-FIFO mode

In Stream-to-FIFO mode, data from the yaw, pitch and roll measurement is stored in the
FIFO. A watermark interrupt can be enabled on pin DRDY_G by setting the 12_WTM bit in
CTRL_REG3_G (22h) to be raised when the FIFO is filled to the level specified in the
WTM4:0 bits of FIFO_CTRL_REG_G (2Eh). The FIFO continues filling until it is full (32 slots
of 16-bit data for yaw, pitch and roll). When full, the FIFO discards the older data as the new
data arrives. Once a trigger event occurs (related to INT1T_CFG_G (30h) events), the FIFO
starts operating in FIFO mode. Refer to Figure 10.

Figure 10. Stream-to-FIFO mode
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Retrieving data from FIFO

A read operation from the OUT_X_L G (28h), OUT_X_H_G (29h), OUT_Y_L_G (2Ah),
OUT_Y_H_G (2Bh) or OUT_Z_L_G (2Ch), OUT_Z_H_G (2Dh) registers provides the data
stored in the FIFO. Each time data is read from the FIFO, the oldest pitch, roll and yaw data
are placed inthe OUT_X L G (28h), OUT X H G (29h), OUT_Y L G (2Ah),
OUT_ Y H G (2Bh)and OUT _Z L G (2Ch), OUT_Z H_G (2Dh) registers and both single
read and read_burst (X,Y & Z with auto-incremental address) operations can be used.
When data included in OUT_Z H G is read, the system again starts to read information
from addr OUT_X L G.

Temperature sensor

The LSM9DSO features an embedded temperature sensor.

Temperature data can be enabled by setting the TEMP_EN bit in the CTRL_REG5 XM
(24h) register to 1.

Both OUT_TEMP_H_XM and OUT_TEMP_L_XM registers must be read.

Temperature data is stored inside OUT_TEMP_L_XM (05h), OUT_TEMP_H_XM (06h) as
two’s complement data in 12-bit format, right justified.

The output data rate of the temperature sensor is set by M_ODR in CTRL_REG5_XM (24h)
and is equal to the magnetic sensor output data rate.

Factory calibration

The IC interface is factory calibrated. The trimming values are stored inside the non-volatile
memory of the device. Any time the device is turned on, the trimming parameters are
downloaded into the registers to be used during normal operation. This allows the using the
device without further calibration.

3
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Application hints

Figure 11. LSM9DSO0 electrical connections
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External capacitors

The C1 and C2 external capacitors should be low SR value, ceramic type construction (typ
recommended value 200 mOhm). Reservoir capacitor C1 is nominally 4.7 uF in
capacitance, with the set/reset capacitor C2 nominally 0.22 pF in capacitance.

The device core is supplied through the Vdd line. Power supply decoupling capacitors
(C4 =100 nF ceramic, C3 = 10 uyF Al) should be placed as near as possible to the supply
pin of the device (common design practice). All the voltage and ground supplies must be
present at the same time to have proper behavior of the IC (refer to Figure 11).

The functions of the device and the measured acceleration/magnetic field data are
selectable and accessible through the I2C / SPI interfaces.

The functions, the threshold and the timing of the three interrupt pins (INT_G, INT1_XM and
INT2_XM) can be completely programmed by the user through the I2C / SPI interfaces.
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5.2 Soldering information

The LGA package is compliant with the ECOPACK®, RoHS and “Green” standard.
It is qualified for soldering heat resistance according to JEDEC J-STD-020.

Leave “Pin 1 Indicator” unconnected during soldering.

Land pattern and soldering recommendation are available at www.st.com/mems.

5.3 High current wiring effects

High current in wiring and printed circuit traces can be culprits in causing errors in magnetic
field measurements for compassing.

Conductor-generated magnetic fields will add to the Earth’s magnetic field leading to errors
in compass-heading computation.

Keep currents higher than 10 mA a few millimeters further away from the sensor IC.

3
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Digital interfaces

The registers embedded in the LSM9DS0 may be accessed through both the 12C and SPI
serial interfaces. The latter may be SW-configured to operate either in 3-wire or 4-wire
interface mode.

The serial interfaces are mapped to the same pins. To select/exploit the 12C interface, the
CS line must be tied high (i.e connected to Vdd_10).

Table 9. Serial interface pin description

Pin name Pin description

I2C/SPI mode selection

CS 1: SPI idle mode / I2C communication enabled
0: SPI communication mode / I2C disabled
I2C serial clock (SCL)

SPI serial port clock (SPC)

I2C serial data (SDA)
SDA/SDI/SDO SPI serial data input (SDI)
3-wire interface serial data output (SDO)

SPI serial data output (SDO)
I2C less significant bit of the device address

SCL/SPC

SDO

I2C serial interface

The LSM9DSO0 I12C is a bus slave. The I1°C is employed to write data into registers whose
content can also be read back.

The relevant I1°C terminology is given in the table below.

Table 10. I°C terminology

Term Description
Transmitter The device which sends data to the bus
Receiver The device which receives data from the bus

The device which initiates a transfer, generates clock signals and terminates a

Master transfer

Slave The device addressed by the master

There are two signals associated with the 12C bus: the serial clock line (SCL) and the serial
data line (SDA). The latter is a bidirectional line used for sending and receiving the data
to/from the interface. Both lines must be connected to Vdd_|O through external pull-up
resistors. When the bus is free, both lines are high.

The I2C interface is compliant with fast mode (400 kHz) 1°C standards as well as with
normal mode.
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6.1.1 12Cc operation

The transaction on the bus is started through a START (ST) signal. A START condition is
defined as a HIGH to LOW transition on the data line while the SCL line is held HIGH. After
this has been transmitted by the master, the bus is considered busy. The next byte of data
transmitted after the start condition contains the address of the slave in the first 7 bits and
the eighth bit tells whether the master is receiving data from the slave or transmitting data to
the slave. When an address is sent, each device in the system compares the first seven bits
after a start condition with its own address. If they match, the device considers itself
addressed by the master.

Data transfer with acknowledge is mandatory. The transmitter must release the SDA line
during the acknowledge pulse. The receiver must then pull the data line LOW so that it
remains stable low during the HIGH period of the acknowledge clock pulse. A receiver
which has been addressed is obliged to generate an acknowledge after each byte of data
received.

The I2C embedded inside the LSM9DSO0 behaves like a slave device and the following
protocol must be adhered to. After the start condition (ST) a slave address is sent, once a
slave acknowledge (SAK) has been returned, an 8-bit sub-address (SUB) will be
transmitted: the 7 LSb represents the actual register address while the MSB enables the
address auto increment. If the MSb of the SUB field is ‘1°, the SUB (register address) will be
automatically increased to allow multiple data read/writes.

Table 11. Transfer when master is writing one byte to slave
Master ST SAD + W SuB DATA SP

Slave SAK SAK SAK

Table 12. Transfer when master is writing multiple bytes to slave
Master ST SAD + W SUB DATA DATA SP

Slave SAK SAK SAK SAK

Table 13. Transfer when master is receiving (reading) one byte of data from slave
Master ST SAD + W SUB SR SAD +R NMAK SP

Slave SAK SAK SAK DATA

Table 14. Transfer when master is receiving (reading) multiple bytes of data from slave
Master | ST | SAD+W SUB SR | SAD+R MAK MAK NMAK | SP

DAT DAT
A A

Slave SAK SAK SAK | DATA

Data are transmitted in byte format (DATA). Each data transfer contains 8 bits. The number
of bytes transferred per transfer is unlimited. Data is transferred with the Most Significant bit
(MSb) first. If a receiver can’t receive another complete byte of data until it has performed
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some other function, it can hold the clock line, SCL LOW to force the transmitter into a wait
state. Data transfer only continues when the receiver is ready for another byte and releases
the data line. If a slave receiver doesn’t acknowledge the slave address (i.e. it is not able to
receive because it is performing some real-time function) the data line must be left HIGH by
the slave. The master can then abort the transfer. ALOW to HIGH transition on the SDA line
while the SCL line is HIGH is defined as a STOP condition. Each data transfer must be
terminated by the generation of a STOP (SP) condition.

In order to read multiple bytes, it is necessary to assert the most significant bit of the sub-
address field. In other words, SUB(7) must be equal to 1 while SUB(6-0) represents the
address of first register to be read.

In the presented communication format MAK is Master Acknowledge and NMAK is No
Master Acknowledge.

Default address:

The SDO/SAO pins (SDO_XM/SA0_XM or SDO_G/SA0_G) can be used to modify the least
significant bit of the device address. If the SA0 pin is connected to the voltage supply, LSb is
‘1’ (ex. address 0011101b) else if SAO pad is connected to ground, the LSb value is ‘0’ (ex.
address 0011110Db).

The slave address is completed with a Read/Write bit. If the bit was ‘1’ (Read), a repeated
START (SR) condition will have to be issued after the two sub-address bytes; if the bit is ‘0’
(Write) the master will transmit to the slave with the direction unchanged. Table 15 and
Table 16 explain how the SAD+Read/Write bit pattern is composed, listing all the possible
configurations.

Linear acceleration and magnetic sensor address:

Table 15. Linear acceleration and magnetic sensor SAD+read/write patterns

Command | SDO_XM/SAO0_XM pin | SAD[6:2] | SAD[1:0] RIW SAD+R/W
Read 0 00111 10 1 00111101 (3D)
Write 0 00111 10 0 00111100 (3C)
Read 1 00111 01 1 00111011 (3B)
Write 1 00111 01 0 00111010 (3A)

Angular rate sensor address:

Table 16. Angular rate SAD+read/write patterns

Command SADI[6:1] SAD[0] = SDO_G/SA0_G pin R/W SAD+R/W
Read 110101 0 1 11010101 (D5h)
Write 110101 0 0 11010100 (D4h)
Read 110101 1 1 11010111 (D7h)
Write 110101 1 0 11010110 (D6h)
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SPI bus interface

The SPI is a bus slave. The SPI allows writing and reading the registers of the device.

The serial interface interacts with the outside world through 4 wires: CS, SPC, SDI and
SDO.

Figure 12. Read and write protocol
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CS is the Serial Port Enable and is controlled by the SPI master. It goes low at the start of
the transmission and goes back high at the end. SPC is the Serial Port Clock and it is
controlled by the SPI master. It is stopped high when CS is high (no transmission). SDI and
SDO are respectively the Serial Port Data Input and Output. Those lines are driven at the
falling edge of SPC and should be captured at the rising edge of SPC.

Both the Read Register and Write Register commands are completed in 16 clock pulses or
in multiples of 8 in case of multiple bytes read/write. Bit duration is the time between two
falling edges of SPC. The first bit (bit 0) starts at the first falling edge of SPC after the falling
edge of CS while the last bit (bit 15, bit 23, ...) starts at the last falling edge of SPC just
before the rising edge of CS.

bit 0: RW bit. When 0, the data DI(7:0) is written to the device. When 1, the data DO(7:0)
from the device is read. In the latter case, the chip will drive SDO at the start of bit 8.

bit 1: MS bit. When 0, the address remains unchanged in multiple read/write commands.
When 1, the address will be auto-incremented in multiple read/write commands.

bit 2-7: address AD(5:0). This is the address field of the indexed register.

bit 8-15: data DI(7:0) (write mode). This is the data that will be written to the device (MSb
first).

bit 8-15: data DO(7:0) (read mode). This is the data that will be read from the device (MSb
first).

In multiple read/write commands, further blocks of 8 clock periods will be added. When the
MS bit is 0, the address used to read/write data remains the same for every block. When the
MS bit is 1, the address used to read/write data is incremented at every block.

The function and the behavior of SDI and SDO remain unchanged.

