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Document History and Revision Log

In this specification, a new version number X.Y (and date) indicates a change in the specification. A change in X
indicates that devices made to this specification are not backward compatible. If only Y is changed, devices are
compatible, but new features may have been added. If only the date is changed, there are only changes in the
description, which do not affect the requirements of the specification.

Version Date Comments
Number

1.0 May 21% 2010 First release.

1.1 July 16™ 2010 Error in cable specification corrected.

Error in formula for decoupling capacitor corrected.

11 July 28" 2010 Primary amendments in Annex B (Transmission Lines).

1.2 August 4" 2010 Error detection moved from Layer 4 to Layer 2, but incidentally unchanged.
Retransmissions of Layer 5 moved to Layer 4, but incidentally unchanged.
Type number format changed from AANNNNAA to AAANNNNA.

1.3 September 24™ 2010 | Amendments due to skin effect in lossy transmission lines.
¢ Reduction factors for maximum line length.

e Input hysteresis reduced from4Vto3Vat12V.
e Description of skin effect in Annex B.

Compensation capacitor for coupling capacitance changed to
bootstrapped capacitor for high capacitance values.

Specification of drop cables and maximum number of devices.

1.4 October 1* 2010 Formulas and tables added for capacitive and resistive load.
1.4 October 212010 |The terms fAAttrilbwe et ¢le¢gmammso, iad
October 252010 |fichannel s o changed to explicit mes

and 1/0O objects for better compatibility with the terms of CIP protocols such
as DeviceNet, CompoNet and Ethernet/IP.

15 November 5" 2010 |iHaradw i nterface selection attribd
attributed and expanded with objec

2.0 March 31* 2011 New optimized bit coding and timing i primary Layer 1.

e 436% more telegrams per second for 32-bit ID and 2-bit data.
423% more telegrams for 32-bit ID and 18-bit data.
421% more telegrams for 13-bit ID and 2-bit data.
a4 8% more telegrams for 13-bit ID and 18-bit data.

e Bus arbitration now possible during the entire telegram.
Parity check added to important setup attributes.

Standardization of I/O object types in Layer 7.




3.0 August 2™ 2011 Optimized and changed UART speeds.
Addition of 2 higher speeds i up to 3.556 MBaud for Max-I (4.9152 Mbit/s
for UART) at a line length of 15 m.
Addition of 2 lower speeds and specification of reflected wave switching
mode to allow much thinner cables if a reduced speed can be accepted.
16-bit course filtering added as a supplement to local/global in Modem
object, and therefore Local and NoCount bits moved.
Default telegram serial number changed from 00 to 01 to avoid confusion
with break byte (00) in case use of the break flag is not supported.
Default state of telegrams changed to global as it were in specification 1.x
when the MSb of the ID (local) was 0 (local bit moved).
Default state of output 2 in standard 1/0O objects changed to steady voltage
to ease connection of optocouplers for Modem object with default settings.
Possibility for inversion of serial 1/0O sighals added in Modem object.
Addition of optional PnP.

e Always possible to store ID in RAM (not just EEPROM).
e Automatic baud-rate detection.

4.0 December 29" 2011 | Addition of flash synchronization to time telegrams.
Signature of time telegrams and group telegrams changed to enable
Boolean devices to issue such telegrams and to give global messages and
implicit messages the same telegram structure.
Short (2-bit) flash synchronization telegram and group telegram (default
group = 0) added to allow Boolean devices to synchronize flash and switch
a group of devices off.
Addition of extra start bit to ensure that the idle bus state is always high
and in this way ease live bus connections.
Specification of bus connection, contact fritting and numbering for railway
applications.
Modification of recommended output (three state) to allow a very simple
and high efficiency drive (a single coil) of small and medium sized LED’s.

4.0 January 4" 2012 Drawing and description of bus connection and fritting in railway

January 13" 2012 applications enhanced.

Minor bugs corrected.

4.0 February 6" 2012 | Addition of optional filter hysteresis to input circuit.

Enhancements in description.
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Build-Up, Glossary and Word Definitions

This specification/description is based on the OSI 7-layer reference model, which has the following definition:

Layer 1 is the Physical Layer, which is responsible for transmitting raw single bits without any particular
meaning over the physical medium such as cobber, optical cable, wireless communication etc. It describes the
electrical interface, network topology, cable types with connectors, termination/clamp network, power supply
etc., and it describes the bit coding, baud rate etc.

Layer 2 is the Data Link Layer where small packages of data are converted to raw bits. This layer controls the
bus access, creates and recognizes frame boundaries and value identifiers and performs error detection and
possible error corrections.

Layer 3 is the Network Layer. The purpose of this is to select a route between nodes on the network and
translate net names to physical net addresses for layer 2. This layer is also responsible for splitting big data files
into smaller packages before transmission and recombining the packages again in the receiver. A router is a
Layer 3 device. In Max-i, this layer is used to define gateway functions and repeaters.

Layer 4 is the Transport Layer. The purpose of this is to ensure end-to-end reliability by means of acknowledge
telegrams and error recovery like retransmissions etc. In Max-i, this layer handles any automatic
retransmissions in case of collisions or an unanswered poll.

Layer 5 is the Session Layer, which sets up a communication channel between devices.

Layer 6 is the Presentation Layer. The purpose of this layer is to ensure correct interpretation of the received
data and perform data conversions like translation between different code pages, data compression, data
encryption end decryption etc. The layer is used to describe the standard formats for analog and Boolean
values and the configuration parameters (attributes). To enhance the overview, this layer is divided in two parts.
Layer 6A describes the data types, and Layer 6B describes the attributes.

Layer 7 is the Application layer, which gives access to high-level net functions. It defines standardized object
types.

This document contains a lot of information about why Max-i is designed and specified the way it is. This
information is written in gray italics and may be skipped together with the annexes if you only want the pure
specification.

The following definitions apply to all parts of the specification:

The word shall indicate a mandatory requirement to be strictly followed in order to conform to the standard.
Shall equals is required to.

The word should indicate that, among several possibilities, one is recommended as being particularly suitable,
without mentioning or excluding others; that a certain course of action is preferred, but not necessarily required;
or, that in the negative form (should not) a certain course of action is deprecated, but not prohibited. Should
equals is recommended that.

The word may indicate a suggestion, a possibility or a permissible action within the limits of the standard. May
equals is permitted to.

The word combination must only is similar to shall only. Must only equals is only allowed to.

Hexadecimal numbers are indicated with a H-suffix like 3AH and binary numbers are indicated with a B-suffix
like 1111,1100B. To ease the reading, bigger binary values are divided in groups of nibbles (4 bits) by means of
commas and each comma is usually nibble aligned with the telegram. Numbers where the LSb is not nibble
aligned may therefore have less bits than four to the right of the comma like 111,111B.



A

AC
A/D
AMI
BCD
BWM
CAN
CIP
CMOS
COM
CPHA
CPOL
CRC
Cs
CSMA-CD
CTS
D/A
DC
EEPROM
EME
Ex
FIFO
FLL
FM
FPGA
FRPE
ID
IDE
I/10
LDO
LSb
LSB
MAC
Max-i
MISO

Acronyms and Abbreviations

Letter (A-Z). For example, AA is a two-letter code.
Alternating Current

Analog to Digital

Alternating Mark Inversion

Binary Coded Digit

Bit Width Modulation

Controller Area Network

Common Industrial Protocol
Complementary Metal Oxide Semiconductor
Communication

Clock Phase (SPI)

Clock Polarity (SPI)

Cyclic Redundancy Check

Chip Select (SPI)

Carrier Sense, Multiple Access with Collision Detection
Clear To Send

Digital to Analog

Direct Current

Electrically Erasable Programmable Read-Only Memory
Electro-Magnetic Emission

Explosion Safe

First In, First Out memory

Frequency Locked Loop

Frequency Modulation

Field Programmable Gate Array

Flame Retardant Polyethylene

Identifier

Identifier Extension

Input/Output

Low Dropout

Least Significant Bit

Least Significant Byte

Multiply and Accumulate

Multiple Access Cross-coupled Interface
Master data In, Slave data Out (SPI)
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MOSFET Metal Oxide Semiconductor Field Effect Transistor

MOSI Master data Out, Slave data In (SPI)
MSb Most Significant Bit

MSB Most Significant Byte

MSD Most Significant Digit

MVB Multifunction Vehicle Bus

N Digit (0-9). For example, NNN is a three-digit number.
NC Normally Closed

NO Normally Open

NU Not Used

NRZ Not Return to Zero

NVRAM Non Volatile RAM, that is, a memory, which does not loose its content in case of a power failure.
PCB Printed Circuit Board

PCM Pulse Code Modulation

PE Polyethylene

PEX Cross Linked Polyethylene

PLC Programmable Logic Controller

PLL Phase Locked Loop

PnP Plug and Play

PNS Plant Numbering System

PP Polypropylene

PPM Parts Per Million

PS Power Supply

PvC Poly Vinyl Chloride

PWM Pulse Width Modulator

PUR Power-Up Reset

RAM Random Access Memory

RC Resistor and Capacitor

RDM Remote Device Management

RGB Red, Green, Blue

ROM Read-Only Memory

RTC Real Time Clock

RTM Released To Manufacturing

RTR Remote Transmission Request (CAN)
Rz Return to Zero

SCADA Supervisory Control And Data Acquisition
S/IN Signal to Noise Ratio

SOl Silicon on Isolator

SPI Serial Peripheral Interface

SPSCLK SPI Serial Clock
SS Slave Select (SPI)



TBD
TTL
TVS
UART
VCO
WTB
XML
Zo
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To be determined

Transistor, Transistor Logic

Transient Voltage Suppressor

Universal Asynchronous Receiver and Transmitter
Voltage Controlled Oscillator

Wire Train Bus

Extensible Markup Language

Characteristic Impedance
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Layer 1, Physical Layer

This layer is responsible for transmitting raw single bits without any particular meaning over the network. It
describes the cable type with connectors, power supply, clamp networks and network topology. It also describes
the electrical interface with bit coding, baud-rate etc.

1.1 Environment

Max-i has been designed for five kinds of environments i commercial, industrial, Ex, automotive and military.
The difference is only the voltage levels and the temperature range as shown below:

Environment Supply Voltage Absolute | Temperature
Maximum
Memory Reset | Fully functional | Voltage
Y, \% \Y, °C
Commercial 3i 4 97 15 016 01 70
Industrial 3i 4 9i 15 016 -407 85
Ex 31 4 971 12 016 -407 85
Automotive 37 4 971 15 ™0 -407 125
Military 371 4 97 15 &0 -5571 125
Fig. 1.1

The memory reset voltage is the minimum voltage at which the device shall be able to maintain its internal
information. If the voltage drops below this level, most internal states shall be reset and all Boolean outputs shall
be switched off.