3
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3

SPI read
Figure 13. SPI read protocol
cs /[
S VAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVARRN
SN O G G B 4 G B &b B O O O O O O A
RW

MS AD5 AD4 AD3 AD2 AD1 ADO

SDO {COOOOOOCOCO—

DO7 D06 DO5 D04 DO3 D02 DO1 DO0

AM10130V1

The SPI read command is performed with 16 clock pulses. The multiple byte read command
is performed by adding blocks of 8 clock pulses to the previous one.

bit 0: READ bit. The value is 1.

bit 1: MS bit. When 0, does not increment address; when 1, increments address in multiple
reads.

bit 2-7: address AD(5:0). This is the address field of the indexed register.

bit 8-15: data DO(7:0) (read mode). This is the data that will be read from the device (MSb
first).

bit 16-... : data DO(...-8). Further data in multiple byte reads.
Figure 14. Multiple byte SPI read protocol (2-byte example)
CS \ /

sec VNV V\NANNNNNNNANNNNNNNNN
so __ XX OO OO OO

MS AD5 AD4AD3 AD2 AD1 ADO

—
SDO OO OOOOOOCOO—
DO7D0O6DO5D04D0O3D0O2 DO1DO0 DO15DO14DO13 DO12DO11DO10D 09 D 08
AM10131V1
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SPI write

Figure 15. SPI write protocol

cs \ [

S A VAVAVAVAVAVAVAVAVAVAVAVAVAVAVAV,
SDl :X:X:X:X:X:X:X:X:X:X:X:X:X:X:X:X:

DI7 D6 DI DK DI3 DI2 DI1 DIO

MS AD5 AD4 AD3 AD2 AD1 ADO

AM10132V1

The SPI Write command is performed with 16 clock pulses. The multiple byte write
command is performed by adding blocks of 8 clock pulses to the previous one.

bit 0: WRITE bit. The value is 0.

bit 1: MS bit. When 0, does not increment address; when 1, increments address in multiple
writes.

bit 2 -7: address AD(5:0). This is the address field of the indexed register.

bit 8-15: data DI(7:0) (write mode). This is the data that will be written to the device (MSb
first).

bit 16-... : data DI(...-8). Further data in multiple byte writes.

Figure 16. Multiple byte SPI write protocol (2-byte example)

cs— \ [
S RVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAY.
:DCX:X:DCX:X:DCX:X:X:[DCX:)DDCX:X:X:X:

DI7 D6 DI5 DM DI3 DI2 DI1 DI0O DI15DI14DI13 DI12DI11 DI10DI9 DI8

MS AD5 AD4 AD3 AD2 AD1 ADO

AM10133V1

SPIl read in 3-wire mode

3-wire mode is entered by setting the bit SIM (SPI serial interface mode selection) to ‘1’ in
CTRL_REG2 XM (21h) for the accelerometer and magnetic sensor and in CTRL_REG4 G
(23h) for the gyroscope.

3
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Figure 17. SPI read protocol in 3-wire mode

cs~ \ [

S VAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVARR
SDVO :X:X:X:X:X:X:X:X:X:X:X:X:X:X:X:X:

DO7 DO6 D05 DO4 DO3 DO2 DO1 DOO
MS AD5 AD4 AD3 AD2 AD1 ADO

AM10134V1

The SPI Read command is performed with 16 clock pulses:
bit 0: READ bit. The value is 1.

bit 1: MS bit. When 0, does not increment address; when 1, increments address in multiple
reads.

bit 2-7: address AD(5:0). This is the address field of the indexed register.

bit 8-15: data DO(7:0) (read mode). This is the data that will be read from the device (MSb
first).

The multiple read command is also available in 3-wire mode.
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Register mapping

The table given below provides a listing of the 8-bit registers embedded in the device and

their respective addresses.

Table 17. Register address map

Name Agl::;s Type Register addre-ss Defaut
Hex Binary
Reserved Table 16 -- 00-0E -- -
WHO_AM_I_G Table 16 r OF 000 1111 11010100
Reserved Table 16 -- 10-1F -- --
CTRL_REG1_G Table 16 rw 20 010 0000 00000111
CTRL_REG2_G Table 16 rw 21 010 0001 00000000
CTRL_REG3_G Table 16 rw 22 010 0010 00000000
CTRL_REG4_G Table 16 rw 23 010 0011 00000000
CTRL_REG5_G Table 16 rw 24 010 0100 00000000
REFERENCE_G Table 16 rw 25 010 0101 00000000
Reserved Table 16 -- 26 - --
STATUS_REG_G Table 16 r 27 010 0111 output
OUT_X_L_G Table 16 r 28 010 1000 output
OUT_X_H_G Table 16 r 29 010 1001 output
OUT_Y L G Table 16 r 2A 010 1010 output
OUT_Y_H G Table 16 r 2B 010 1011 output
OuUT Z L G Table 16 r 2C 010 1100 output
OUT_Z H_ G Table 16 r 2D 010 1101 output
FIFO_CTRL_REG_G Table 16 rw 2E 010 1110 00000000
FIFO_SRC_REG_G Table 16 r 2F 010 1111 output
INT1_CFG_G Table 16 rw 30 011 0000 00000000
INT1_SRC_G Table 16 r 31 011 0001 output
INT1_TSH_XH_G Table 16 rw 32 011 0010 00000000
INT1_TSH_XL_G Table 16 rw 33 011 0011 00000000
INT1_TSH_YH_G Table 16 rw 34 011 0100 00000000
INT1_TSH_YL_G Table 16 rw 35 011 0101 00000000
INT1_TSH_ZH_G Table 16 rw 36 011 0110 00000000
INT1_TSH_ZL_G Table 16 rw 37 011 0111 00000000
INT1_DURATION_G Table 16 rw 38 011 1000 00000000
Reserved Table 15 - 00-04 - -
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Table 17. Register address map (continued)

Name Acsi:ial";ess Type Register addre'ss Default
Hex Binary
OUT_TEMP_L_XM Table 15 r 05 000 0101 output
OUT_TEMP_H_XM Table 15 r 06 000 0110 output
STATUS_REG_M Table 15 r 07 000 0111 output
OUT_X_L_M Table 15 r 08 000 1000 output
OUT_X_H_M Table 15 r 09 000 1001 output
OUT_Y_L M Table 15 r 0A 000 1010 output
OUT_Y_H_M Table 15 r 0B 000 1011 output
OuT_Z L M Table 15 r 0C 000 1100 output
OUT_Z H_ M Table 15 r 0D 000 1101 output
Reserved Table 15 - OE 000 1110 -
WHO_AM_I_XM Table 15 r OF 000 1111 01001001
Reserved Table 15 -- 10-11 -- -
INT_CTRL_REG_M Table 15 rw 12 001 0010 11101000
INT_SRC_REG_M Table 15 r 13 001 0011 output
INT_THS L M Table 15 rw 14 001 0100 00000000
INT_THS_H_M Table 15 rw 15 001 0101 00000000
OFFSET_X_L_M Table 15 rw 16 001 0110 00000000
OFFSET_X_H_M Table 15 rw 17 001 0111 00000000
OFFSET_Y_L_M Table 15 rw 18 001 01000 00000000
OFFSET_Y_H_M Table 15 rw 19 001 01001 00000000
OFFSET_Z L M Table 15 rw 1A 00101010 00000000
OFFSET_Z H_M Table 15 rw 1B 001 01011 00000000
REFERENCE_X Table 15 rw 1C 001 01100 00000000
REFERENCE_Y Table 15 rw 1D 001 01101 00000000
REFERENCE_Z Table 15 rw 1E 001 01110 00000000
CTRL_REGO0_XM Table 15 rw 1F 001 1111 00000000
CTRL_REG1_XM Table 15 rw 20 010 0000 00000111
CTRL_REG2_XM Table 15 rw 21 010 0001 00000000
CTRL_REG3_XM Table 15 rw 22 010 0010 00000000
CTRL_REG4_XM Table 15 rw 23 010 0011 00000000
CTRL_REG5_XM Table 15 rw 24 010 0100 00011000
CTRL_REG6_XM Table 15 rw 25 010 0101 00100000
CTRL_REG7_XM Table 15 rw 26 010 0110 00000001
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Table 17. Register address map (continued)
Name Acsi:iar‘;ess Type Register addre'ss Default
Hex Binary

STATUS_REG_A Table 15 r 27 010 0111 output

OUT X L A Table 15 r 28 010 1000 output

OUT X H A Table 15 | r 29 010 1001 output

OUT.Y L A Table 15 r 2A 010 1010 output

OUT_Y_H_A Table 15 r 2B 010 1011 output

OUT Z L A Table 15 r 2C 010 1100 output

OUT Z H A Table 15 r 2D 010 1101 output
FIFO_CTRL_REG Table 15 rw 2E 010 1110 00000000

FIFO_SRC_REG Table 15 r 2F 010 1111 output
INT_GEN_1_REG Table 15 | rw 30 011 0000 00000000

INT_GEN_1_SRC Table 15 r 31 011 0001 output
INT_GEN_1_THS Table 15 rw 32 011 0010 00000000
INT_GEN_1_DURATION Table 15 rw 33 011 0011 00000000
INT_GEN_2_REG Table 15 rw 34 011 0100 00000000

INT_GEN_2_SRC Table 15 r 35 011 0101 output
INT_GEN_2_THS Table 15 | rw 36 011 0110 00000000
INT_GEN_2_DURATION Table 15 rw 37 011 0111 00000000
CLICK_CFG Table 15 rw 38 011 1000 00000000

CLICK_SRC Table 15 r 39 011 1001 output
CLICK_THS Table 15 rw 3A 011 1010 00000000
TIME_LIMIT Table 15 rw 3B 011 1011 00000000
TIME _LATENCY Table 15 rw 3C 011 1100 00000000
TIME_WINDOW Table 15 rw 3D 011 1101 00000000
Act_THS Table 15 rw 3E 011 1110 00000000
Act_DUR Table 15 rw 3F 011 1111 00000000

40/74

Registers marked as Reserved must not be changed. Writing to those registers may cause
permanent damage to the device.

The content of the registers that are loaded at boot should not be changed. They contain the
factory-calibrated values. Their content is automatically restored when the device is

powered up.
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8 Register description
The device contains a set of registers which are used to control its behavior and to retrieve
angular rate data. The register address, consisting of 7 bits, is used to identify them and to
write the data through the serial interface.
8.1 WHO_AM_|_G (OFh)
Table 18. WHO_AM_|_G register
| 1 | 1 | 0 | 1 0 1 0 0
Device identification register.
8.2 CTRL_REG1_G (20h)
Table 19. CTRL_REG1_G register
| DR1 | DRO | BW1 | BWO PD Zen Xen Yen
Table 20. CTRL_REG1_G description
DR1-DRO Output data rate selection. Refer to Table 21
BW1-BWO Bandwidth selection. Refer to Table 21
PD Power-down mode enable. Default value: 0
(0: power-down mode, 1: normal mode or sleep mode)
Zen Z-axis enable. Default value: 1
(0: Z-axis disabled; 1: Z-axis enabled)
Yen Y-axis enable. Default value: 1
(0: Y-axis disabled; 1: Y-axis enabled)
Xen X-axis enable. Default value: 1
(0: X-axis disabled; 1: X-axis enabled)
DR[1:0] is used for ODR selection. BW [1:0] is used for Bandwidth selection.
In Table 21 all frequencies resulting in combinations of DR / BW bits are given.
Table 21. DR and BW configuration setting
DR [1:0] BW [1:0] ODR (Hz) Cutoff
00 00 95 12.5
00 01 95 25
00 10 95 25
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Table 21. DR and BW configuration setting (continued)

DR [1:0] BW [1:0] ODR (Hz) Cutoff
00 11 95 25
01 00 190 12.5
01 01 190 25
01 10 190 50
01 11 190 70
10 00 380 20
10 01 380 25
10 10 380 50
10 11 380 100
11 00 760 30
11 01 760 35
11 10 760 50
11 11 760 100

A combination of PD, Zen, Yen, Xen is used to set device to different modes (power-down /

normal / sleep mode) in accordance with Table 22 below.

Table 22. Power mode selection configuration

Mode PD Zen Yen Xen
Power-down |0 - - -
Sleep 1 0 0 0
Normal 1 - - -
8.3 CTRL_REG2_G (21h)
Table 23. CTRL_REG2_G register
| o™ | o® | WPMt | HPM1 | HPCF3 | HPCF2 | HPCF1 | HPCFO
1. These bits must be set to ‘0’ to ensure proper operation of the device
Table 24. CTRL_REG2_G description
HPM1- High-pass filter mode selection. Default value: 00
HPMO Refer to Table 25
HPCF3- High-pass filter cutoff frequency selection
HPCFO Refer to Table 26
42/74 DoclD024763 Rev 2 Kys
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Table 25. High-pass filter mode configuration

HPMA1 HPMO High-pass filter mode
0 0 Normal mode (reset reading HP_RESET_FILTER)
0 1 Reference signal for filtering
1 0 Normal mode
1 1 Autoreset on interrupt event
Table 26. High-pass filter cutoff frequency configuration (Hz)
HPCF[3:0] ODR =95 Hz ODR =190 Hz ODR = 380 Hz ODR =760 Hz
0000 7.2 13.5 27 51.4
0001 35 7.2 13.5 27
0010 1.8 3.5 7.2 13.5
0011 0.9 1.8 3.5 7.2
0100 0.45 0.9 1.8 3.5
0101 0.18 0.45 0.9 1.8
0110 0.09 0.18 0.45 0.9
0111 0.045 0.09 0.18 0.45
1000 0.018 0.045 0.09 0.18
1001 0.009 0.018 0.045 0.09

8.4 CTRL_REG3_G (22h)

Table 27. CTRL_REG3_G register

| 11_Int1 |

11_Boot |H_Lactive| PP_OD | I2.DRDY | I2.WTM | 12_ORun | I2_Empty

Table 28. CTRL_REG3_G description

11_Int1

Interrupt enable on INT_G pin. Default value 0. (0: disable; 1: enable)

11_Boot

Boot status available on INT_G. Default value 0. (0: disable; 1: enable)

H_Lactive

Interrupt active configuration on INT_G. Default value 0. (0: high; 1:low)

PP_OD

Push-pull / Open drain. Default value: 0. (0: push- pull; 1: open drain)

12_DRDY

Date-ready on DRDY_G. Default value 0. (0: disable; 1: enable)

2_WTM

FIFO watermark interrupt on DRDY_G. Default value: 0. (0: disable; 1: enable)

12_ORun

FIFO overrun interrupt on DRDY_G. Default value: 0. (0: disable; 1: enable)

12_Empty

FIFO empty interrupt on DRDY_G. Default value: 0. (0: disable; 1: enable)

3
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8.5

8.6
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CTRL_REG4_G (23h)

Table 29. CTRL_REG4_G register

| BDU | BLE | FS1 | FSO - ST1 | STO | SIM |
Table 30. CTRL_REG4_G description
BDU Block data update. Default value: 0
(0: continuous update; 1: output registers not updated until MSb and LSb
read)
BLE Big/little endian data selection. Default value 0.
(0: Data LSb @ lower address; 1: Data MSb @ lower address)
FS1-FSO Full-scale selection. Default value: 00
(00: 245 dps; 01: 500 dps; 10: 2000 dps; 11: 2000 dps)
ST1-STO Self-test enable. Default value: 00
(00: Self-test disabled; Other: See Table 31)
SIM SPI serial interface mode selection. Default value: 0
(0: 4-wire interface; 1: 3-wire interface).
Table 31. Self-test mode configuration
ST1 STO Self-test mode
0 0 Normal mode
0 1 Self-test 0 ()(X positive sign, Y and Z negative sign)
1 0 -
1 1 Self-test 1 (1) (X negative sign, Y and Z positive sign)

1. DST sign (absolute value in Table 3)

CTRL_REG5_G (24h)

Table 32. CTRL_REG5_G register

| BOOT | FIFO_EN | - | HPen |INT1_SeI1| INT1_Sel0 | Out Sel1 | Out_Sel0

Table 33. CTRL_REG5_G description

BOOT Reboot memory content. Default value: 0
(0: normal mode; 1: reboot memory content)
FIFO_EN FIFO enable. Default value: 0
(0: FIFO disable; 1: FIFO enable)
HPen High-pass filter enable. Default value: 0
(0: HPF disabled; 1: HPF enabled) (See Figure 18)
INT1_Sel1-INT1_Sel0 INT1 selection configuration. Default value: 00
(See Figure 18)
Out_Sel1-Out_Sel0 Out selection configuration. Default value: 00
(See Figure 18)
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Figure 18. INT1_Sel and Out_Sel configuration block diagram

Out_Sel [1:0]
» 00 o }
> 01 -- DataReg |
I
> 0 .1 FIFO
—| LPF2 »19) 9213
ADC | LPF1 HPF 1
HPen INT1_Sel [1:0]
|10
|1 | Interrupt |
. Interrup |
» 01> generator |
»00 T ° ’
AMO07949V2

8.7 REFERENCE/DATACAPTURE_G (25h)

Table 34. REFERENCE/DATACAPTURE_G register
| Ref7 | Ref6 | Ref5 | Ref4 | Ref3 | Ref2 | Ref1 Ref0 |

Table 35. REFERENCE/DATACAPTURE_G description

| Ref 7-Ref0 | Reference value for interrupt generation. Default value: 0 |

8.8 STATUS_REG_G (27h)

Table 36. STATUS_REG_G register
|ZYXOR| ZOR | YOR | XOR ZYXDA ZDA YDA XDA

Table 37. STATUS_REG_G description
X, Y, Z -axis data overrun. Default value: 0
ZYXOR | (0: no overrun has occurred; 1: new data has overwritten the previous data before it was

read)
ZO0R Z-axis data overrun. Default value: 0

(0: no overrun has occurred; 1: new data for the Z-axis has overwritten the previous data)
YOR Y-axis data overrun. Default value: 0

(0: no overrun has occurred; 1: new data for the Y-axis has overwritten the previous data)
XOR X-axis data overrun. Default value: 0

(0: no overrun has occurred; 1: new data for the X-axis has overwritten the previous data)
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8.10

8.1

8.12
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Table 37. STATUS_REG_G description (continued)

ZYXDA

X, Y, Z -axis new data available. Default value: 0
(0: a new set of data is not yet available; 1: a new set of data is available)

ZDA Z-axis new data available. Default value: 0

(0: new data for the Z-axis is not yet available; 1: new data for the Z-axis is available)
YDA Y-axis new data available. Default value: 0

(0: new data for the Y-axis is not yet available;1: new data for the Y-axis is available)
XDA X-axis new data available. Default value: 0

(0: new data for the X-axis is not yet available; 1: new data for the X-axis is available)

OUT_X_L_G (28h), OUT_X_H_G (29h)

X-axis an

gular rate data. The value is expressed as two’s complement.

OUT_Y_L_G (2Ah), OUT_Y_H_G (2Bh)

Y-axis angular rate data. The value is expressed as two’s complement.

OUT_Z L_G (2Ch), OUT_Z_H_G (2Dh)

Z-axis angular rate data. The value is expressed as two’s complement.

FIFO_CTRL_REG_G (2Eh)

Table 38. FIFO_CTRL_REG_G register

| FM2 | FM1 | FMO |WTM4 |WTM3 |WTM2 |WTM1 |WTMO
Table 39. FIFO_CTRL_REG_G description
FM2-FMO FIFO mode selection. Default value: 00 (see Table 40)

WTM4-WTMO | FIFO threshold. Watermark level setting

Table 40. FIFO mode configuration

FM2 FM1 FMO FIFO mode
0 0 0 Bypass mode
0 0 1 FIFO mode
0 1 0 Stream mode
0 1 1 Stream-to-FIFO mode
1 0 0 Bypass-to-Stream mode
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8143  FIFO_SRC_REG_G (2Fh)

Table 41. FIFO_SRC_REG_G register

|WTM |OVRN |EMPTY |Fss4 ||=sss |FSS2 |FSS1 |FSSO |

Table 42. FIFO_SRC_REG_G description

WTM Watermark status. (0: FIFO filling is lower than WTM level; 1: FIFO filling is equal
to or higher than WTM level)

OVRN Overrun bit status.
(0: FIFO is not completely filled; 1: FIFO is completely filled)

EMPTY FIFO empty bit.
(0: FIFO not empty; 1: FIFO empty)

FSS4-FSS1 FIFO stored data level

814  INT1_CFG_G (30h)

Table 43. INT1_CFG_G register
|AND/OR| LIR | ZHIE | ZLIE YHIE YLIE XHIE XLIE

Table 44. INT1_CFG_G description

AND/OR combination of interrupt events. Default value: 0
(0: OR combination of interrupt events 1: AND combination of interrupt events

AND/OR

Latch interrupt request. Default value: 0
LIR (0: interrupt request not latched; 1: interrupt request latched)
Cleared by reading INT1_SRC reg.

Enable interrupt generation on Z high event. Default value: 0

ZHIE (0: disable interrupt request; 1: enable interrupt request on measured value higher
than preset threshold)

Enable interrupt generation on Z low event. Default value: 0

ZLIE (0: disable interrupt request; 1: enable interrupt request on measured value lower
than preset threshold)

Enable interrupt generation on Y high event. Default value: 0

YHIE (0: disable interrupt request; 1: enable interrupt request on measured value higher
than preset threshold)

Enable interrupt generation on Y low event. Default value: 0

YLIE (0: disable interrupt request; 1: enable interrupt request on measured value lower
than preset threshold)
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Table 44. INT1_CFG_G description (continued)

Enable interrupt generation on X high event. Default value: 0
XHIE (0: disable interrupt request; 1: enable interrupt request on measured value higher
than preset threshold)

Enable interrupt generation on X low event. Default value: 0
XLIE (0: disable interrupt request; 1: enable interrupt request on measured value lower
than preset threshold)

845 INT1_SRC_G (31h)

Interrupt source register. Read-only register.

Table 45. INT1_SRC_G register
0 1A ZH ZL YH YL XH XL

Table 46. INT1_SRC_G description

A Interrupt active. Default value: 0
(0: no interrupt has been generated; 1: one or more interrupts have been generated)

ZH Z high. Default value: 0 (0: no interrupt, 1: Z high event has occurred)

ZL Z low. Default value: 0 (0: no interrupt; 1: Z low event has occurred)

YH Y high. Default value: 0 (0: no interrupt, 1: Y high event has occurred)

YL Y low. Default value: 0 (O: no interrupt, 1: Y low event has occurred)

XH X high. Default value: 0 (0: no interrupt, 1: X high event has occurred)

XL X low. Default value: 0 (0: no interrupt, 1: X low event has occurred)

Reading at this address clears the INT1_SRC IA bit (and eventually the interrupt signal on
the INT_G pin) and allows the refresh of data in the INT1_SRC register if the latched option

was chosen.