The low memory voltage is especially important for automotive applications where the starter motor may course
very low voltage levels when the starter is activated on a cold morning. Battery manufacturers define the so-
called cold crank voltage to 7.2 V for a 12-V battery at 0 °C, but at lower temperatures and/or old batteries,
voltage levels down to 4 V may occur. Since a PUR cannot be expected after activating the starter, it is
necessary that any initialization information loaded into the device during power-up be maintained.

The nominal operating voltage is 12 V +3 V, but for Ex applications, it is not recommended to use a voltage
above 12 V. The reason for this is that the arc voltage is 11-12 V. Below this voltage, ignition cannot occur so
there is almost no limitation on the current. Therefore the EN 50020 standard has 12.1 V as its lowest voltage
where 3.33 A is allowed.

The absolute maximum voltage is set by the expected transients in that environment. For automotive
applications, the limiting factor is the so-called load dump. This transient occurs when a car battery is suddenly
disconnected while being charged by the alternator. During such a load-dump condition, the voltage on the
alternator terminals increases rapidly (1-10 ms) to the open circuit voltage. This voltage is much higher than the
battery voltage because a high voltage is necessary to drive a high AC charge current through the inductance of
the alternator windings. The length of the pulse can be as long as several hundred milliseconds. The load-dump
standard defines the maximum voltage as 87 V for 12-V systems and 174 V for 24-V systems, but in practice, it
is completely unpredictable. Even voltage levels over 100 V can occur in a 12-V system. The series resistance
of the alternator is only a fraction of an ohm. Therefore, the energy can reach as high as 50 J.

High voltage and energy levels are not compatible with modern semiconductor technology for three reasons:

e As the chip technology is scaled down to improve the speed and reduce the power and price, the
maximum voltage is reduced correspondingly (the field strength internal in the chip is almost constant).
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e The speed of semiconductors is inversed proportional to the maximum voltage.

e The necessary chip area and therefore the price for a given current are approximately proportional to
the maximum voltage.

Heavy automotive loads like lamps and motors may easily have a start current 5-10 times the DC current. For
example, a single 12-V, 55-W headlamp may require a start current of 70 Al If it shall be possible to switch such
loads by means of reasonable priced semiconductor technology, the maximum voltage must be reduced to 40 V
or lower. Therefore, most modern alternators are equipped with a special centralized clamping circuit, which
usually clamps the load-dump transient voltage below a 40-V level. However, it is also very easy and cheap to
prevent the load dump pulse entirely just by using a battery with dual poles where one set is connected to the
alternator and the other set to the car. The saved chip area for the electronics can easily pay for the extra two
poles on the battery and the extra connection to the alternator (connected to battery instead of ground) so there
is no reason to design automotive electronics 1 including Max-i - for 87 or even 174 V operation. In fact, some
battery manufacturers use dual pole batteries as standardsot hat t hey donét have to
inversed pole configuration for different cars.

During garage jump-start, it is not unusual to use a 24-V charger on a 12-V car. The absolute maximum voltage
set by the load dump covers this voltage.

Devices designed for military applications shall also be able to withstand a voltage level up to 40 V since such
voltage levels may occur during an electromagnetic pulse (EMP) induced by a nuclear explosion or by
electromagnetic weapons. 40 V is the typical clamp voltage for 12 V heavy-duty TVS diodes when exposed to
transients in the kA range. An EMP may have field strength up to 100 kV/m and last up to 1 sec., but because of
the very small physical size of a Max-i interface (a single chip), the EMP voltage over the device may be limited
to a few hundred volts. Because of the low line impedance and the capacitors over the supply rails, it is very
likely that this level is too low to cause any damage to a Max-i device.

1.2 Bus Topology and Cable Types

Max-i may be regarded as a combination between a fieldbus system and a 12V power supply. It does not
use ordinary communication cables, but standard, unshielded installation cables, which are available in very big
cross-sections. This makes it practical possible to transfer up to approximately 450 W on 6 mm? cables, which is
enough for a very high number of actuators, valves, lamps etc.

Most other fieldbus systems are in fact only sensor busses either because of a very limited power transfer or
because it is too expensive to use special cables, which can transmit more power. With the high power and in
some cases up to 1000 devices per bus, Max-i is able to keep the number of fieldbus systems in a big plant at
an appropriate low level.

Max-i uses either trunk line topology, that is, a single cable (transmission line) where the devices are placed as
beads on a string, or a closed ring. As shown in Annex B (Transmission Lines), a closed ring behaves like a
trunk line with the half length except that the transmitter power is doubled.

Max-i may be used with both balanced and unbalanced cables depending on the application. Because
installation cables are not twisted, a cross-coupled 4-wire line is used to implement a balanced line as shown
below.

L+ 9
COM
L- ®

Fig. 1.2

ma n
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No matter how such a cable is rotated, the capacitive or inductive coupling from each pair to ground or other
cables does not change.

The four conductors in the cable are numbered 1-4 as shown. Conductor 1 (L+) supplies the positive voltage
and conductor 3 (L-) supplies the negative voltage. The power supply and the capacitor ensure a low AC and
DC impedance between conductor 1 and 3. Conductor 2 and 4 are used for communication and shall be
connected together in all devices. In the following, the voltage level on these conductors is just referred to as the
COM voltage.

Many properties of Max-i are due to this unique cross coupling. Therefore, the Max-i logo and the name (x =
Cross-coupled) also refer to this. A balanced 4-wire transmission line has many advantages compared to the
usual twisted pair line or coax cable. This is described in further details in Annex B (Transmission Lines).

Because Max-i normally does not use shielded cables, cables, which shall run in parallel with other cables in the
same cable duct, shall be balanced to prevent mutual coupling. Other cables may be unbalanced or semi-
balanced as long as the cable is only grounded in one point so that no current loops are generated. For
unbalanced applications in for example intelligent house applications, conductor 4 is omitted and conductor 3 is
grounded. If this creates too much EME, a high frequency common mode choke may be used between a
grounded power supply and L- and L+ so that the cable tends to be balanced on high frequencies. For
unbalanced automotive applications, conductor 3 may be replaced with the chassis so that a 2-wire line is
enough.

Max-i has been designed to allow a direct and very cheap single-chip interface to actuators and sensors, which

are inherently galvanic separated like push buttons, relays and solid-state relays, motor contactors, lamps and

LEDG6 s, switches, current transformers etc. I n fact mo !
current/ground loops. If Max-i is used to interface to for example controllers, variable speed drives or information

displays, which are not floating, a galvanic separation must be added except if the equipment is very close to

the grounding point in case of unbalanced cables. For automotive applications, the chassis may be regarded as

the grounding point and floating devices are therefore not needed.

Note that because Max-i uses a floating transmission line and floating devices, nothing is gained by using a
shielded cable! This saves a lot of trouble during mounting, at it avoids the usual dilemma with the cable shield.
For the sake of noise immunity, a shield must be connected to ground/chassis in both ends, but it is
simultaneously a very bad idea to establish potential equalization between different parts of a plant through a
thin fieldbus cable - especially in plants, which use TN-C net with a common neutral and protective earth.
Nevertheless, it is common practice with almost all RS-485 and CAN-based fieldbus systems!

The color code for 3- and 4-wire lines follow the EU harmonized Cenelec HD-308 S2 standard for DC systems
(HD-308 S2 annex 7). If any part of the circuit is grounded/earthed, this conductor shall be blue. This is
the case for both DC systems and AC systems. A supply conductor more positive than ground/earth shall be
brown (or red) and a supply conductor more negative shall be gray. Note that blue does not mean negative,
but ground/earth!

Because a balanced line is not grounded/earthed, the negative supply of a balanced line shall be gray.

Use of cables with 5 or more conductors or 4-wire cables with a yellow/green protective earth conductor
(4Gnn) is not allowed for balanced cables! If a protective earth is needed, the cable must either be a shielded
cable where the shield is used as protective earth, or the cable must have a bare or yellow/green earth wire in
the middle/center of the cable.

The color codes are shown below:

HD-308 S2 Max-i | M12, Balanced Unbalanced, HD-308 S2
Conductor 'y hase| DC M8 HD-308 S2
1 L1 L+orM L+ + Brown Brown
2 L2 COM | NC | White [Js]EI/ SIS Black
3 L3 |Morl-| L- | - Blue
4 N COM | NO Black Blue

Jacket

Fig. 1.3
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The order of conductors in a standard HD-308 S2 installation cable fit with a balanced 4-wire transmission line
as shown on fig. 1.2, because the brown and the gray conductor are opposite to each other. These cables are
usually called 4Xnn (X = no earth conductor), where nn is the conductor cross section like 4X1.5 fora 4 x 1.5
mm? cable. The two communication conductors are the remaining black and blue conductors. Although it is
allowed to use a blue conductor for a mid-point conductor, conductor 4 shall be replaced with a black conductor
and the jacket shall be ochre-brown RAL 8001 if special balanced cables are manufactured for Max-i. However,
to make a Max-i cable more generable useable for actuators and sensors, conductor 2 may be white instead of
black. In this way, it is possible to use coupling boxes where the Max-i chip is located in the box, and then use

Apassiveodo drop cables to actuators and sensors where w
Max-i logo refers to the preferred colors of the conductors i cobber brown (RAL 8004), black on white
background, and gray.

Note that the colors for an unbalanced cable with negative ground are the standard colors of a 3-wire HD-308

S2 cable without protective earth. This is very pract

unbalanced systems with the positive pole connected to ground, the positive conductor is not brown, but blue.
For automotive applications, conductor 4 is omitted and conductor 3 is replaced with the chassis so that only
conductor 1 and 2 are left as shown below:

—
| —|

—

—1
Heavy loads ® ®
|_
fe—
|_

Reverse polarity protection
/ Line N

+ o+

280r42V 14V

L1

Transient protection

Decoupling capacitor

Fig. 1.4

No color code is specified for a 2-wire line, but it is recommended that the conductors are brown and black for
negative ground as shown and gray and black for positive ground.

For high-speed operation in very noisy environments or to limit the EME, a coaxial cable may be used where the
shield is used as conductor 1 (power supply). The characteristic impedance of a coax cable is very close to the
impedance of a 4-wire line, that is, in the order of 50 q, so all Max-i controllers can easily handle that.

Because there are no termination resistors, the maximum time a transmitter can draw current is two times the
maximum propagation delay of the line. For automotive applications, this time is very short, which limits the
EME considerably. In combination with some slew rate limiting, the EME may be reduced so much that a simple
2-wire line plus chassis may be used even at fairly high speeds.

To protect the devices against reversed polarity, which may for example happen in case of wrong connected
starter cables, the power to the line shall be supplied through a reverse polarity protection circuit. As an
alternative, the controller may be inherently protected against reversed polarity. This is possible because of the
serial diode in each transmitter. However, it requires that at least one switch transistor is added in series with
the diode clamp. If only one switch is added, there is a risk that some devices are protected in the cathode end
of the clamp and other devices in the anode end. This may lead to a short circuit if both types are present on the
same bus. To prevent this, it will later be specified in which end a single switch shall be connected, but this has
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not yet been determined. For the moment, it can only be guaranteed that a device with two switches is
inherently reverse polarity protected!

If the alternator does not limit the load dump transient to 40 V, a transient protection, which can do this, shall be
added as shown in gray.

All switching is negative/ground switching as shown. Only low to medium loads should be supplied through the
bus cable. Heavy loads like headlamps, motors, heating etc. shall be supplied through a separate positive
supply as shown so that switching these loads do not course the bus voltage to fall or rise outside the operating
voltage range.

There are many advantages of negative/ground switching:

Heavy loads do not course a voltage drop on the Max-i controllers.

e All switching is done by means of N-c hannel MO S F Etfadsistorsas Becahde Rlectron mobility
is approximately 2.4 times higher than hole mobility, the necessary chip area (and price) for a given
load is approximately 2.4 times less for N-c hann e | MOSFEh@asn nteha MOBFETOSs .

e 14V,28V and 42V systems may be driven equally well from the same Max-i bus.
e The power to the Max-i controller is not removed in case of a blown fuse in a power circuit.

e Itis possible to use many power circuits with separate fuses. If the load switching were instead done in
the positive line, the controller would have to use that supply. In case of a blown fuse, this would clamp
the entire transmission line so that no communication would be possible.

e |nput switches do not need a separate supply voltage, but may be connected directly to ground.

It has been considered to make a supplementary 28 V specification for use in trucks, tractors and trailers, but
the disadvantages of this by far exceed the benefits:

e A separate supply voltage (not the bus) is anyway necessary for heavy loads so in these cases, nothing
is saved. The alternative is a very big, expensive and fairly unreliable electrolytic capacitor over each
load and a common fuse for communication and all loads.

e |t is very difficult to protect against a load dump transient on a 24 V syst e m. A high volta
DC-DC converter may be needed and in that case, a 24 V non-inverting buck-boost converter is much
more expensive than a simple 12 V buck converter and it has a lower efficiency.

e The voltage on a truck or trailer during a cold start may be as low as for a 12 V car so the interface must
be functional from approximately 9 V to at least 80 V (with load dump clamp). In a 12 V system, the
necessary DC-DC converter limits the voltage.

e The necessary die size would be at least twice as big, and high voltage levels are not compatible with
modern CMOS processes.

e The power |l oss in the clamp network (9 V compared t
be needed at high speeds.

e On tank trucks where there are Ex considerations, 12 V (stabilized) is much better than 28 V and allows
approximately 28 times higher current (3.33 A compared to 0.12 A) so that it is possible to transfer
approximately 12 times more power on a 12 V bus than a 28 V bus! Besides, a 28 V plug between a
truck or tractor and a trailer may course ignition when it is connected or disconnected.

e 1214 V is much better for driving LEDG6s and-DCamps
converter for the bus may also be used to stabilize the dashboard voltage so the usual regulator to do
this may be saved.

e The generated EME is more than 4 times higher because the power is proportional to the second order
of the voltage and the -12 dB per octave cut-off frequency is proportional to the voltage (slew rate). This
may make it necessary to use expensive and troublesome coax cables instead of a simple 2-wire line.

The only advantage of a 28 V system is a more reliable connection between a truck or tractor and a trailer, but
this advantage can only be utilized for non-Ex applications and is therefore not general purpose. Besides, it is
easy to add a fritting circuit as explained in next chapter.
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1.3 Bus Connection and Fritting

Even though the working voltage of Max-i is high compared to other bus systems, a fritting voltage in the order
of 50 V may be necessary to burn through contact corrosion and make a reliable connection between
connectable bus systems in for example railway applications and between trucks and trailers. The drawing
below shows the fritting circuit for a typical railway application with two redundant bus systems (A and B) and
two bypass busses for dead wagons. It also shows how a key switch in each control cabin/panel may be used to
control the circuit, but many other solutions with relays etc. are possible:

L+
COM
COM

L+ ——— —_—
Bypass Bypass

COM —

!
g

B Active Passive B
L+ I e I L+
: A :
COM : : COM
1 o 1[] [1] e
: -t ~—

]

H

COM ® COM
L- L-
L+ ———— — L+

Bypass Bypass
COM :_ _E COM
COM o COM

J
T

|

L+ \ L+
COMj —T— \ D :: D \: J— CoM

COM ° COM
L- L-
: PS PS |—
° e
Active Passive
Control Headlamp Headlamp Control
Panel : on off Panel
. -

Fig. 1.5

To maintain the line balance and line impedance, the connection from the switch to the train coupling shall also
be a balanced 4-wire line where conductor 1 and 3 are connected directly together in the same way as
conductor 2 and 4 (COM), and to ensure a reasonable symmetrical communication, the voltage level (L+ minus
L-) in all trainsets shall track within 0.5 V.

The key switch is activated in the control panel in the front, that is, in the direction of movement. This activates
the control panel, enables the headlamps, disconnects the bus from the coupling so that a coupling process
does not disturb the communication and connects the electrical connections in the train coupling to a fritting
voltage in the order of 50 V in series with a resistor, which shall limit the current to less than 50 mA and ensure

at |l east a 1 kY impedance to the COM conductors (no

dead wagons, that is, wagons without power supply, but only if there are non-dead wagons in both ends. This
will connect the wagons in each end through the bypass cable. To ensure that the fritting supply does not load

c
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the bus in this case, the output of the supply shall be in high impedance state if the output voltage is zero, which
will be the case in dead wagons without power.

It is necessary with a bypass cable for dead wagons because diode clamps in each device (shown later) will
otherwise load the bus if no power is applied. However, because of the bypass cable, only a single fritting

supply is needed in each trainset, and because theimpedance of the cable is approx
(0.5 ps per 100 m) with a current of approximately 1 A is applied to the train connections during the fritting
process. This gives an efficient fritting even though the long term current is limited to less than 50 mA.

To connect two trainsets, a moving trainset is connected to the rear of a trainset, which does not move and
therefore has no (vital) communication on the line. In the rear end, the switch is in passive state and L+ and
COM are therefore connected to the electrical connections in the train coupling. When the electrical connections
between the two trainsets are made, the COM voltage is clamped to approximately 2.9 V above L+ by means of
the diode clamps in the devices, but because the idle line state is high as explained later, the line state does not
change. The engineer then switches the control panel in the middle off and the two busses get connected so
that both trainsets can be controlled from the control panel in the front when it is activated (may be that already).

Max-i may with great advantages replace the IEC 61375 train fieldbus standards WTB and MVB. They are both
single master bus systems, but especially WTB has many disadvantages, which for example makes it very
difficult to connect trainsets and makes the software way more complicated than necessary:

e It is a single master bus, which makes it difficult to use more control panels and makes it almost
impossible to connect debuggers. Max-i is a multiple master bus with the producer/consumer model so
that all commands are the same no matter from which control panel they are issued and all nodes will
receive the commands simultaneously.

e It needs a very complicated inauguration procedure when trainsets are connected or the master fails.
There can only be one master, and the master shall always have the address 01. Devices against the
Aitopo (direction 2) shall be numbered in ascending
shall be numbered in desc62,®630lng0a@r deB, (Bdt eomod) 61
devices in each vehicle or vehicles with no nodes, the applications may even operate with its own
different addresses in forward and backwards direction making the system extremely difficult to
overlook (bottom and top may not be the same as front and back). Max-i does not need any
renumbering as it uses the trainset numbering directly as described later.

e |t needs termination resistors. Max-i does not.

e |t is necessary with two channels (main and auxiliary), a relay with 4 contacts, 2 termination resistors
and a direction switch per bus (A and B) in each node to be able to handle the inauguration procedure
and connect the termination resistors. This makes each node very expensive and the signal has to pass
many relay contacts, which reduces the reliability. Only one Max-i channel and no contacts are
necessary per bus except for the switches (or relays) between trainsets.

e It can only handle 32 nodes so one or more gateways to MVB are necessary for almost any function
(MVB handles the function). Max-i has virtually no such limitations so all vital functions may be
connected directly, which highly simplifies the system and debugging and increases the reliability.

e It does not have the same protocol as MVB. Max-i may be used for all applications and replace both
WTB and MVB.

e The signal level is too low to course any contact fritting after the initial fritting. With a typical Max-i
voltage of 12-14 V, it can always handle contact corrosion up to approximately 0.1 pum.

e WTB only has a 16-bit CRC check, which is hardly enough for safety applications, and MVB, which
handles all functions, even only has an 8-bit check! Max-i uses 22 CRC bits plus a 7-bit Hamming code
and may even use an 8-bit telegram serial number.

1.4 Line Impedance and Load Switching

The characteristic i mpedance Fa 2- artdB-wire cablbs| this nsap lselathievede 04 (
even with PVC insulated conductors. For very short 2-wire lines in for example automotive applications it may

actually be beneficial to use PVC insulation to reduce the line impedance. However, for 4-wire cables, it is
necessary to use conductor insulation with a low relative dielectric constant/permittivity (g,) such as a polyolefin

type like PE, PEX, FRPE or PP. The outer jacket of the cable may be based on any material i even PVC.
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Various polyolefin types are widely used in many of the so-called "green" halogen-free installation cables.
Because of the added flame retardant ceramics in FRPE like aluminum hydroxide (Al(OH)3) or magnesium
hydroxide (Mg(OH),), FRPE has a higher permittivity (& approximately 2.6) than pure PE (g = 2.3). With & = 2.6,
the propagation delay of the cable is approximately 5.4 uS/km, and with a typical capacitance of 110 nF/km for a
4-wire line, the characteristic impedance Z, is approximately 50 €.

PVC is a polarized material with a relatively high dissipation factor of approximately 0.016 compared to less
than 0.0002 for PE and less than 0.0005 for PP. This courses both a power loss and an increased rise time of
the pulses.

The power loss may be calculated as:
P = 2°CD f V
Where f is the frequency, V is the RMS voltage, C is the capacitance and D is the dissipation factor. For a

maximum length cable, the power dissipation becomes approximately 3.2 D = 0.6 mW for PE, but 50 mW for
PVC. 50 mW corresponds to the loss in a 2.2 kQresistor or 46 standard devices, which is acceptable.