8.16  INT1_THS_XH_G (32h)

Table 47. INT1_THS_XH_G register
‘ - |THSX14 | THSX13 | THSX12 | THSX11 | THSX10 | THSX9 | THSX8 ‘

Table 48. INT1_THS_XH_G description
‘ THSX14 - THSX8 | Interrupt threshold. Default value: 000 0000 ‘
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817  INT1_THS_XL_G (33h)

Table 49. INT1_THS_XL_G register

| THSX7 | THSX6 | THSX5 | THSX4 | THSX3 | THSX2 | THSX1 | THSX0 |
Table 50. INT1_THS_XL_G description
| THSX7 - THSX0 |Interruptthresho|d. Default value: 0000 0000 |
8.18 INT1_THS_YH_G (34h)
Table 51. INT1_THS_YH_G register
| - |THSY14 | THSY13 | THSY12 | THSY11 | THSY10 | THSY9 | THSYS |
Table 52. INT1_THS_YH_G description
| THSY14 - THSY8 |Interruptthresho|d. Default value: 000 0000 |
8.19 INT1_THS_YL_G (35h)
Table 53. INT1_THS_YL_G register
| THSR7 | THSY6 | THSY5 | THSY4 | THSY3 | THSY2 | THSY1 | THSYO |
Table 54. INT1_THS_YL_G description
| THSY7 - THSYO |Interruptthresho|d. Default value: 0000 0000 |
8.20 INT1_THS_ZH_G (36h)
Table 55. INT1_THS_ZH_G register
| - | THSZ14 | THSZ13 | THSZ12 | THSz11 | THSz10 | THszo9 | THszs |
Table 56. INT1_THS_ZH_G description
| THSZ14 - THSZ8 |Interruptthreshold. Default value: 000 0000 |
DoclD024763 Rev 2 49174
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8.21

8.22

50/74

INT1_THS_ZL_G (37h)

Table 57. INT1_THS_ZL_G register

| THSZ7 | THSZ6 | THSZ5 | THSZ4 | THSZ3 | THSz2 | THSZz1

THSZ0 |

Table 58. INT1_THS_ZL_G description

| THSZ7 - THSZ0 |Interruptthreshold. Default value: 0000 0000

INT1_DURATION_G (38h)

Table 59. INT1_DURATION_G register

|WA|T| D6 | D5 | D4 | D3 D2 D1

DO

Table 60. INT1_DURATION_G description

WAIT WAIT enable. Default value: 0 (0: disable; 1: enable)

D6 - DO Duration value. Default value: 000 0000

The D6 - DO bits set the minimum duration of the interrupt event to be recognized. Duration

steps and maximum values depend on the ODR chosen.
The WAIT bit has the following definitions:

Wait = ‘0’: the interrupt falls immediately if the signal crosses the selected threshold

Wait = ‘1’: if the signal crosses the selected threshold, the interrupt falls only after the
duration has counted the number of samples at the selected data rate, written into the

duration counter register.
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Figure 19. Wait bit disabled

e Wait bit = ‘0’ > Interrupt disabled as soon as condition
is no longer valid (ex: Rate value below threshold)
Rate
(dps)
Rate
i 1 Threshold
Duration
1 NS Value
Interrupt 4|_|—| “Wait”
al
L » * | Disabled
i ' Vo t(n)
Figure 20. Wait bit enabled
e Wait bit = "1’ © Interrupt disabled after duration
sample (sort of hysteresis)
Rate |
(dps)
Rate
' Threshold
Counter
5 L Duration
I 7'777777: 7777777777777777777777777777777777777 . Value
P t(n)
Interrupt Pl “Wait”
! - A Enabled
L—pi - t'(n)
Duration value is the same used to validate interrupt
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OUT_TEMP_L_XM (05h), OUT_TEMP_H_XM (06h)
Temperature sensor data.

Refer to Section 4.4: Temperature sensor for details on how to enable and read the
temperature sensor output data.

STATUS_REG_M (07h)

Table 61. STATUS_REG_M register
|ZYXMOR |ZMOR |YMOR |XMOR |ZYXMDA |ZMDA |YMDA |XMDA |

Table 62. STATUS_REG_M description

ZYXMOR | Magnetic X, Y and Z-axis data overrun. Default value: 0
(0: no overrun has occurred; 1: a new set of data has overwritten the previous ones).

ZMOR Z-axis data overrun. Default value: 0

(0: no overrun has occurred; 1: a new data for the Z-axis has overwritten the previous
one)

YMOR Y-axis data overrun. Default value: 0

(0: no overrun has occurred; 1: a new data for the Y-axis has overwritten the previous
one)

XMOR X-axis data overrun. Default value: 0

(0: no overrun has occurred; 1: a new data for the X-axis has overwritten the previous
one)

ZYXMDA | X, Y and Z-axis new data available. Default value: 0
(0: a new set of data is not yet available; 1: a new set of data is available).

ZMDA Z-axis new data available. Default value: 0
(0: a new set of data for the Z-axis is not yet available; 1: a new set of data for the Z-axis
is available)

YMDA Y-axis new data available. Default value: 0
(0: a new set of data for the Y-axis is not yet available; 1: a new set of data for the Y-axis
is available)

XMDA X-axis new data available. Default value: 0
(0: a new set of data for the X-axis is not yet available; 1: a new set of data for the X-axis
is available)

OUT_X_L_M (08h), OUT_X_H_M (09h)
X-axis magnetic data.

The value is expressed in 16-bit as two’s complement left justified.

OUT_Y_L_M (0Ah), OUT_Y_H_M (0Bh)
Y-axis magnetic data.

The value is expressed in 16-bit as two’s complement left justified.

3
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8.27 OUT_Z_L_M (0Ch), OUT_Z_H_M (0Dh)
Z-axis magnetic data.
The value is expressed in 16-bit as two’s complement left justified.
8.28 WHO_AM_|_XM (O0Fh)
Table 63. WHO_AM_I_XM register
[0 K [0 CEEE oo I |
Device identification register.
8.29 INT_CTRL_REG_M (12h)

3

Table 64. INT_CTRL_REG_M register

|XMIEN

|YMIEN |ZMIEN |PP_OD |IEA |IEL |4D |MIEN |

Table 65. INT_CTRL_REG_M description

XMIEN

Enable interrupt recognition on X-axis for magnetic data. Default value: 0.
(0: disable interrupt recognition;1: enable interrupt recognition)

YMIEN

Enable interrupt recognition on Y-axis for magnetic data. Default value: 0.
(0: disable interrupt recognition;1: enable interrupt recognition)

ZMIEN

Enable interrupt recognition on Z-axis for magnetic data. Default value: 0.
(0: disable interrupt recognition;1: enable interrupt recognition)

PP_OD

Interrupt pin configuration. Default value: 0.
(0: push-pull; 1: open drain)

IEA

Interrupt polarity for both accelerometer and magnetometer. Default value: 0.
(O: interrupt active-low; 1: interrupt active-high)

IEL

Latch interrupt request on accelerometer INT_GEN_1_SRC (31h) and INT_GEN_2_SRC
(35h) registers, and magnetometer INT_SRC_REG_M (13h) register. Default value: 0.
(0: interrupt request not latched; 1: interrupt request latched)

Once the IEL is set to ‘1’ the interrupt is cleared by reading for the accelerometer the
INT_GEN_1_SRC (31h) and INT_GEN_2_SRC (35h) reqisters, and for the magnetome-
ter the INT_SRC_REG_M (13h) register.

4D

4D enable: 4D detection on acceleration data is enabled when 6D bit in
INT_GEN_1_REG (30h) is set to 1.

MIEN

Enable interrupt generation for magnetic data. Default value: 0.
(0: disable interrupt generation;1: enable interrupt generation)
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8.32

8.33

8.34
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INT_SRC_REG_M (13h)

Table 66. INT_SRC_REG_M register

|M_PTH_X |M_PTH_Y |M_PTH_Z |M_NTH_X|M_NTH_Y|M_NTH_Z|MROI |MINT |

Table 67. INT_SRC_REG_M description

M_PTH_X | Magnetic value on X-axis exceeds the threshold on the positive side. Default value: 0.

M_PTH_Y | Magnetic value on Y-axis exceeds the threshold on the positive side. Default value: 0.

M_PTH_Z | Magnetic value on Z-axis exceeds the threshold on the positive side. Default value: 0.

M_NTH_X | Magnetic value on X-axis exceeds the threshold on the negative side. Default value: 0.

M_NTH_Y | Magnetic value on Y-axis exceeds the threshold on the negative side. Default value: 0.

M_NTH_Z | Magnetic value on Z-axis exceeds the threshold on the negative side. Default value: 0.

MROI Internal measurement range overflow on magnetic value. Default value: 0.
To enable this feature need to set to 1 MIEN bitin 8.29: INT_CTRL_REG_M (12h)

MINT Magnetic interrupt event. The magnetic field value exceeds the threshold. Default

value: 0.

INT_THS_L_M (14h), INT_THS_H_M (15h)
Magnetic interrupt threshold. Default value: 0.
The value is expressed in 16-bit unsigned.

Even if the threshold is expressed in absolute value, the device detects both positive and
negative thresholds.

OFFSET_X_L_M (16h), OFFSET_X_H_M (17h)
Magnetic offset for X-axis. Default value: 0.

The value is expressed in 16-bit as two’s complement left justified.

OFFSET_Y_L_M (18h), OFFSET_Y_H_M (19h)
Magnetic offset for Z-axis. Default value: 0.

The value is expressed in 16-bit as two’s complement left justified.

OFFSET_Z_L_M (1Ah), OFFSET_Z_H_M (1Bh)
Magnetic offset for Y-axis. Default value: 0.

The value is expressed in 16-bit as two’s complement left justified.

3
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8.36

8.37

8.38

8.39

3

REFERENCE_X (1Ch)

Reference value for high-pass filter for x-axis acceleration data.

REFERENCE_Y (1Dh)

Reference value for high-pass filter for y-axis acceleration data.

REFERENCE_Z (1Eh)

Reference value for high-pass filter for z-axis acceleration data.

CTRL_REGO0_XM (1Fh)

Table 68. CTRL_REGO0_XM register
|BOOT |FIFO_EN |WTM_EN |o(1> |o(1) |HP_CIick |HPIS1 |HPI82 |

1. These bits must be set to ‘0’ for the correct operation of the device

Table 69. CTRL_REGO0_XM description

BOOT Reboot memory content. Default value: 0
(0: normal mode; 1: reboot memory content)

FIFO_EN FIFO enable. Default value: 0
(0: FIFO disable; 1: FIFO Enable)

WTM_EN FIFO programmable watermark enable. Default value: 0
(O: disable; 1: Enable)

HP_Click High-pass filter enabled for Click function. Default value: 0
(O: filter bypassed; 1: filter enabled)

HPIS1 High-pass filter enabled for interrupt generator 1. Default value: 0
(O: filter bypassed; 1: filter enabled)

HPIS2 High-pass filter enabled for interrupt generator 2. Default value: 0
(O: filter bypassed; 1: filter enabled)

CTRL_REG1_XM (20h)

Table 70. CTRL_REG1_XM register

|AODR3 |AODR2 |AODR1 |AODRO |BDU |AZEN |AYEN |AXEN |
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Table 71. CTRL_REG1_XM description

AODRS3- |Acceleration data rate selection. Default value: 0000
AODRO | (0000: power-down mode; others: refer to Table 72: Acceleration data rate configura-

tion)

BDU Block data update for acceleration and magnetic data. Default value: 0
(0: continuous update; 1: output registers not updated until MSB and LSB have been
read)

AZEN Acceleration Z-axis enable. Default value: 1

(0: Z-axis disabled; 1: Z-axis enabled)

AYEN Acceleration Y-axis enable. Default value: 1
(0: Y-axis disabled; 1: Y-axis enabled)

AXEN Acceleration X-axis enable. Default value: 1
(0: X-axis disabled; 1: X-axis enabled)

AODR]3:0] is used to set the power mode and ODR selection. The following table indicates
all frequencies resulting from the combination of AODR][3:0].