The increase in rise time reduces the maximum line length in the same way as the skin effect, but for the
moment, it has not been determined how much.

When a 40 Y c abHeeniddlesby thertriansreitter, thenpulde currents may be over 600 mA ( 20 Y
load). However, the characteristic impedance between L+ and L- in this point (two cables in parallel) may be as
highas75Y so without additional ¢ anglathe conamurdcation pulges. Thereforenp o s s
all devices shall be decoupled with a decoupling capacitor between L+ and L- as shown on fig. 1.2. As
explained in Annex B, this capacitor shall be at least 1 uF 1 for example a 50 V, ceramic X7R type, which is
available in both 1206 and 1210 package. In this way, it is usually not necessary to worry about the minimum
capacitance for communication except for a closed ring where additional capacitance may be needed. Devices,
which shall be useable for Ex applications (hazardous areas), may not have this capacitor permanently
connected between L+ and L-. With an average of 25 pF/km, the characteristic impedance between L+ and L- is
reduced to approximately 6 Y as expl ai nedcaiionisw®duceéto B,
less than 2 V.

To be able to switch loads, more capacitance may be needed. As explained in Annex B, the necessary
capacitance may be calculated as:

c [6F] O 1250 / ( ConductorResistancePerKm [Y/
Forals5mm’cabl e with a typical conductor resistance of 12.
c [6F] O 100 / LoopResistance [ Y]

The voltage drop due to load switching should not exceed 1 V. If for example the load current is 0.24 A, the

maximum loop resistance b et ween al | power supplies and the |l oad is
that, an additional capacitor of at least 24 uF must be used. With for example 1 km of a balanced 4 x 1.5 mm?
cabl e, a maximum | oop resi st daabwined by meand of twd powen sugpley p o i

located 1/6 line length (167 m) from each end.

To reduce the capacitance as much as possible for Ex applications, the various devices may share the
necessary capacitance for communication (25 pF/km), and any additional capacitance for load switching may be
decoupled from the bus by means of 2-3 serial coupled diodes depending on the required safety so that these
capacitors will not be discharged if the line is short circuited.

1.5 Number of Devices

The maximum load due to input resistance, leakage currents and capacitance has not yet been finally
determined, but preliminary data, which may change in future versions of this specification, is shown below:
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Line Type Max. Resistive Load Max. Capacitive Load
Cross Section Average Single
Point

Minimum | x2 | O x

4-wire and Coax| 200 140(12100]| 50pF/m 1nF

3-wire TBD | TBD | TBD TBD TBD
2-wire 500 |350|250| 20pF/m | 400pF
Fig. 1.6

A standard DC load is defined as 100 kY, and a standard AC load is defined as 25 pF.

The maximum resistive load depends on the conductor cross section, but is independent of the line length so
that up to 1000 standard DC loads may be connected to a 4-wire line if the cross section is at least 4 times
bigger than minimum.

Because of the skin effect, the maximum resistive load is inversed proportional to the circumference of the
conductor and not the cross section.

The maximum capacitive load depends on the line length, as it is equivalent to an increased permittivity. It is
therefore possible to connect up to 2000 standard AC loads to a 1 km, 4-wire line, but only 160 to a 200 m, 2-
wire line. However, to avoid a very low capacitance in one point, which may course reflections of heavy negative
spikes, there is a limitation on the maximum capacitance in a single point.

A capacitive load has two important effects as described in Annex B, Transmission Lines:
e It lowers the line impedance as Z, = V(L / C) and therefore courses more signal attenuation.

e The propagation delay is increased as t = V(L x C ) = L / Z,. This reduces the maximum line length. If
for example the maximum capacitive load is applied to a 4-wire line, the impedance is typical reduced
from approxi mately 48 q to 40 q. The maxi mum | i
48 = 0.83.

1.6 Drop Cables and Connectors

In many cases, the conductor cross-section of the communication line is too big to connect directly to actuators,
sensors, hand terminals, SCADA systems etc. In this case, drop cables up to 2 m are allowed. Note however
that the typical capacitance of a 2-m, 4-wire drop cable is approximately 250 pF, which corresponds to
10 standard AC loads so the use of drop cables may limit the maximum number of devices considerably
and reduce the maximum line length!

To avoid that the maximum single point capacitive load is exceeded, no more than 4 drop cables shall be
connected to the same coupling box and the distance between coupling boxes shall be so big that the maximum
average load is not exceeded.

Single point capacitive loads work as a low impedance (short circuit) to the high frequency components in the
signal, which will be reflected corresponding to a short circuit. This is typical noticeable as a short voltage
drop/notch in the signal just after the period where the transmitter is driving the line. However, a big receiver
hysteresis of 3 V (at 12 V) prevents that this notch is detected as a new line state so in practice, Max-i can
accept a fairly high load capacitance.

Any connectors on power supplies, hand terminals (with power supply) etc. shall be female/socket connectors.
Any connectors on actuators, controllers, sensors, printers, SCADA systems etc. or on cables connected to
such devices shall be male/plug connectors.

The preferred connectors on drop cables are either M8 or M12. M12 is the preferred type. M8 should only be
used in those cases where there is not enough space for an M12 connector for example on PC plug-in boards
etc. Because conductor 2 and 4 are always connected together, it is newer necessary to twist the conductors to
connect an M12 connector. To enable hot plugging, the connectors should be made in such a way that
conductor 1 and 3 gets contact before conductor 2 and 4. Unfortunately standard M12 and M8 connectors do
not have this feature although they are designed for actuators and sensors, which should also have its power
lines (1 and 3) connected first.
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Devices, which shall be useable for both normal and Ex application, cannot have a decoupling capacitor
permanently connected between L+ and L-. Instead, the capacitor may be connected between L- and pin 5
(center pin) of an M12 connector. The capacitor can then be enabled by connecting Pin 1 to Pin 5.

1.7 Compensation for Coupling Capacitance on Balanced Lines

To avoid a line unbalance, which may course EME and will convert common mode noise to differential mode
noise, which may be detected, it may be necessary to compensate for the coupling capacitance between the
power supply lines (L+ and L-) and ground.

The coupling capacitance shall always be less than 10 nF.

If the coupling capacitance (C,) is 50-500 pF, the device shall include an equally big compensation capacitor
(C¢) from the COM conductors to ground. Seen from the transmission line, the coupling capacitance and the
compensation capacitor are in series so that the maximum load on the communication is 250 pF, which
corresponds to a 2-m, 4-wire drop cable. The maximum voltage of the compensation capacitor shall at least be
the same as the galvanic separation in the power supply, which is typical 2.5 kV. Note that a device with a
500-pF compensation capacitor has 10 standard AC loads!

If the coupling capacitance is greater than 500 pF, the compensation capacitor shall not be connected directly to
the COM conductors, but through a buffer amplifier as shown below to avoid excessive capacitive load on the
communication:

L+ ® ® T
— O Cq
COM
\
COM A
-
C.=C4/A
L- 4 & &
Fig. 1.7

Because the voltage on the COM conductors can exceed L+ and L- with up to 3 V, the amplifier gain A must be
less than 0.6 to keep the output voltage of the buffer amplifier within L+ and L- at 9 V, which is the worst case
condition. However, to keep C. reasonably low, A should not be less than 0.5. The buffer amplifier must be
powerful enough to drive C4 and C in series with rise times as fast as 60 nS, which may require pulse currents
up to 1.5 A at 15 V. The decoupling capacitor C4 shall be much bigger than the serial connection of C4 and C,,
but since the maximum coupling capacitance is 10 nF, this is fulfilled with the recommended minimum capacitor
of 1 uF. Due to the high pulse currents, the buffer amplifier should be connected to the decoupling capacitor by
means of its own PCB tracks or common power planes.

If it is not possible or is inexpedient to compensate this way, it is also possible to improve the line balance by
means of a high common mode impedance like a ferrite core, a ferrite tube or a common mode choke between
the device and the line in the same way as on a (3-wire) semi-balanced line.

1.8 Power Supply

For normal operation, the power supply between L+ and L- may be a simple DC/DC or AC/DC converter plus a
Max-i controller, which can provide additional line hold (2 kq r esi st or ) latar.sForeantgmotave
applications, the power supply shall limit the maximum load dump transient to 40 V if this is not done by the
alternator.

If Max-i is used in hazardous areas where it is necessary to limit the energy, the power must be supplied
through one or more intrinsically safe resistor/zener-diode networks (zener barrier). The resistor limits the
maximum energy to the circuit and the zener diode(s) stabilizes the voltage level and insures low AC and DC

ned
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impedance between L+ and L- in the supply point. It is also possible to use special intrinsically safe electronic
power supplies where safety approved circuitry limits both the maximum voltage and the maximum current.

During communication, it is possible for the voltage level on the COM conductor(s) to exceed the voltage levels
on the supply rails by the voltage of the diode cl
the microsecond range so that the energy in these pulses is too low to course ignition.

To reduce the DC voltage drop in the power supply lines as much as possible, it is recommended to place the
power supply near the middle of the cable if only a single power supply is used. If the minimum cross section is
used, the power supply must be connected in the middle to fulfill the requirement for maximum DC resistance.
In case of two power supplies, they should be placed approximately 1/6 line length from each end.

1.8.1 Power Supply for Balanced Applications

A power supply for a balanced line shall be galvanic separated and shall have a grounded capacitive shield
between the primary and secondary winding. The galvanic separation shall be able to withstand at least 2.5
kVdc as all other galvanic separations. To ensure a good line balance, the coupling capacitance shall be less
than 10 nF and compensated as explained earlier.

Ordinary power supplies for electronic process control may have a coupling capacitance way over 10 nF (typical
in the order of 50 nF) and may not have a capacitive shield between the primary and secondary side. Such
power supplies may be used for unbalanced or semi-balanced applications, but are not suitable for balanced
lines.

To protect a floating, balanced line against common mode transients as lightning transients, L- shall be
grounded in each power supply through a low-capacitance spark gab (gas discharge tube). The spark gab shall
be able to handle the maximum failure voltage, which is quite common 600 Vac in an industrial environment so
that a 1-kVdc type must be used. The impulse spark over voltage of such a tube is usually less than 2.5 kVpeak.
Any insulation and galvanic separation shall therefore be able to withstand at least 2.5 kVdc. This corresponds
to the test voltage of most optocouplers.

To improve the failure tolerance, it is important that a balanced line is fully floating, so that the cable does not
draw any current in case of a single short circuit to any ground or voltage level in the plant. However, to avoid
electrostatic build-up and to be able to detect such a short circuit, which can be dangerous and destroy the line
balance, all four conductors shall be connected to ground in each power supply through a resistor in the order of
1 MQ (250 kQ for the four resistors in parallel). The network must be able to handle the maximum failure
voltage, which is quite common 600 Vac in an industrial environment.

The total current through the four resistors should be supervised so that if the line voltage exceeds for example
10 Vdc or 100-200 Vac or draws current during the communication pulses (sign of unbalance), an alarm is
activated.

1.9 Bit Coding

The drawing below shows a simplified schematic of a typical Max-i interface.

amp s
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Power supply. Transmitter. Clamp. Balanced cable. Receiver threshold and line hold. Receiver comparator.

Fig. 1.8

Communication is done by alternately driving the COM conductor(s) towards L+ and L- as shown with the two
transmitter switches on fig. 1.8. In case of a balanced line, each of the four conductors will pulse with the half
pulse amplitude compared to ground. If for example, the COM conductors are pulled from 5.5V to +4.5V - a
voltage swing of 10V - then the voltage on L+ and L- will fall 5V compared to ground and the voltage on the
COM conductors will raise 5V compared to ground. Therefore, it is very important that all devices connected to
a balanced line are galvanic separated from ground.

To enable multiple access (CSMA-CD), there is a period between some pulses and between the telegrams
where the COM conductors are floating, that is, both switches are open. In this period, it is possible for a (new)
device to obtain the line.

Unlike most other fieldbus systems, Max-i is not terminated with resistors. This creates many reflections, but by
means of the shown multi diode clamps over the transmitter switches, the amplitude of the reflections is reduced
to a level a little less than the half supply voltage. This ensures that the line voltage will be close to the supply
rails when the line is floating and in this way create an excellent signal integrity and S/N ratio. To understand
how this is possible, a good knowledge about the behavior of transmission lines is necessary. Annex B
(Transmission Lines) describes this behavior in details. For simplicity, Max-i uses a fixed clamp voltage of 2.8-
3.0 V. Together with the voltage drop in the transmitter, which is typical 1.5 V including serial diode, the total
voltage drop is 5-6 V depending on the DC and AC resistance of the cable. Note that because the clamp voltage
is approximately 2.9 V above and below the supply rails, noise levels up to approximately 5.8 Vpp are not
rectified and therefore does not course a DC voltage shift.

Each clamp may consist of four diodes where one is shared with the transmitter. The shared diode must be a

power diode (shown with <circle), w h imAldepénding arbtheecurrend  h a n
l'imiter in the transmitter. The other diodes shall be
nor mal silicon diodes (not Schott ky). Thewdrshcase dutyyyrle fora | V (

each switch is 33% (pure 0-bits as described later), but the average duty cycle (equal number of 0- and 1-bits) is
only 17%. To ensure approximately the same clamp level for Max-i controllers from different vendors, the small
signal diodes should have a V{/Ir characteristic similar to the BAS29; BAS31; BAS35 series (NXP, Fairchild).
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The purpose of the two serial (power) diodes in the transmitter on fig 1.3 is:
e To allow the line voltage to exceed L+ or L- when the switches are off.

e To allow the line voltage to exceed L+ or L- even when the switches are on. In this way, a voltage
above L+ or below L- will not be pulled down and reflected to a voltage level below L+ or above L-. This
increases the S/N ratio and prevents that a device during bus arbitration (described later) pulls the
reflected signal from other devices down and in this way reduces the reflections to much less than the
ideal level of the half supply voltage (like a single diode termination would do i see Annex B).

e To reduce the output capacitance. This is usually the limiting factor for the maximum number of devices
on one bus.

In case of a MOSFET output stage, it may be convenient to implement variable slew rate by means of a
variable gate current and then use the drain-gate capacitance to implement a Miller-integrator.
However, that way the rising edge becomes more like an exponential function than a linear slope
because the drain-gate capacitance is highly voltage dependent. To limit this effect, a linear capacitor
may be connected between drain and gate. This increases the already fairly big output capacitance, but
because of the serial diode, this does not matter. When the transmitter goes off and the gates are
connected to L+ and L-, the capacitors will just be charged to the maximum line voltage, that is,
approximately 15.4 V in case of a 13 V supply.

e To provide a minimum loss of one diode drop in the transmitter. In this way, the number of clamp diodes
may be reduced by one.

e To make it possible to make a controller, which is protected against reversed polarity. However, this
requires that at least one switch transistor is added in series with the diode clamp.

The COM conductors cannot float forever without a risk of changing the line state. Therefore, each device shall
include a line hold circuit as shown with the change-over switch on fig. 1.8, which draws the COM conductor(s)
towards L+ if the line is in high state and towards L- if the line is in low state. The circuit shall be resistive to
reduce the influence on voltage levels close to L+ and L-. It is not allowed to use a constant current generator!
The resistance of the circuit shall be sufficiently low to avoid that the COM conductors under worst-case
conditions does not drift below the midpoint between the supply rails. If possible, the resistance shall be at least
1standardload (1 00 ).k qThi s corr ehgnds 8t iogR D.

In some cases, the line hold in the devices may not be enough for example in case of leakage currents coursed
by humidity or heavy low frequency coupling i especially in case of few devices and/or short lines with low
capacitance. Therefore, each power supply shall provide additional line hold. This is shown with the gray
resistor on fig 1.8. This resistor shall have a resistance inthe orderof 2k q@ ¢ or r e s (b0 stathdard pads
and it shall be connected directly from the input to the switch (not via the comparator) so that as soon as the
new line state is accepted in the middle of the pulse, the hold current is changed. The additional line hold circuit
2kq) shall onl y b eontwlierdsthuileirdo aipdweraupplyaoxin case of heavy leakage currents
or noise. It shall therefore be disabled in an un-programmed device. To create redundancy, it is recommended
to have at least two enabled hold circuits per bus so that the additional line holdis Ol k q .

To make it possible to connect more live bus systems for example in railway applications (wagon connection),
devices where the additional (2 k q line hold circuit is enabled shall also ensure that the idle line state is always
high, that is, the line voltage is close to L+. This shall be done by transmitting a single start bit (described later) if
the line state after a telegram is low. If there are other devices, which transmits telegrams at the same time, the
start bit from the new telegram will overlap the extra start bit, which will therefore become invisible, so that the
line state will not be changed before there are no telegrams to transmit. The extra start bit will therefore not
reduce the efficiency.

To avoid bias distortion when the switches and the COM voltage have the same polarity, the input circuit of the
receiver comparator shall behave reasonable equal for positive and negative pulses. If it for example consists of
a PNP stage with collector connected to L-, which clamps a negative pulse, but not a positive one, a clamp
diode shall be added to L+.

The hysteresis in the receiver consists of three parts:

e A small immediate comparator hysteresis in the order of 100 mV to ensure a clean switching without
oscillation and to increase the gain to virtually infinite so that a very simple circuit may be used.

e A hysteresis of approximately 25 % of the supply voltage to prevent false triggering due to noise and
short voltage drops coursed by capacitive loads. During reception, this hysteresis shall be delayed until
the pulse is accepted (Y2 pulse width = 1T). This keeps the resistive load on the pulse and prevents
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saturation of the comparator. When the pulse is accepted, the switch changes and the voltage have to
pass the opposite threshold level to be accepted as a new pulse. The total hysteresis including
comparator hysteresis is therefore approximately 3.1 V at 12 V.

With a supply voltage O11.6 V and the 1:4 resistor ratio shown on fig. 1.8, the input voltage of the
comparator will never exceed L+ or L- until the switch changes state (the line voltage is clamped to 2.9
V above L+ or below L-). At 9 V, which is the worst-case situation, the input overdrive is 0.5 V, which is
just below the clamp level of a diode.

e An optional, but recommended filter hysteresis to avoid that valid pulses are rejected due to noise or
ringing (may be coursed by skin effect). This hysteresis shall be between 0 % (filter not implemented)
and 12.5 % of the supply voltage within the nominal supply voltage range and shall be active from 0.33T
to 0.67T as shown below. On fig. 1.8 this hysteresis is implemented with two switches in the reference
voltage divider of the comparator, but in practice, it may be more convenient to use a fixed hysteresis
voltage of for example £1 V (11 % at 9 V) implemented by means of a simple resistor network to the
logic so that no level shifting is necessary. Note that due to the input resistor network, the comparator
hysteresis must be +0.8 V for an input hysteresis of +1 V. It is not allowed to implement this hysteresis
by splitting the switch and the 4R resistor of the input divider in two parts as this would reduce the
resistive load on the input and may course comparator saturation between 0.33T and 0.67T.

Simple devices, which do not have this optional hysteresis, may instead ignore the input level between
0.33T and 0.67T so that voltage levels below the threshold level is accepted in this interval. In this way,
a very simple digital filter is implemented, which demands that the voltage shall be above the threshold
level for 2/3 of the time before the pulse is accepted.

There are three purposes of the resistor network in the receiver input:
e It holds the line in floating state.
e |t defines the triggering points of the receiver and creates receiver hysteresis.

e It ensures that even if the receiver comparator clamps the voltage to one diode drop above L+ and
below L-, the COM voltage is still able to reach the clamp voltage of 2.9 V above L+ or below L- without
an increased input current.

During power-up and while the PUR pulse is active, the line hold circuit in all devices and any enabled additional
2 k gline hold circuit shall try to pull the line high and therefore set the receiver threshold level to the low level.
When the PUR pulse disappears, the line state shall be read (high or low state accepted ¥z pulse width later).
Usually the line state will be high, but if the line is pulled low (to L-) by means of an external circuit - for example
a 4 Tresidtor in series with a 6.8 pF capacitor - the device(s) shall go into programming mode with a known
speed, address and passwords 1 and 2 (described later). This mode makes it possible to reuse and reprogram
a device even if the old identifier (address) or passwords are not known. Note that because a Max-i telegram
always consists of an even number of bits and the additional line hold circuit always keeps the idle line state
high, the line will usually be in high state between telegrams so that new devices added on the fly will not go into
programming mode. However, there is a very small possibility that the line can be in low state. Therefore, a
programmed device shall exit any programming mode if it has not received any commands approximately one
minute after it enters programming mode.

The default state has been chosen to high because most (all) automotive applications use a negative ground. In
these systems, a simple two-wire cable consisting of L+ and COM may be used as shown on fig. 1.4. Because
the coupling capacitance between these two conductors is much higher than the coupling capacitance between
COM and ground, the capacitance and the hold circuit will pull the same way during power-up.

The delay of the input comparator shall be between 20 nS and 60 nS for a 1V overdrive. To achieve this, it may

be necessary withasmallcapacitor O 4 times the input capacitance

resistor as shown with the gray capacitor on fig. 1.8.