Table 72. Acceleration data rate configuration

AODR3 AODR2 AODR1 AODRO Power mode selection
0 0 0 0 Power-down mode
0 0 0 1 3.125 Hz
0 0 1 0 6.25 Hz
0 0 1 1 12.5 Hz
0 1 0 0 25Hz
0 1 0 1 50 Hz
0 1 1 0 100 Hz
0 1 1 1 200 Hz
1 0 0 0 400 Hz
1 0 0 1 800 Hz
1 0 1 0 1600 Hz

8.40 CTRL_REG2_XM (21h)

Table 73. CTRL_REG2_XM register
| ABW1 | ABWO | AFS2 | AFS1 | AFSO | AST1 | ASTO | SIM |
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574

Table 74. CTRL_REG2_XM description

ABWI[1:0] Accelerometer anti-alias filter bandwidth. Default value: 00

Refer to Table 75: Acceleration anti-alias filter bandwidth
AFS[2:0] Acceleration full-scale selection. Default value: 000

Refer to Table 76: Acceleration full-scale selection
AST[1:0] Acceleration self-test enable. Default value: 00

(00: self-test disabled; see Table 77: Self-test mode configuration)
SIM SPI Serial Interface Mode selection. Default value: 0

(0: 4-wire interface; 1: 3-wire interface)

Table 75. Acceleration anti-alias filter bandwidth
ABW1 ABWO Anti-alias filter bandwidth
0 773 Hz
0 194 Hz
1 362 Hz
1 50 Hz
Table 76. Acceleration full-scale selection
AFS2 AFS1 AFS0 Acceleration full scale
0 0 29
0 1 t4 g
0 0 6 g
0 1 89
1 0 +16 g
Table 77. Self-test mode configuration
AST1 ASTO Self-test mode

0 0 Normal mode
0 1 Positive sign self-test
1 0 Negative sign self-test

Not allowed

CTRL_REG3_XM (22h)

Table 78. CTRL_REG3_XM register

|P1_BOOT |P1_TAP |P1_INT1 |P1_INT2 |P1_INTM |P1_DRDYA P1_DRDYM |P1_EMPTY
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Table 79. CTRL_REG3_XM description

P1_BOOT Boot on INT1_XM pin enable. Default value: 0
(0: disable; 1: enable)
P1_TAP Tap generator interrupt on INT1_XM pin. Default value: 0
(0: disable; 1: enable)
P1_INT1 Inertial interrupt generator 1 on INT1_XM pin. Default value: 0
(0: disable; 1: enable)
P1_INT2 Inertial interrupt generator 2 on INT1_XM pin. Default value: 0
(0: disable; 1: enable)
P1_INTM Magnetic interrupt generator on INT1_XM pin. Default value: 0
(0: disable; 1: enable)
P1_DRDYA |Accelerometer data-ready signal on INT1_XM pin. Default value: 0
(0: disable; 1: enable)
P1_DRDYM | Magnetometer data-ready signal on INT1_XM pin. Default value: 0
(0: disable; 1: enable)
P1_EMPTY |[FIFO empty indication on INT1_XM pin. Default value: 0
(0: disable; 1: enable)

CTRL_REG4_XM (23h)

Table 80. CTRL_REG4_XM register

‘PZ_TAP |P2_INT1 |P2_INT2 |P2_INTM |P2_DRDYA P2_DRDYM |P2_Overrun |P2_WTM ‘

Table 81. CTRL_REG4_XM description

P2_TAP Tap generator interrupt on INT2_XM pin. Default value: 0
(O: disable; 1: enable)
P2 _INT1 Inertial interrupt generator 1 on INT2_XM pin. Default value: 0
(O: disable; 1: enable)
P2_INT2 Inertial interrupt generator 2 on INT2_XM pin. Default value: 0
(0: disable; 1: enable)
P2_INTM Magnetic interrupt generator on INT2_XM pin. Default value: 0
(O: disable; 1: enable)
P2_DRDYA |Accelerometer data-ready signal on INT2_XM pin. Default value: 0
(O: disable; 1: enable)
P2_DRDYM | Magnetometer data-ready signal on INT2_XM pin. Default value: 0
(O: disable; 1: enable)
P2_Overrun |FIFO overrun interrupt on INT2_XM pin. Default value: 0
(O: disable; 1: enable)
P2_ WTM FIFO watermark interrupt on INT2_XM pin. Default value: 0

(O: disable; 1: enable)
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8.43  CTRL_REG5_ XM (24h)

Table 82. CTRL_REG5_XM register

|TEMP_EN |M_RES1 |M_RESO |M_ODR2 |M_ODR1 |M_ODRO |LIR2 |LIR1

Table 83. CTRL_REG5_XM description

TEMP_EN [ Temperature sensor enable. Default value: 0
(0: temperature sensor disabled; 1: temperature sensor enabled)

M_RESI[1:0] | Magnetic resolution selection. Default value: 00
(00: low resolution, 11: high resolution)

M_ODR[2:0] | Magnetic data rate selection. Default value: 110
Refer to Table 84: Magnetic data rate configuration

LIR2 Latch interrupt request on INT2_SRC register, with INT2_SRC register cleared by
reading INT2_SRC itself. Default value: 0.

(0: interrupt request not latched; 1: interrupt request latched)

LIR1 Latch interrupt request on INT1_SRC register, with INT1_SRC register cleared by
reading INT1_SRC itself. Default value: 0.

(O: interrupt request not latched; 1: interrupt request latched)

Table 84. Magnetic data rate configuration

M_ODR2 M_ODR1 M_ODRO Power mode selection

0 0 0 3.125 Hz

0 0 1 6.25 Hz

0 1 0 12.5Hz

0 1 1 25 Hz

1 0 0 50 Hz

1 0 1 100 Hz("

1 1 0 Reserved

1 1 1 Reserved

1. Available only for accelerometer ODR > 50 Hz or accelerometer in power-down mode (refer to Table 72,
AODR setting).

8.44 CTRL_REG6_XM (25h)

Table 85. CTRL_REG6_XM register

o | MFs1 | MFs0 o ES o o o

1. These bits must be set to ‘0’ for the correct operation of the device

3
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Table 86. CTRL_REG6_XM description

MFS1- Magnetic full-scale selection. Default value: 01
MFSO Refer to Table 87: Magnetic full-scale selection

Table 87. Magnetic full-scale selection

MFS1 MFSO0 Magnetic full scale
0 0 + 2 gauss
0 1 + 4 gauss
1 0 + 8 gauss
1 1 + 12 gauss

CTRL_REG7_XM (26h)

Table 88. CTRL_REG7_XM register

|AHPM1 |AHPMO |AFDS |o(1> |o(1) |MLP |MD1 |MDO |

1. These bits must be set to ‘0’ for the correct operation of the device

Table 89. CTRL_REG7_XM description

AHPM1- High-pass filter mode selection for acceleration data. Default value: 00
AHPMO Refer to Table 90: High-pass filter mode selection

AFDS Filtered acceleration data selection. Default value: 0
(0: internal filter bypassed; 1: data from internal filter sent to output register and FIFO)

MLP Magnetic data low-power mode. Default value: 0

If this bit is ‘1’ the MODR is set to 3.125 Hz independently from the MODR settings.
Once the bit is set to ‘0’ the magnetic data rate is configured by MODR bits in
CTRL_REG5_XM (24h) register.

MD1-MDO | Magnetic sensor mode selection. Default 10
Refer to Table 91: Magnetic sensor mode selection

Table 90. High-pass filter mode selection

AHPM1 | AHPMO High-pass filter mode
0 0 Normal mode (resets x, y and z-axis reading REFERENCE_X (1Ch), REF-
ERENCE_Y (1Dh) and REFERENCE_Y (1Dh) registers respectively)
0 1 Reference signal for filtering
1 0 Normal mode
1 1 Autoreset on interrupt event
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Table 91. Magnetic sensor mode selection

MD1-0 MD1-0 Magnetic sensor mode
0 0 Continuous-conversion mode
0 1 Single-conversion mode
1 0 Power-down mode
1 1 Power-down mode

8.46 STATUS_REG_A (27h)

Table 92. STATUS_REG_A register

|ZYXAOR |ZAOR |YAOR |XAOR |ZYXADA |ZADA |YADA |XADA |

Table 93. STATUS_REG_A description

ZYXAOR | Acceleration X-, Y- and Z-axis data overrun. Default value: 0
(0: no overrun has occurred; 1: a new set of data has overwritten the previous one)

ZAOR Acceleration Z-axis data overrun. Default value: 0

(0: no overrun has occurred; 1: a new set of data for the Z-axis has overwritten the pre-
vious one)

YAOR Acceleration Y-axis data overrun. Default value: 0

(0: no overrun has occurred; 1: a new set of data for the Y-axis has overwritten the pre-
vious one)

XAOR Acceleration X-axis data overrun. Default value: 0

(0: no overrun has occurred; 1: a new set of data for the X-axis has overwritten the pre-
vious one)

ZYXADA |Acceleration X-, Y- and Z-axis new value available. Default value: 0
(0: a new set of data is not yet available; 1: a new set of data is available)

ZADA Acceleration Z-axis new value available. Default value: 0
(0: a new set of data for the Z-axis is not yet available; 1: a new set of data for the Z-axis
is available)

YADA Acceleration Y-axis new value available. Default value: 0
(0: a new set of data for the Y-axis is not yet available; 1: a new set of data for the Y-axis
is available)

XADA Acceleration X-axis new value available. Default value: 0
(0: a new set of data for the X-axis is not yet available; 1: a new set of data for the X-
axis is available)

8.47 OUT_X_L_A (28h), OUT_X_H_A (29h)
X-axis acceleration data.

The value is expressed in 16 bit as two’s complement left justified.
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OUT_Y_L_A (2Ah), OUT_Y_H_A (2Bh)
Y-axis acceleration data.

The value is expressed in 16-bit as two’s complement left justified.

OUT_Z L_A (2Ch), OUT_Z H_A (2Dh)
Z-axis acceleration data.

The value is expressed in 16-bit as two’s complement left justified.

FIFO_CTRL_REG (2Eh)

Table 94. FIFO_CTRL_REG register

| Fm2 KX | FMo [FTHa  |FTH3  |FTH2  [FTH1  [FTHO |
Table 95. FIFO_CTRL_REG description
FM2-FMO FIFO mode selection. Default value: 000
FTH4-FTHO | FIFO watermark level. Default value: 00000
Table 96. FIFO mode configuration
FM2 FM1 FMO FIFO mode

0 0 0 Bypass mode

0 0 1 FIFO mode

0 1 0 Stream mode

0 1 1 Stream-to-FIFO mode

1 0 0 Bypass-to-Stream mode

Interrupt generator 2 can change the FIFO mode.

FIFO_SRC_REG (2Fh)

Table 97. FIFO_SRC_REG register
|WTM | OVRN | EMPTY | FSS4 | FSS3 | FSS2 | FSS1 | FSSO |
Table 98. FIFO_SRC_REG description
WTM Watermark status.
WTM bit is set to ‘1’ when FIFO content exceeds watermark level.
OVRN FIFO Overrun status.
OVRN bit is set to ‘1’ when FIFO buffer is full.
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Table 98. FIFO_SRC_REG description (continued)

EMPTY Empty status.
EMPTY bit is set to ‘1’ when all FIFO samples have been read and FIFO is empty.
FSS4-FSS0 FIFO stored data level.

FSS4-FSSO0 bits contain the current number of unread FIFO levels.

INT_GEN_1_REG (30h)

This register contains the settings for the inertial interrupt generator 1.

Table 99. INT_GEN_1_REG register

AOI 6D ZHIE/ ZLIE/ YHIE/ YLIE/ XHIE/ XLIE/
ZUPE ZDOWNE | YUPE YDOWNE | XUPE XDOWNE
Table 100. INT_GEN_1_REG description

AOI And/Or combination of Interrupt events. Default value: 0. Refer to Table 101:
Interrupt mode

6D 6-direction detection function enabled. Default value: 0. Refer to Table 101:
Interrupt mode

ZHIE/ Enable interrupt generation on Z high event or on direction recognition. Default

ZUPE value: 0 (0: disable interrupt request;1: enable interrupt request)

ZLIE/ Enable interrupt generation on Z low event or on direction recognition. Default

ZDOWNE value: 0 (O: disable interrupt request;1: enable interrupt request)

YHIE/ Enable interrupt generation on Y high event or on direction recognition. Default

YUPE value: 0 (O: disable interrupt request; 1: enable interrupt request.)