Because of the lack of termination resistors, Max-i may work even if the communication line is cut into
more pieces! However, as explained in Annex B, this requires that the distance from a transmitter (and
clamp) to an un-terminated end does not exceed one half the maximum line length. To make a failure
tolerant maximum length network where there are only devices close to the two ends, it is therefore
necessary to add a clamp network or a dummy device in the middle of the line.

There are many other advantages of the lack of termination resistors:
e The communication does not depend on correct termination.

e Itis possible to use closed ring topology.
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e Less power is lost during communication. Approximately one half of the transmitter current is returned
to the supply rails through the clamp diodes, which reduces the power loss to the half. The other half is
reflected and utilized to charge the line and in this way create a very good signal integrity and S/N ratio.

e The transmitter only draws current for a time corresponding to the time it takes the pulse to travel to the
end of the line and back to the transmitter. Especially on short lines this reduces the energy (power
multiplied by time), which makes Max-i suitable for applications in hazardous atmosphere (Ex
applications), and it reduces the EME, which is especially important for unbalanced lines such as
automotive applications and home automation.

e ltis possible to utilize reflected wave switching if a reduced speed is acceptable.
e Itis not necessary to use cables with well specified characteristic impedance.

Max-i uses BWM like a kind of Morse code where i® corresponds to 0 and fi 0 corresponds to 1. Each bit
consists of a pause where the line is floating followed by a standard pulse, which inverts the line state (voltage)
as shown below:

Received J L I_l

state

Accepted J L

State

4 +13%

é-13% S colaabececss . E
€

2T | 1T
. . Noise
Floating Pulse Pulse Floating Pulse pulse
—— BitN ———><+— Bit N+1 —»j+— Bit N+2 >
Fig. 1.9

The thick black/red curve is the signal on the line. In the black part, the line is floating. The red part indicates the
periods where the transmitter is driving the line. T is a time quantity, which depends on the speed.

The accuracy of T shall be +8% over the entire temperature range for devices with an inaccurate clock.
For devices with an accurate clock (crystal controlled), the accuracy shall be better than +5%. If UART
communication is used (Modem object), the accuracy shall be better than +2% or the oscillator shall be
synchronized to this accuracy.

The reason for the difference between an inaccurate and an accurate clock is that an inaccurate clock will
usually be centered on the nominal frequency so that the typical accuracy is much better than the worst-case
limit. An accurate clock however does not change so the inaccuracy is permanent.

To detect the signal, the receiver switches between the threshold levels as specified above and shown with the
blue curve (dotted part is during transmission). If the line is in low state, the signal has to pass the upper
threshold level to bring it to high state, and if it is in high state, the signal has to pass the lower threshold level to
bring it to low state.

During reception, the hysteresis works like this:

o |If the line voltage is still above the triggering level at 0.33T, it is probably not a noise pulse, and the
triggering level is reduced temporary to avoid that noise and especially ringing coursed by the skin
effect courses a valid pulse to be rejected.
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e At 0.67T the temporary reduction in trigger level is removed so that the full voltage level is required for
the last 0.33T before the pulse is accepted.

e At 1T the pulse is accepted and the opposite trigger level is used.

During transmission, the hysteresis shall not change while the transmitter is active so that the upper or lower
threshold level can be used to detect transmitter overload and/or short circuit (level below the threshold level).
This is shown with the dotted blue curve.

The rise time (R) is defined as the time it takes the signal to go from 10 % to 90 % of the voltage swing. The
minimum rise time shall be 60 nS to allow drop cables up to 2 m and to reduce the EME and peak currents
through coupling capacitances. On the other hand, too much slew-rate limiting may course problems at the
highest speeds so if a fixed slew-rate is used, it should be 60-90 nS. On fig. 1.7, the slew rate is heavily
exaggerated.

The maxi mum drop cable |l ength is 1/ 3 of the | tamdébdck cr i
propagation delay equals the rise time of the pulse. With a minimum rise time of 60 nS and a PE insulated cable

with a propagation delay of 5.06 nS/m, the critical length becomes very close to 6 m so that the maximum drop

cable length is 2 m. With a 70 nS rise time, the bandwidth is approximately 5 MHz.

The on-time of the transmitter is defined as the time where the signal is above the upper threshold level or
below the lower threshold level. To ensure that the on-time is always close to 2T, the pulse may be extended
with E in case of heavyslew-r at e | i miting, but E shall always be O R.

The pulse width (P) is defined as the time from a pulse is initiated until it is terminated. P = 2T + E. The on-time
is therefore close to P - R.

The detection delay (D) is defined as the delay of the input comparator plus additional delay due to increased
rise time as the signal propagates down the line. The detection delay is usually quite small, but may be
increased considerably if the skin effect knees get between the threshold levels, which may happen in case of
thin cables. For this reason, Max-i has two operation modes - incident wave switching for high speed operation
and reflected wave switching for applications where a thin cable is wanted and a reduced speed can be
accepted.

With incident wave switching, the receiver is triggered as soon as the signal arrives at the receiver. With
reflected wave switching, the receiver may not be triggered before the reflection from the end of the line arrives.
This may create some delay and jitter, which makes it necessary to reduce the speed. Note that reflected wave
switching is only possible because Max-i does not use any termination resistors. Except for leakage currents,
the steady state voltage will always be close to L+ or L- no matter how thin the cable is.

When a signal propagates down the line, it will be attenuated and distorted due to the skin effect, but as
explained in Annex B, the signal will always pass 0 V at a time equal to the distance multiplied by the
propagation delay of the line (nS/m) as long as the skin effect knees do not get below the threshold levels.
Therefore, the detection delay due to the increased rise time is very small for incident wave switching as it is
only the additional time it takes the signal to go from 0 V (midpoint between L+ and L-) to a threshold level.

Max-i uses three different bit symbols called 0-, 1- and Start-bit. The table below shows the length of the pause
before the drive pulse and shows important time limits.

Bit | Limit | Pause | Pulse | Symbol Time

0 1T 2T+E 3T+E
0-1 T

1 T 2T+E 9T+E
Save 15T
Reset 16T

Start >17T | 2T+E >19T+E
Fig. 1.10

E is shown gray because it is usually O except for very high speeds and/or heavy slew rate limiting.
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The different bit lengths are used to implement nondestructive, bit-wise, bus arbitration. If one or more devices
have a 0-bit to transmit and one or more devices have a 1-bit to transmit, the result will be a 0-bit because of the
shorter pause. The devices, which have a 1-bit to transmit, shall detect this as a collision and shall stop their
transmitters when the 0-bit is accepted (in the middle of the pulse) so that the pulse belonging to their own 1-bit
is never transmitted. However, the devices shall continue to listen to the line! Maybe the colliding telegram
contains wanted information. Note that the collision detection also verifies the transmitted data.

The Save limit (15T) is used as a telegram delimitator. If the bit timer reaches this limit, the telegram shall be
regarded as terminated and may be saved. 1T later (16T) the receiver and scrambler (described later) shall be
reset, but the decode timer shall continue to run. The device is allowed to start a new pulse (new telegram) if the
timer reaches 19T or up to 1T after a start-bit from another device is accepted (at 2T). This ensures that the
bus arbitration works no matter if the device with the highest priority has the slowest clock.

Max-i has been designed to be a sampled system (like a UART) with 6 samples per T.

The benefit of the sampling is that the circuit can be based on a master oscillator, which does not need to be
synchroni zed. This simplifies the oscillator and makes
also makes it possible to use ring oscillators, which are difficult to synchronize, and it makes it possible to fine-

tune the oscillator frequency by means of a phase or frequency locked loop. The disadvantage is that the
sampling may delay the signal reception.

With 6 samples per T, it is very easy to implement the additional filter hysteresis.
The reception sequence is:
1. A pulse is initiated by the device itself or by another device at 3T, 9T or O 9T.

2. The signal ramps up and is detected R + D later. As soon as the signal is detected, the binary value
corresponding to the time (0 before 7T and 1 after) shall be latched, and a new timer shall be released.

3. The new timer shall be counted forward to 1S at the first sample after the detection (may occur
immediately after).

4. |If the line state has been steady above the (varying) threshold level (not a noise pulse) when the new
timer reaches 1T, that is 1T - S later, the new line state is accepted and two things shall happen:

The latched binary value shall be loaded into the receiver.
The new timer shall be used as the bit timer or the time shall be copied to the bit timer.

This synchronizes the device. If the pulse was generated by the device itself and R + D < S, which is
usually the case at low speeds, a pulse with the nominal width is generated (E = 0) because the signal
is detected before the first sample after the pulse is initiated. However, as the device is always
synchronized by the receiver (not a direct connection from the transmitter), the synchronization is
delayed in case of heavy slew rate limiting and/or high speeds where D may be significant. If R + D > S,
the pulse is detected one or more samples later and the pulse width is therefore extended (E) so that
the on-time of the pulse is always at least (2T - S + D)(1 - x) where x is the inaccuracy of T. This is very
important because the maximum down-and-back propagation delay of the line must never exceed the
on-time of the pulse! If it does, transmitter overload, negative pulses and reversed line state may occur
as described in Annex B. At low speeds, D is insignificant compared to S. Therefore, the maximum line
length is calculated on the basis of a minimum on-time of (2T - S)(1 - x) corresponding to a maximum
propagation delay of (T - 0.5S)(1 - x). Especially at high speeds, the absence of D gives a slightly higher
safety margin than shown in the following calculations, but this is appropriate because things get more
critical at high speeds.

Note that the synchronization may shorten the pulse. If for example a device has a 1-bit to transmit (at
9T) and a pulse is detected at 8.2T, the device cannot know whether the pulse is a noise pulse or a 1-
bit from another device. Therefore, the device has no other choice than to starts its own transmitter at
9T (in case it is a noise pulse), but at 9.2T (1T after the edge) the new line state is accepted as a 1-bit
from another device and when this happens, the time is set to T. The pulse width from this device is
therefore reduced to 1.2T, but the pulse width on the line is still at least 2T.

If a pulse from another device occurs more than 1T before the transmission time, the pulse will not be
transmitted at all, which means that the minimum pulse width is 1T. When the pulse is accepted at 1T,
the bit timer is reset and after that a new pulse cannot be transmitted earlier than 3T. This is for
example a very likely situation during the first bit of bus arbitration (start bit) in case of big clock
inaccuracies, but since the bit (receiver) timing is independent of any transmission, all devices are just
synchronized and may transmit the second bit. It is only necessary with a start-bit from one device.
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The master/slave (latch) read system is very important for three reasons:

e Because of the big clock inaccuracies and the sampling, which makes it appropriate to read the timer
asynchronous as early as possible (not 1T later).

e Because the binary value for the bit may change from 1 to 0 when the counter is reset 1T after the
edge. This occurs for all 1-bits. Without the latch system, there would be critical race between read and
reset of the binary value.

e It makes it possible to compare the received bit with a reference bit as soon as the pulse is accepted at
1T. This is important for the ID acceptance filter.

The purpose of the 1T pause in the 0-bit is:

e To ensure that more transmitters never counteract each other during bus arbitration (a slow device still
has its transmitter on when the next pulse from a fast device is initiated).

Suppose a fast device and a slow device are connected together and the fast device starts to transmit a
pulse with such a rise time that R + D is slightly less than S. Because R + D < S, E = 0 so the next pulse
from the fast device may be transmitted at 3T(1 - X) in case of a 0-bit. The worst-case situation occurs if
the slow device samples just before the pulse from the fast device is detected as shown below:

~— M —

ov y. - i - y t BN
Slow dev. —]
- R »—<D O0T+1S 0T+2S 0T+3S 0T+4S 2T
Fast dev. | | | | | }
0T+1S 0T+2S 0T+3S 0T+4S 0T+5S 3T 3T+1S
3T, 9T or Q19T
Fig. 1.11

The slow device may generate a pulse, which starts at any sample up to 1T - even the sample before
the signal is detected, but the pulse is always terminated before 2T(1 + x) + R + D so the worst-case
safety margin is:

M=3T(L-x)-2T(L+x)-(R+D)=T(1-5x%) - (R +D)

Sincex=8%andR + DOl-&)wBereS O T/ 6, the saf etb5f.Ifihe degidgesiareb e c o 1
located a distance from each other, the safety margin will be reduced. As long as the skin effect knees

are above the threshold levels, the reduction will be small, but if the signal is attenuated so much that

the skin effect knees become between the threshold levels as it is the case for reflected wave switching,

the safety margin may be considerably reduced. However, if the speed is reduced to the half and R + D

O 0. BeTsafetyt margin becomes 0.1T, which is acceptable. This is utilized for reflected wave
switching.

Any propagation delay between the two devices does not matter except for the increased R, and the

power is shared between the devices. If for example two devices in each end of a maximum length line

start to transmit simultaneously, the transmitter current will just be reduced to zero or almost zero when

the signal from the other device arrives at (T - 0.5S)(1 - x), that is, in the middle of the pulse. Each

device will therefore contribute with the half power. If a transmitter in one end is delayed so much that it

starts to transmit when a signal from the other end arrives, the transmitter current will be zero due to the
reflections and because of the serial diode, the reflected signal will not be pulled down so the
transmitter will be invisible. The transmitter will therefore not counteract a new 0-bit from the other end

even though a 1T delay (line length) of the period where the transmitter was activated (butdi dnoét dr .
any current) overlaps the new 0-bit.

e To avoid that the incident voltage levels get lower and lower on consecutive 0-bits due to the skin effect
(see Annex B). Without this pause, the incident voltage level far from the transmitter may for example
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be +2.5V for 1-bits at the minimum cable cross section, but only £0.5V for 0-bits, that is, way below the
threshold levels. To reduce this effect to an insignificant level, the pause must at least be in the order of
the propagation delay of the line, that is, approximately 50% of the pulse width.

e To reduce the amount of harmonics in the drive signal. With a 50% pause, the drive power in a row of O-
bits becomes a synthetic sine wave, which does not contain 2" 3" or 4™ order harmonics.

e The pause has the further benefit that it enables a very optimized UART timing as explained later.

Because each bit contains a pulse, the code is self-clocking. This enables fairly big clock tolerances and thereby
the use of a simple RC or ring oscillator, which is necessary for a bus interface in a single IC without any
external timing components. As the relationship between the symbol lengths of 0 and 1 is integer (1:3), the clock
frequency is easy to fine adjust by means of a PLL.

Because the Baud rate is defined as the reciprocal of the shortest symbol width i not the reciprocal of the
number of bits per second, Max-i has a fixed Baud rate = 1/(3T), but not a fixed bit rate! However, due to a
scrambling (described later), which ensures approximately the same number of 0- and 1-bits, the average bit
rate is 2/(3T+9T) = 1/(6T), which is equal to the half Baud rate. This is the same as Manchester coding where
the bit rate is also the half of the Baud rate so the two codes are equally efficient, but unlike Manchester coding,
the used BWM is useable for bus arbitration - even with a big propagation delay. Other codes such as NRZ may
have a higher efficiency, but are not self-clocking and therefore require much higher clock accuracy.

The used BWM code has no bias-distortion because the positive and negative going pulses, which charge the
line, are always equal. Due to the skin effect (see Annex B) and single point capacitive loads, a transmission
line will always have a low-pass characteristic, which courses bias distortion in two situations:

e If the data coding contains DC like NRZ or 4-level codes (ISDN) and therefore is able to be charged by
many 16s or O00s. Because of this, the simple NRZ
fieldbus systems, is really not suitable for long transmission lines without very advanced equalizers
and/or preemphasers!

e | f the drive i mpedanc easthiscredtesfateetifieeaction.f or 16s and 00 s

Both situations are for example the case with CAN. CAN uses NRZ, and the drive impedance for a dominant O-
bit is a few ohm, but the impedance of a recessive 1-bit is 60 or 120 2 for high-speed CAN depending on the
position on the line and as high as 4.4 k< for low-speed CAN. CAN is therefore very liable to generate bias
distortion, which may totally wipe out a recessive bit i especially in case of propagation delays where dominant
bits may overlap recessive bits from other devices as shown below:

S~ —"

«—— CAN bit ———> Sample

Fig. 1.12

The green segment is the propagation segment. The length shall be equal to two times the propagation delay of
the line plus two times the transmitter delay and detection delay. At a speed of 250 kbit/s corresponding to a bus
l ength of 250 m, t he propagat itansmitereagddetaction delay 020.11% S¢ S a
thereis 253 ¢ S | eft f o y whichaisbtheesam@ @d far WMax-i. The two blue segments are the phase
segments between which the sample point is located. The orange segments are the synchronization segments.
By changing the lengths of the phase segments, CAN keeps the rising edge of dominant bits within the
synchronization segments. The red lines are the triggering levels and the sample point, which is usually
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(DeviceNet and CANopen) located at 14/16 as shown at speeds up to 500 kbit/s. With this location, the timing
margin is 2/5 = 0.4 times the propagation delay on the line where it is at least 0.72 for Max-i as shown later.

At higher speeds, the length of the phase segments must be increased to allow a recessive bit to be detected,
and the transmitter and receiver delays becomes a big part of the propagation segment. This reduces the
maximum line length considerably, and CAN is therefore not able to run faster than 1 Mbit/s where the
maximum line length is only 40 m. Max-i does not have this limitation and is able to run up to 3.556 MBaud at a
line length of 15 m. For automotive applications, Max-i is approximately twice as fast as CAN (4 times in case of
polling) and may therefore even be able to replace FlexRay.

1.10 Bit timing

The bit timing is shown graphically below:

oT 1T 2T 3T 5T 7T 9T 10T 11T 15T 16T 19T 20T 21T
qr
Accept !
0-bit | |
1-bit [ |
Start-bit | |
> [—
X | 0] 1
0-1 limit «—— Poll —Store Reset
Fig. 1.13

1.10.1 O-bit timing for incident wave switching
The worst-case situation for 0-bit detection occurs in the following situation:
e |tis a slow device, which is going to transmit the 0-bit.

e The slow device is synchronized by a (faster) synchronization device in the other end of the cable,
which stops its transmissions either because it has a 1-bit to transmit and therefore will detect the 0-bit
as a collision or transmits the last bit in a poll (described in layer 2).

e R + D 4ax), Slfich gives the maximum delay. Note that because of the synchronization, it is
possible for a fast listening device close to the synchronization device to be S(1 - x) - (R + D) ahead of
the synchronization device and therefore has a reduced safety margin, but in the worst-case situation
where R + D = S(1 - x), this is 0.

In this situation, the worst-case safety margin for detection of the 0-bit is:
M=7T (1-x)-((T-0.5S)(1-x)+Rg+Dg)-3T(L+x)-((T-0.5S)(1 -x)+Rs +Dg)

(T - 0.5S)(1 - x) + Rg + D is the time it takes before the pulse edge from the synchronization device is detected
by the slow device, but since Rg + Dr &  S+x}, this may be simplified to (T + 0.5S)(1 - x). 3T(1 + x) is the
maximum time it takes before the slow device transmits the 0-bit. (T - 0.5S)(1 - X) + Rs + Ds where Rg + Dg &
S(1 + x) is the time it takes before the pulse from the slow device is detected by the fast device. Note that the
rise time may be longer due to the slower clock. The safety margin therefore becomes:

M=7T (1-X)-(T+0.5S)(1-x)-3T(L+x)-((T-05S)(L-x)+S(L+x))=2T(L-4x) - S(1 +x)

For x = 8% and S = T/6, the safety margin becomes 1.18T. The safety margin must be divided in three parts.
Two parts for the increased rise time due to the skin effect and one part (Mg) to ensure a reliable bit decoding
even under worst-case conditions. Max-i is designed to have a minimum safety margin for bit decoding of 0.72T,
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which corresponds to a little more than p ul s eTheréfadet the.maximum rise time delay becomes 0.23T,
but in this case, the devices are located in each end of the line and will therefore benefit from reflected wave
switching where the signal is amplified by the reflections and therefore does not suffer from skin effect knees.

The maximum rise time delay for counteracting is 0.45T as described previously, but this situation cannot occur
if the devices are located closer than a distance corresponding to 0.45T/2 from the end. If they are, the reflected
wave will limit the delay. The safety margin for bit detection in case of a 0.45T rise time delay may therefore be
calculated as:

Mg = 2T(L - 4x) - S(1 + x) - 0.45T

The 0.45T is due to 2 x 0.45T for rise time safety margins minus 2 x 0.45T/2 for reduced distance. For x = 8%
and S = T/6, the safety margin for bit decoding becomes 0.73T. The edge of a 0-bit will therefore always fall in
the blue area of fig. 1.13.

1.10.2 1-bit timing for incident wave switching

If one or more devices are transmitting 1-bits (synchronized to the fastest one) and a slow device is listening,
the safety margin for correct detection of the 1-bit is:

M=9T(1-x)-7T (1 +x)=2T(1 - 8x)
For x = 8%, M = 0.72T. The propagation delay and the detection delay do not matter and are therefore not

included in the formula. Since 7T cannot be increased with S (only decreased), the worst-case situation occurs
when the slow device is not ahead of the transmitting devices.