YLIE/ Enable interrupt generation on Y low event or on direction recognition. Default

YDOWNE value: 0 (0: disable interrupt request; 1: enable interrupt request.)

XHIE/ Enable interrupt generation on X high event or on direction recognition. Default

XUPE value: 0 (O: disable interrupt request; 1: enable interrupt request.)

XLIE/XDOWNE Enable interrupt generation on X low event or on direction recognition. Default
value: 0 (O: disable interrupt request; 1: enable interrupt request.)

Table 101. Interrupt mode

AOI 6D Interrupt mode
0 0 OR combination of interrupt events
0 1 6-direction movement recognition
1 0 AND combination of interrupt events
1 1 6-direction position recognition
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The difference between AOI-6D = ‘01’ and AOI-6D = ‘11’ is as follows:

AOI-6D = ‘01’ is movement recognition. An interrupt is generated when the orientation
moves from an unknown zone to a known zone. The interrupt signal stays for a duration

ODR.

AOI-6D = ‘11’ is direction recognition. An interrupt is generated when the orientation is
inside a known zone. The interrupt signal stays until the orientation is inside the zone.

INT_GEN_1_SRC (31h)

This register contains the status for the inertial interrupt generator 1.

Table 102. INT_GEN_1_SRC register

0 IA ZH ZL YH YL XH

XL

Table 103. INT_GEN_1_SRC description

IA Interrupt Status. Default value: 0

(0: no interrupt has been generated; 1: one or more interrupts have been generated)
7H Z high. Default value: 0

(0: no interrupt, 1: Z high event has occurred)
2L Z low. Default value: 0

(0: nointerrupt; 1: Z low event has occurred)
YH Y high. Default value: 0

(0: nointerrupt, 1: Y high event has occurred)
YL Y low. Default value: 0

(0: nointerrupt, 1: Y low event has occurred)
XH X high. Default value: 0

(0: nointerrupt, 1: X high event has occurred)
XL X low. Default value: 0

(0: nointerrupt, 1: X low event has occurred)

Reading at this address clears the INT_GEN_1_SRC (31h) 1A bit (and the interrupt signal

on the corresponding interrupt pin) and allows the refreshment of data in the
INT_GEN_1_SRC (31h) register if the latched option was chosen.

INT_GEN_1_THS (32h)

Table 104. INT1_THS register

| 0 | THS6 | THS5 | THS4 THS3 THS2 THS1

THSO |

Table 105. INT1_THS description

| THS6 - THSO |Interrupt1threshold. Default value: 000 0000
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INT_GEN_1_DURATION (33h)

Table 106. INT1_DURATION register

D6|D5|D4|D3 D2 D1 D0|

Table 107. INT1_DURATION description

|D6-D0

| Duration value. Default value: 000 0000 |

The D6 - D0 bits set the minimum duration of the Interrupt 1 event to be recognized.
Duration steps and maximum values depend on the ODR chosen.

INT_GEN_2_REG (34h)

This register contains the settings for the inertial interrupt generator 2.

Table 108. INT_GEN_2_REG register

AQI 6D ZHIE/ ZLIE/ YHIE/ YLIE/ XHIE/ XLIE/
ZUPE ZDOWNE | YUPE YDOWNE | XUPE XDOWNE
Table 109. INT_GEN_2_REG description
AOI And/Or combination of Interrupt events. Default value: 0. Refer to
Table 109: INT_GEN_2 REG description
6D 6 direction detection function enabled. Default value: 0. Refer to
Table 109: INT_GEN_2_ REG description
ZHIE/ Enable interrupt generation on Z high event or on direction recognition. Default
ZUPE value: 0 (0: disable interrupt request;1: enable interrupt request)
ZLIE/ Enable interrupt generation on Z low event or on direction recognition. Default
ZDOWNE value: 0 (O: disable interrupt request;1: enable interrupt request)
YHIE/ Enable interrupt generation on Y high event or on direction recognition. Default
YUPE value: 0 (O: disable interrupt request; 1: enable interrupt request.)
YLIE/ Enable interrupt generation on Y low event or on Direction recognition. Default
YDOWNE value: 0 (O: disable interrupt request; 1: enable interrupt request.)
XHIE/ Enable interrupt generation on X high event or on Direction recognition. Default
XUPE value: 0 (O: disable interrupt request; 1: enable interrupt request.)
XLIE/XDOWNE | Enable interrupt generation on X low event or on Direction recognition. Default
value: 0 (O: disable interrupt request; 1: enable interrupt request.)
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Table 110. Interrupt mode

AOI 6D Interrupt mode
0 0 OR combination of interrupt events
0 1 6-direction movement recognition
1 0 AND combination of interrupt events
1 1 6-direction position recognition

The difference between AOI-6D = ‘01’ and AOI-6D = ‘11’ is as follows:

AOI-6D = ‘01’ is movement recognition. An interrupt is generated when the orientation
moves from an unknown zone to a known zone. The interrupt signal stays for a duration

ODR.

AOI-6D = ‘11’ is direction recognition. An interrupt is generated when the orientation is
inside a known zone. The interrupt signal stays until the orientation is inside the zone.

INT_GEN_2_SRC (35h)

This register contains the status for the inertial interrupt generator 2.

Table 111. INT_GEN_2_SRC register

0 1A ZH ZL YH YL XH

XL

Table 112. INT_GEN_2_SRC description

IA Interrupt status. Default value: 0

(0: no interrupt has been generated; 1: one or more interrupts have been generated)
7H Z high. Default value: 0

(0: no interrupt, 1: Z high event has occurred)
2L Z low. Default value: 0

(0: nointerrupt; 1: Z low event has occurred)
YH Y high. Default value: 0

(0: nointerrupt, 1: Y high event has occurred)
YL Y low. Default value: 0

(0: nointerrupt, 1: Y low event has occurred)
XH X high. Default value: 0

(0: nointerrupt, 1: X high event has occurred)
XL X low. Default value: 0

(0: nointerrupt, 1: X low event has occurred)

Reading at this address clears the INT_GEN_2_SRC (35h) 1A bit (and the interrupt signal

on the corresponding interrupt pin) and allows the refreshment of data in the
INT_GEN_2_SRC (35h) register if the latched option was chosen.
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8.59

8.60

3

INT_GEN_2_THS (36h)

Table 113. INT_GEN_2_THS register

| 0 | THS6 | THS5 | THS4 THS3 THS2 THS1 THSO |

Table 114. INT_GEN_2_THS description

| THS6 - THSO |Interrupt1threshold. Default value: 000 0000

INT_GEN_2_DURATION (37h)

Table 115. INT_GEN_2_DURATION register

|0|D6|D5|D4|D3 D2 D1 DO

Table 116. INT_GEN_2_DURATION description

| D6 - DO | Duration value. Default value: 000 0000

The D6 - D0 bits set the minimum duration of the Interrupt 2 event to be recognized.
Duration steps and maximum values depend on the ODR chosen.

CLICK_CFG (38h)

Table 117. CLICK_CFG register

| - | - | ZD | zs YD YS XD XS

Table 118. CLICK_CFG description

ZD Enable interrupt double-click on Z-axis. Default value: 0

higher than preset threshold)

(0: disable interrupt request; 1: enable interrupt request on measured accel. value

YA Enable interrupt single-click on Z-axis. Default value: 0

higher than preset threshold)

(0: disable interrupt request; 1: enable interrupt request on measured accel. value

YD Enable interrupt double-click on Y-axis. Default value: 0

higher than preset threshold)

(0: disable interrupt request; 1: enable interrupt request on measured accel. value

YS Enable interrupt single-click on Y-axis. Default value: 0

higher than preset threshold)

(0: disable interrupt request; 1: enable interrupt request on measured accel. value
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Table 118. CLICK_CFG description

XD

Enable interrupt double-click on X-axis. Default value: 0

(0: disable interrupt request; 1: enable interrupt request on measured accel. value
higher than preset threshold)

XS

Enable interrupt single-click on X-axis. Default value: 0

(0: disable interrupt request; 1: enable interrupt request on measured accel. value
higher than preset threshold)

8.61  CLICK_SRC (39h)

Table 119. CLICK_SRC register

| IA | DClick | SClick Sign z Y X

Table 120. CLICK_SRC description

1A

Interrupt active. Default value: 0
(0: no interrupt has been generated; 1: one or more interrupts have been generated)

DClick

Double-click enable. Default value: 0 (0: double-click detection disabled,
1: double-click detection enabled)

SClick

Single-click enable. Default value: 0 (0: single-click detection disabled,
1: single-click detection enabled)

Sign

Click sign. O: positive detection, 1: negative detection

z

Z click detection. Default value: 0
(0: nointerrupt, 1: Z high event has occurred)

Y click detection. Default value: 0
(0: nointerrupt, 1: Y high event has occurred)

X click detection. Default value: 0
(0: nointerrupt, 1: X high event has occurred)

8.62  CLICK_THS (3Ah)

Table 121. CLICK_THS register

| Ths6 | Ths5 | Ths4 Ths3 Ths2 Ths1 Ths0

Table 122. CLICK_SRC description

| Ths6-Ths0

| Click threshold. Default value: 000 0000

68/74
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8.64

8.65

8.66

3

TIME_LIMIT (3Bh)

Table 123. TIME_LIMIT register

| - | TLI6 | TLIS | TLI4 TLI3 TLI2 TLI1 TLIO |
Table 124. TIME_LIMIT description
|TLI7-TLIO | Click time limit. Default value: 000 0000 |
TIME_LATENCY (3Ch)
Table 125. TIME_LATENCY register
| TLA7 | TLA6 | TLAS5 | TLA4 TLA3 TLA2 TLA1 TLAO |
Table 126. TIME_LATENCY description
|TLA7-TLAO | Click time latency. Default value: 0000 0000 |
TIME WINDOW (3Dh)
Table 127. TIME_WINDOW register
| W7 | TW6 | TW5 | TW4 TW3 TW2 TW1 TWO |
Table 128. TIME_WINDOW description
| TW7-TWO | Click time window |
Act_THS (3Eh)
Table 129. TIME_WINDOW register
| - | Acth6 | Acth5 Acth4 Acth3 Acth2 Acth Acth0

Table 130. TIME_WINDOW description

Acth[6:0] Sleep-to-Wake, Return-to-Sleep activation threshold
1LSb =16 mg
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8.67  Act_DUR (3Fh)

Table 131. Act_DUR register
| ActD7 | ActD6 | ActD5 ActD4 ActD3 ActD2 ActD1 ActDO

Table 132. Act_DUR description

ActD[7:0] Sleep-to-Wake, Return-to-Sleep duration
DUR = (Act_DUR + 1)*8/ODR

3
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Package information

9

Note:

3

Package information

In order to meet environmental requirements, ST offers these devices in different grades of
ECOPACK® packages, depending on their level of environmental compliance. ECOPACK®
specifications, grade definitions and product status are available at: www.st.com.
ECOPACK is an ST trademark.

Table 133. LGA 4x4x1 mm 24-lead mechanical data (see note 1 and 2)

Databook
Symbol Min. Typ. Max. Note

A 1.070
A1 0.000 - 0.050

b 0.200

4.000 6
D2 1.750
E 4.000 6
E2 1.750
el 0.500
e2 2.500
L 0.350 7
L1 - 0.100 -
L2 - 0.100 -
N 24 5
R1 - 0.080 -
Tolerance of Form and Position
Symbol
Databook
D/E 0.15
Notes 1and 2
REF -

A

1. Dimensioning and tolerancing schemes conform to ASME Y14.5M-1994.

2. All dimensions are in millimeters.

3. The “Pin 1 Indicator” is identified on top and/or bottom surfaces of the package.

4. A1 is defined as the distance from the seating plane to the land.

5. “N” is the maximum number of terminal positions for the specified body size.

6. The tolerance of the typical value is specified in table "Tolerance of Form and Position".

7. Dimensions “b” and “L” are specified:
For solder mask defined: at terminal plating surface
For non-solder mask defined: at solder mask opening
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Figure 21. LGA 4x4x1 mm 24-lead outline
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Revision history

Table 134. Document revision history

Date Revision Changes
24-Jun-2013 1 Initial release
Updated LA_So in Table 3
Updated Figure 4, Figure 5, and Table 7
05-Aug-2013 2 Updated Section 5.1

Updated Section 9: Package information

Minor textual updates throughout Section 8: Register description
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Please Read Carefully:

Information in this document is provided solely in connection with ST products. STMicroelectronics NV and its subsidiaries (“ST”) reserve the
right to make changes, corrections, modifications or improvements, to this document, and the products and services described herein at any
time, without notice.

All ST products are sold pursuant to ST’s terms and conditions of sale.

Purchasers are solely responsible for the choice, selection and use of the ST products and services described herein, and ST assumes no
liability whatsoever relating to the choice, selection or use of the ST products and services described herein.

No license, express or implied, by estoppel or otherwise, to any intellectual property rights is granted under this document. If any part of this
document refers to any third party products or services it shall not be deemed a license grant by ST for the use of such third party products
or services, or any intellectual property contained therein or considered as a warranty covering the use in any manner whatsoever of such
third party products or services or any intellectual property contained therein.

UNLESS OTHERWISE SET FORTH IN ST'S TERMS AND CONDITIONS OF SALE ST DISCLAIMS ANY EXPRESS OR IMPLIED
WARRANTY WITH RESPECT TO THE USE AND/OR SALE OF ST PRODUCTS INCLUDING WITHOUT LIMITATION IMPLIED
WARRANTIES OF MERCHANTABILITY, FITNESS FOR A PARTICULAR PURPOSE (AND THEIR EQUIVALENTS UNDER THE LAWS
OF ANY JURISDICTION), OR INFRINGEMENT OF ANY PATENT, COPYRIGHT OR OTHER INTELLECTUAL PROPERTY RIGHT.

ST PRODUCTS ARE NOT AUTHORIZED FOR USE IN WEAPONS. NOR ARE ST PRODUCTS DESIGNED OR AUTHORIZED FOR USE
IN: (A) SAFETY CRITICAL APPLICATIONS SUCH AS LIFE SUPPORTING, ACTIVE IMPLANTED DEVICES OR SYSTEMS WITH
PRODUCT FUNCTIONAL SAFETY REQUIREMENTS; (B) AERONAUTIC APPLICATIONS; (C) AUTOMOTIVE APPLICATIONS OR
ENVIRONMENTS, AND/OR (D) AEROSPACE APPLICATIONS OR ENVIRONMENTS. WHERE ST PRODUCTS ARE NOT DESIGNED
FOR SUCH USE, THE PURCHASER SHALL USE PRODUCTS AT PURCHASER'’S SOLE RISK, EVEN IF ST HAS BEEN INFORMED IN
WRITING OF SUCH USAGE, UNLESS A PRODUCT IS EXPRESSLY DESIGNATED BY ST AS BEING INTENDED FOR “AUTOMOTIVE,
AUTOMOTIVE SAFETY OR MEDICAL” INDUSTRY DOMAINS ACCORDING TO ST PRODUCT DESIGN SPECIFICATIONS.
PRODUCTS FORMALLY ESCC, QML OR JAN QUALIFIED ARE DEEMED SUITABLE FOR USE IN AEROSPACE BY THE
CORRESPONDING GOVERNMENTAL AGENCY.

Resale of ST products with provisions different from the statements and/or technical features set forth in this document shall immediately void
any warranty granted by ST for the ST product or service described herein and shall not create or extend in any manner whatsoever, any
liability of ST.

ST and the ST logo are trademarks or registered trademarks of ST in various countries.
Information in this document supersedes and replaces all information previously supplied.
The ST logo is a registered trademark of STMicroelectronics. All other names are the property of their respective owners.
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General Description

The MAX1925/MAX1926 single-cell lithium-ion (Li+)
switch-mode battery chargers use an external PMOS
pass element step-down configuration. Charge current
is programmable, and an external capacitor sets the
maximum charge time.

Additional features include automatic input power
detection (ACON output), logic-controlled enable, and
temperature monitoring with an external thermistor. The
MAX1925 disables charging for inputs greater than
6.1V, while the MAX1926 charges for inputs between
4.25V and 12V.

The MAX1925/MAX1926 feature two precondition levels
to restore near-dead cells. The devices source 4mA to
a cell that is below 2V while sourcing C/10 to a cell
between 2V and 3V. Full charge current is then applied
above 3V. A CHG output drives an LED to indicate
charging (LED on) and fault conditions (LED blinking).

The MAX1925/MAX1926 are available in a 12-pin
4mm x 4mm thin QFN package and are specified over
the extended temperature range (-40°C to +85°C). An
evaluation kit is available to speed design.

Applications

Digital Cameras
Self-Charging Battery Packs
PDAs

Cradle Chargers

Pin Configuration

IN INP EXT
° 112 LH' LWO
oG | P (9] reno
L omam
ef2: 0 MmAxigzs i ois) e
MAX1926
THRM [ 37 L
R
ACON  CT Cs
THIN QFN

AKXV

Switch-Mode 1-Cell Li+ Chargers

Features

@ & & & o o o

Small (4mm x 4mm) Package

4.25V to 12V Input Range (MAX1926)
Overvoltage Lockout at 6.1V (MAX1925)
+0.75% Battery Regulation Voltage

Set Charge Current with One Resistor
Automatic Input Power Sense

LED (or Logic-Out) Charge Status and Fault
Indicator

4 Programmable Safety Timer
4 Autorestart at Cell = 4V
4 Thermistor Monitor Input

Ordering Information

INPUT
TEMP PIN-
PART CHARGING
RANGE PACKAGE RANGE
N o~ 12 Thin QFN
MAX1925ETC -40°C to +85°C 4mm x 4mm 45V 1t06.1V
MAX1926ETC -40°C to +85°C 12 Thin QFN 4.25V to 12V
Amm x 4mm

Typical Operating Circuit

INPUT

45V 1012V *
N NP EXT PGND
cs
;?LED N Eg
G5 MAXIM
]

I|H |—0

MAX1925

1
or MAX1926 GND %

THRM

! 1-CELL
3 Li+
! BATTERY

o
oF

MAXIMN

Maxim Integrated Products 1

For pricing, delivery, and ordering information, please contact Maxim/Dallas Direct! at
1-888-629-4642, or visit Maxim’s website at www.maxim-ic.com.

9C6 IXVIN/SC6 I XVIN



MAX1925/MAX1926

Switch-Mode 1-Cell Li+ Chargers

ABSOLUTE MAXIMUM RATINGS

IN, INP, ACONto GND.....................
CHG, EXTto PGND ....ccoovoveii,
CS, BATT, EN, THRM to GND ..........
CTtoOGND ..o
EN, THRM, CTto IN........oooeeei
INPtOIN oo
PGND to GND ......ccoovviiiiiiiiceee
CSHtOBATT .o
EXT Continuous RMS Current..........

...................... -0.3Vto +14V
.......... -0.3V to (Vinp + 0.3V)
........................ -0.3V to +6V
.............. -0.3V to +4V
............... -14V to +0.3V
.............. -0.3V to +0.3V
.............. -0.3V to +0.3V
.............. -0.3V to +0.3V
............................... +100mA

Continuous Power Dissipation (Ta = +70°C)
Exposed Paddle Soldered to Board
(derate 16.9mW/°C above +70°C).......cccccoevvvrieannnn. 1349mW
Exposed Paddle Unsoldered
(derate 9mW/°C above +70°C) ......ccccoevviiviiiiiiiiiiiee,
Operating Temperature Range ..............ccccceeene
Junction Temperature ...........ocovviiiiiiii
Storage Temperature Range................
Lead Temperature (soldering, 10s)

Stresses beyond those listed under “Absolute Maximum Ratings” may cause permanent damage to the device. These are stress ratings only, and functional
operation of the device at these or any other conditions beyond those indicated in the operational sections of the specifications is not implied. Exposure to
absolute maximum rating conditions for extended periods may affect device reliability.

ELECTRICAL CHARACTERISTICS

(VPGND = VGND = 0, VINP = VIN = VCHG = 5V, VBATT = Vcs = VEN = 4V, THRM = 10kQ to GND, Cct = 100nF, Ta = 0°C to +85°C,
unless otherwise noted. Typical values are at Ta = +25°C.)

PARAMETER CONDITIONS MIN TYP MAX | UNITS
Supply Voltage Range VINP, VIN (MAX1925 does not charge above 6.1V) 4.5 12.0 \
" MAX1925 4.30 4.50 4.78
ViNP, VIN rising
- . ) MAX1926 4.00 4.25 4.50
ACON Trip Point \
) MAX1925 4.17 4.30 4.43
VINP, VIN falling
MAX1926 3.90 4.15 4.40
Rising 5.8 6.4
INP, IN Shutdown Threshold MAX1925 - \
Falling 5.3 59
EN Input Resistance MAX1926 internally pulled up to 3V 125 300 550 kQ
EN Leakage Current MAX1925 -1 +1 LA
EN Logic Input High Threshold 2 \
EN Logic Input Low Threshold 0.8 \
BATT + CS | c DONE state, VBaTT = 4.1V 25 50
+ nput Current
= A
(Total Current into BATT and CS) | o= GND (Note 1) 10 H
VBATT = VINP = VIN = 4V, shutdown (Note 1) 2 10
CS Input Current Charging 39 pA
EN = GND 8 mA
V = VINP = VIN = 4V, shutdown 2 10 A
IN + INP Total Input Current BATT NP N - K
VBATT = 4.1V, charging 10 A
m
VBATT = 4.3V; done 5 8
VOLTAGE LOOP
Voltage Loop Set Point 41685 4.2000 4.2315 \
Voltage Loop Hysteresis 15 mV
BATT Prequali Voltage Threshold 1.9 2 2.1 \
BATT Prequal2 Voltage Threshold 2.85 3 3.15 \
2 M AXIW

192



Switch-Mode 1-Cell Li+ Chargers

ELECTRICAL CHARACTERISTICS (continued) g
(VpgND = VGND = 0, VINP = VIN = VCAHG = 5V, VBATT = Vcs = VEN = 4V, THRM = 10kQ to GND, Cct = 100nF, Ta = 0°C to +85°C,
unless otherwise noted. Typical values are at Ta = +25°C.) b
PARAMETER CONDITIONS MIN TYP MAX UNITS *
Restart Threshold Charging restarts when BATT falls to this point 3.92 4.00 4.08 \ B
If BATT exceeds this threshold, EXT is high
BATT Voltage Fault Threshold (external MOSFET is off) and CHG blinks 4275 4350 4.425 V N
CURRENT LOOP Q
Vecs -V , average value 132 142 152
CS - BATT Sense Threshold CS - YBATT, average vau mv E
Rise/fall hysteresis 30 b
Prequal1 Charge Current VBATT < 2V 3 4 6 mA
Prequal2 CS - BATT Sense Average value, 2V < VBATT < 3V (charge current is C/10) 14 v *
m
Threshold Rise/fall hysteresis, 2V < VBATT < 3V 12 B
Current Threshold for . o
Full-Battery Indication ILoAD falling, as percentage of fast charge current 6 12 20 % N
DRIVER FUNCTIONS m
EXT Sink/Source Current 1 A
EXT On-Resistance EXT high or low 5 12 Q
Nominal Switching Frequency VBATT = 3.6V, L =10pH 235 kHz
TIMER FUNCTIONS
Full-Time Timeout - tFyLL CcT1 = 100nF 3.02 hours
Prequal1 Timeout CcT1 = 100nF tFULL/1088 S
(10s)
' _ tFuLL/17 .
Prequal2 Timeout CcT1 = 100nF (10.67 min) min
Timer Accuracy CcT = 100nF for 3 hours -15 +15 %
CHG Output Low Current VCHG = 1V 7 10 14 mA
CHG Output High Leakage _
Current CHG = 12V 1 HA
CHG Blink Rate - Fault Fault state (50% duty cycle), CcT = 100nF 0.5 Hz
ACON High Leakage VACON = 12V 0.01 1.00 pA
ACON Sink Current VACON = 0.4V 2 mA
THERMISTOR MONITOR (Note 2)
THRM. Sehse Current for Hot 344 1 3509 3617 UA
Qualification
THRM. Sehse Current for Cold 4758 4880 5002 UA
Qualification
THRM Sense-Voltage Trip Point (Note 3) 1.386 1.400 1.414 \
MAXI/V 3
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Switch-Mode 1-Cell Li+ Chargers

ELECTRICAL CHARACTERISTICS

(VPGND = VGND = 0, VINP = VIN = VCHG = 5V, VBATT = Vs = VEN = 4V, THRM = 10kQ to GND,

unless otherwise noted. Typical values are at Ta = +25°C.) (Note 4)

Cct = 100nF, Ta = -40°C to +85°C,

PARAMETER CONDITIONS MIN TYP MAX | UNITS
Supply Voltage Range VINP, VIN (MAX1925 does not charge above 6.1V) 4.5 12.0 \
Vinp. ViN rising MAX1925 4.30 4.78
[ MAX1926 4.0 4.5
ACON Trip point \
) MAX1925 417 4.43
Vinp. Vin falling MAX1926 3.9 4.4
Rising 5.8 6.4
INP, IN Shutdown Threshold MAX1925 - Vv
Falling 5.3 59
EN Input Resistance MAX1926 internally pulled up to 3V 125 550 kQ
EN Leakage Current MAX1925 -1 +1 LA
EN Logic Input High Threshold 2 \
EN Logic Input Low Threshold 0.8 \
BATT + CS | c t DONE State, VBATT = 4.1V 50
(Total Eurrennt?r?to BL)JXT?P and CS) EN = GND (Note 2) 10 HA
VBATT = VINP = VIN = 4V, shutdown (Note 1) 10
EN = GND 8 mA
IN + INP Total Input Current VBATT = ViNe = VIN — 4V, shutdown 10 bA
VBATT = 4.1V, charging 10 mA
VBATT = 4.3V, done 8
VOLTAGE LOOP
Voltage Loop Set Point 4.158 4.242 \
BATT Prequall Voltage Threshold 19 2.1 \
BATT Prequal2 Voltage Threshold 2.85 3.15 \
Restart Threshold Charging restarts when BATT falls to this point 3.92 4.08 \
BATT Voltage Fault Threshold :\;g@;?fgiﬁ?z;@%ﬁgsmi EXT s high (external 4275 4425 | v
CURRENT LOOP
CS - BATT Sense Threshold Vcs - VBATT, average value 127 157 mV
Prequal1 Charge Current VBATT < 2V 3 6 mA
ﬁtézgear;itoTr]hreshold for Full-Battery ILoaAD falling, as percentage of fast charge current 4 20 %
DRIVER FUNCTIONS
EXT On-Resistance EXT high or low 12 Q
TIMER FUNCTIONS
Timer Accuracy CcT = 100nF for 3 hours -16 +16 %
CHG Output Low Current VCHG = 1V 7 14 mA
4 AKX
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Switch-Mode 1-Cell Li+ Chargers

ELECTRICAL CHARACTERISTICS (continued)

(VPGND = VaND = 0, VINP = VIN = VTHG = 5V, VBATT = Vs = VEN = 4V, THRM = 10kQ to GND, CcTt = 100nF, Ta = -40°C to +85°C,
unless otherwise noted. Typical values are at Ta = +25°C.) (Note 4)

PARAMETER CONDITIONS MIN TYP MAX | UNITS
CHG Output High Leakage _
Current Vera =12V 1 HA
ACON High Leakage VACON = 12V 1 pA
ACON Sink Current VACON = 0.4V 2 mA
THERMISTOR MONITOR
THRM. Se.nse Current for Hot 349 363 UA
Quallification
THRM. Sehse Current for Cold 473 50.3 UA
Qualification
THRM Sense-Voltage Trip Point (Note 3) 1.379 1.421 \

Note 1: When the AC adapter is unplugged or if the charger is shut down, BATT drain is less than 10pA.
Note 2: These specifications guarantee the thermistor interface detects a fault at the correct temperature (0°C to +5°C cold temper-
ature and 45°C to +50°C hot temperature) with Philips NTC Thermistor Series 640-6, 2322-640-63103, 10.0K at +25°C, +5%

(or equivalent).

Note 3: A fault is generated if VTHRM lower than 1.4V during the cold test or higher than 1.4V during the hot test. Hot and cold tests
occur on alternate CT clock transitions.

Note 4: Specifications to -40°C are guaranteed by design and not production tested.

MAXIMN
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MAX1925/MAX1926

Switch-Mode 1-Cell Li+ Chargers

(Circuit of Figure 1, VsuppLy = 5V, VBATT = 4V, Ta = +25°C, unless otherwise noted.)
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Switch-Mode 1-Cell Li+ Chargers

(Circuit of Figure 1, VsuppLy = 5V, VBATT = 4V, Ta = +25°C, unless otherwise noted.)

FREQUENCY vs. BATTERY VOLTAGE
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CHARGE CURRENT vs. TIME

Typical Operating Characteristics (continued)
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MAX1925/MAX1926

Switch-Mode 1-Cell Li+ Chargers

Pin Description

PIN NAME FUNCTION
Charge Status LED Driver. Open-drain LED driver sinks 10mA when the MAX1925/MAX1926 are charging.
1 CHG | CHG also blinks at a 0.5Hz rate during fault states (see the Timing section). High impedance when charger is
in shutdown. See Tables 1 and 2.
5 EN Enable. Drive EN high to enable charger. Logic level input for normal ON/OFF control. In the MAX1926 EN is
internally pulled up to 3V with a 300kQ resistor.
Thermistor Input. Monitors external thermistor (10kQ at +25°C). When external temperature is lower than 0°C
3 THRM  |©" above +50°C, charging stops and the charger enters fault mode. Charging resumes when the temperature
returns to normal. During a temperature fault the MAX1926 blinks the CHG output, while MAX1925 CHG
remains off (high).
—~— | Power-OK Indicator Output. Open-drain output goes low when AC adapter power is valid. See Table 2 for
4 ACON | ==
ACON states.
Timing Capacitor Connection. Connect timer cap to program full-charge safety timeout interval and
prequalification fault times. Timeouts with CcT = 100nF are:
5 CT Full Timer (tFuLLCHG): 3 hours—If FASTCHG is not completed within this time a fault is asserted.
Prequal2 Timer: Full Timer/17 (10.67 min)
Prequal1 Timer: Full Timer/1088 (10s)
6 CS Charge-Current Sense Input. 142mV nominal regulation threshold. CS is high impedance during shutdown.
7 BATT | Battery-Sense Input. Also negative side of charge-current sense. BATT is high impedance during shutdown.
8 GND | Ground
9 PGND | Power Ground
10 EXT PMQOS Gate-Driver Output. Drives gate of external PMOS switching transistor from IN to GND. When using the
MAX1926, ensure that the MOSFET Vs rating is greater than V|N.
11 INP Supply Voltage Input
12 IN Supply-Sense Input. Connect IN to INP.
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Switch-Mode 1-Cell Li+ Chargers
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Figure 1. Functional Diagram
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MAX1925/MAX1926

Switch-Mode 1-Cell Li+ Chargers

Detailed Description

The MAX1925/MAX1926 switch-mode battery chargers
form a complete solution for a single-cell Li+ battery. The
devices include battery undervoltage/overvoltage fault
protection. The MAX1925/MAX1926 use EN and THRM
for shutdown, battery detection, and temperature monitor-
ing. The devices provide outputs to indicate charge sta-
tus (CHG) and presence of input power (ACON).

The MAX1925/MAX1926 include two prequalification
modes that must be passed before the charger enters
the fast-charge state. During fast charge, the charger
operates initially in constant-current mode until the bat-
tery voltage reaches 4.2V. When the battery voltage
has reached 4.2V, the charger operates in constant-
voltage mode. In constant-current mode, the charger
acts as a hysteretic current source, controlling the
inductor’s peak and valley currents. In constant-voltage

mode, the charger regulates the peak and valley of the
output ripple.

Charge Cycle
The MAX1925/MAX1926 initiate PREQUAL when one of
the following occurs:

e \When an external power source is connected

e The cell voltage falls to 4V after charging is finished
e EBistoggled

® Input power is cycled

Some Li+ cells can be damaged when fast-charged
from a completely dead state. Moreover, an over-dis-
charged cell may indicate a dangerous abnormal cell
condition. As a built-in safety feature, the MAX1925/
MAX1926 use a two-level prequalification charge to
determine if it is safe to charge. When the cell voltage is
less than 2V, the cell is charged from an internal

Vin WITHIN ACON
WINDOW*

Vin > VgarT AND Vin
OUTSIDE ACON WINDOW*

OFF
(ACON HIGH 2)
Vin > VAt - Vin < VBarT

AUTOMATIC RESTART
BATT DROPS TO 4V

*SEE TABLE 2 FOR ACON WINDOW
FOR MAX1925/MAX1926

Vin OUTSIDE ACON WINDOW*

RESET
(ACON IS LOW)

EN HIGH AND
IN'WITHIN ACON
WINDOW*

PREQUAL1
(IcHG = 4mA)
(CHG LED ON) tpRequAL1 TIMES OUT
__SHDN BEFORE VgaT > 2V
(ACON HIGH 2) VgarT > 2V
(DEBOUNCED)
' < FAULT
VIN < VBATT PREQUAL2 (CHG LED BLINK AT 0.5Hz)
(IghG = C/10) (EXT HIGH FET OFF)

(CHG LED ON)
Vpart >3V
(DEBOUNGED)

FASTCHG
(s =0)
(CHG LED ON)

IcHg < C/8
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FULL TOPOFF
(CHG LED OFF)

VearT < 4.2V

(CHG LED OFF)

ANY STATE

ENLOW OR\_ (INCLUDING FAULT)
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WINDOW*
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TEMP QUT| AND IN WITHIN ACON

OF RANGE | WINDOW*
AND EN HIGH

IN RANGE
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BEFORE Vpart > 3V
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FULL-CHARGE
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Figure 2. MAX1925/MAX1926 State Diagram
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Switch-Mode 1-Cell Li+ Chargers
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Figure 3. Charging Current and Voltage Timing Diagrams

linear 4mA current source (PREQUAL1). When the cell
voltage exceeds 2V, the cell is charged with 10% of the
programmed fast-charge current (IFASTCHG) until it
reaches 3V. When the cell voltage is above 3V, fast
charging occurs at the full set current. If the cell fails to
reach the next prequalification threshold before a set
time (see tPREQUAL1 and tPREQUAL2 in the Timer
Capacitor and Fault Modes section), charging stops, a
fault alarm is set, and the CHG output blinks.

Figures 2 and 3 show charging behavior typical Li+ cell.
The MAX1925/MAX1926 remain in fast-charge mode
until the battery voltage reaches regulation and the

MAXIMN

charge current drops below 1/8th of IFASTCHG. The
charger then enters full topoff mode and the CHG LED
is turned off. In full topoff mode, the controller continues
to operate as in fast-charge mode, except that it
remains in constant-voltage mode (CVM) unless the bat-
tery voltage falls. After every tPREQUAL1 (see the Timer
Capacitor and F