Seen from a fast device, which does not transmit and therefore is synchronized by a slow device (a fast device,
which transmits, is never synchronized), the latest possible arrival of the edge of a 1-bit is:

9T +x)/ (1 -x)

For x = 8%, this is 10.6T. The edge of a 1-bit will therefore always be detected in the green area of fig. 1.13
except if the slow device is polled and therefore no longer synchronized.

1.10.3 Save timing for incident wave switching

If the first bit of a poll reply is a 0-bit, the situation is exactly the same as the worst-case detection of a 0-bit as
described previously. However, if a slow device has a 1-bit to transmit, the safety margin for the acceptance of
this 1-bit before acceptance of the telegram may take place at 15T is:

M=15T(1-X)-(T+0.55)(1-%x)-9T(1+x)-((T-0.5S)(1-x)+S(QL+x))-T(L-x)=3T(L-7x)-S(1+Xx)

Where T(1 - x) is the time it takes the fast device to accept the pulse after it is detected. For x = 8% and S = T/6,
M becomes 1.14T. For Mg = 0.72T, the safety margins for rise time become 0.21T, which is slightly less than for

0 bit detection. In the same way, the safety margin in case of a 0.45T rise time delay becomes 0.69T. However,
due to the much longer times, there is less skin effect, which means that if the rise time delay for 0-bits is 0.45T,

it is less than 0.43T for reset so in practice, the safety margininalls i t uat i on s, whch ie theQloublgd & T
CAN (see fig. 1.12).

In case of fast poll, the edge of a 1-bit may also fall in the dark green area of fig. 1.13. Note that since storage
takes place if the timer reaches 15T, it is necessary that the pulse is accepted before that time i not just
detected.

The purpose of the 1T delay between save and reset is:
e To simplify the receiver as it avoids critical race between save and reset.
e Toincrease the safety margin to reset in case off a too slow reply to a poll (wide save pulse).

e To delay reset so much that a serial communication channel may immediately go into Break condition at
the time of reset as described later.

1.10.4 Reset timing for incident wave switching

The long pause in the start bit ensures that all devices are reset before a new telegram can be received
(accepted). The worst-case situation occurs when a fast device wants to transmit at 19T. In this case, the safety
margin for reset of a slow device is:
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M = (19T(1 - x) + T(L + X)) - 16T(L + X) = T(4 - 34x)

The first part is the time it takes before the pulse from the fast device can be accepted at the slow device. For x
= 8%, M = 1.28T as shown with the orange field on fig. 1.13. The edge of the pulse may occur in the pink field,
but since the pulse is not accepted until 1T later, this does not reduce the safety margin. The propagation delay
and the detection delay do not matter and are therefore not included in the formula.

1.11 Optional Synchronization
The 17T start-bit pause is used as a telegram delimiter, which synchronizes all devices for each telegram.

As a recommended option - but not a demand - a device may fine adjust its oscillator frequency by means of
time telegrams. As described in layer 6, time telegrams have higher priority than any other telegrams, and they
are the only telegrams, which are guaranteed to be transmitted by an accurate crystal or GPS controlled device.
Synchronization may for example be done by means of the 17 0-bits in the beginning of a time telegram or by
means of a comparison between the telegram time and the internal time. The latter method is the most accurate
since a precise pulse length cannot be guaranteed in case of heavy slew rate limiting (pulse may be extended).

1.12 Transmitter

The transmitter shall be current limited to 0.7 - 1.4 A at 25 °C. As shown in Annex B, 0.7 A is enough to drive all
practical cables. Note however that the use of many devices and/or cables with a high permittivity may lower the
practical i mpedance bel ow t he miatommanced that a eutrentdirhitatibrOof
0.9-1.4 Aat 25 °C is used, but this is not a demand.

As described in Annex B, a shorted line courses a heavy - but not immediate - overload of the transmitter so
the initial transmitter voltage may easily be above the threshold level, but drops below the level when the
reflections from the shorted point arrive.

During transmission of a high bit, the transmitter shall go off if the signal is not above the upper threshold level
the so-called self-hold time after the pulse is initiated. In the same way, the transmitter shall go off during
transmission of a low bit if the signal is not below the lower threshold level the self-hold time after the pulse is
initiated. These situations are regarded as a short circuit. The self-hold time shall be 1T (%2 pulse width) for all
speeds except for the maximum speed. At this speed, 1T is only 93.75 nS, which is very close to a 70 nS rise
time plus transmitter and receiver delay. To ensure a reliable operation, the self-hold time shall therefore be
increased to 1.5-1.7T at the maximum speed.

A simple transmitter may use a fixed rise time of approximately 70 nS, but to enable the use of longer drop
cables and/or free bus topology, more advanced transmitters may have a possibility for variable slew rate. The
way such a variable slew rate shall be set has not yet been determined. Note however that the worst case rise
time plus transmitter and receiver delay shall never exceed 0.75T (1.25-1.45T at maximum speed) no matter the
settings so that a wrong setting may not course a bus failure (safety margin 0.25T).

The Fourier spectrum of a slew rate limited pulse is shown below:

A

N\ -6dB/octave

-12dB/octave

tr tf=tr
< > AN > Frequency
tp 1/(nxtp) 1/(mxtr)

Fig. 1.14

tp is the symbol length, which may be as short as 3T (0-bit). The -6dB knee (0.106/T) is fixed by the
transmission speed. The only way to limit the EME is therefore to control the slew rate. Above the -12dB cut off
frequency, EME is reduced very fast so in practice the slew rate controls the maximum noise frequency. Note
that slew rate limiting is not so important on low speeds because the symbol width is increased so the -6dB
frequency falls. Therefore, it is not necessary to use a speed depending slew rate. This simplifies the transmitter
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considerably. Devices intended for applications where the maximum speed is not needed and/or the cable is
unbalanced i for example intelligent house and automotive applications - may benefit from a rise time in the
order of 350 nS so that drop cables up to 10 m may be used (virtually free topology) and less EME is generated.

For two reasons, it is not necessary to limit the slew rate of the falling edge:

e The voltage swing is much lower. With the minimum cable cross section and therefore maximum loss,
there is no falling edge at all, and with lower loss, the amplitude of the falling edge is usually below 1V.
The EME is proportional to the second order of the voltage swing, so EME generated on the falling
edge is completely insignificant compared to EME generated on the rising edge.

e The falling edge has much higher drive impedance than the raising edge i approximately 24-48
(cable impedance at that point) compared to approximately 2 2 so the transition time is much longer.

1.13 Bus Speed and Bus Length

Max-i has 12 different speeds as shown below:

Maximum | Network Length T Pulse Baud rate
propagation [km] Width [kBaud]
delay  "runk [ Closed Max-i|  UART
[us] ne | TG | g [us] Speed | FIFO
162 %) 16H% | 8Yh 192 384/576 1.74 | 24 -
81 (%) °) 8" 16 Y
40.5 (Va) 8 16
81 16 %) 8" 96 192/288 347 | 438 -
40.5 (%) 8 16
20.24 (V) 4 8
40.5 87 8" 48 96/144 6.94 | 9.6 -
20.24 (¥2) 4 8
10.12 (¥a) 2 4
20.24 4 8 24 48/72 13.89 | 19.2
10.12 2 4 12 24/36 2778 | 384 | 4
5.06 1 2 6 12/18 55.56 | 76.8 | 4-8
2.53 0.5 1 6/9 111 | 1536 | 8
1.265 0.25 0.5 1.5 3/4.5 222 | 307.2 | 16
0.633 0.125 | 0.25 | 0.75 1.5/2.25 444 | 614.4 | 32
0.316 0.062 | 0.125 | 0.375 | 0.75/1.125 | 889 |1228.8| 64
0.158 0.03 0.06 |0.1875| 0.375/0.563 | 1778 | 2457.6 | 128
0.079 0.015 | 0.03 |[0.0938|0.1875/0.281 | 3556 |4915.2 | 256
Fig. 1.15

') Limited by maximum practical cable cross section of 6 mm?®.
2) Only endpoint to endpoint communication (reflected wave switching at full speed).
3) These modes are not relevant in practice as it is possible to run twice as fast on the same cables.

The table shows the maximum length with a PE insulated cable (g, = 2.3). If a cable with a higher permittivity is
used or capacitance is added, the maximum line length may be calculated as:
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2.3xCy
K=K, || ——2
e XC,

Ko is the maximum length specified in the table, C, is the capacitance of the line without any load and C, is the
capacitance of the line in loaded condition. If for example Cg is 110 pF/m and the maximum load of 50 pF/m is
applied to a polyolefin insulated cable with a relative permittivity of 2.7, the maximum length becomes 0.765 K.
If the capacitive load is the same, but PVC insulated cable with a relative permittivity of approximately 5 is used
instead, the maximum length becomes 0.56 K.

The table shows two numbers for the pulse width. The first is the width of the drive pulse (2T) and the second is
the total length of a 0-bit (3T), which is the shortest symbol. The Baud rate is the reciprocal of this.

The UART field shows the communication speed in case of the Modem object. It also shows the necessary
minimum FIFO for Windows operation (max. 1 ms interrupt latency or USB schedule). Because of the
scrambling, which courses approximately the same number of 0- and 1-bits for longer telegrams and therefore
an average bit length of 6T, the efficient throughput of Max-i is %2 the speed in the table so that for example the
lowest UART speed of 2400 bit/s corresponds to a sustained speed of 1200 bit/s. Therefore, only the half-length
FIFO is necessary when the FIFO is long enough for averaging (4-8 entries). At for example the highest speed,
each byte in average takes 4.5 uS to transmit. This means that approximately 222 bytes may be received in 1
ms so that a 256 entry FIFO is needed.

The lowest three speeds are primary intended for use with reflected wave switching (yellow fields), but may also

be useful in case of wvery simple micr opNotethat refecded wavevi t h
switching may be used at any speed in order to reduce the necessary cable cross section T not just the ones
shown with yellow background.

The bus speed and the UART speed are locked to each other with the relationship shown in the table. If the
UART uses 13 times oversampling (instead of the usual 16), and the recommended 6 samples per T is used, all
frequencies may be very easily generated from a 64 MHz clock and a 2" prescaler.

The upper UART speeds (shown blue) are not standard in the PC world except perhaps for 153.6 kbit/s, but in
practice, they are fully supported as any of the standard speeds by almost all hardware and drivers, which
support speeds above 115.2 kbit/s (more than a 1.8432 MHz crystal) like for example PCI and PCMCIA cards
with a 16C950 UART and USB-serial converters. This is also the case when the drivers are accessed from for
example the SerialPort component of Windows .Net.

The speed of Max-i and the divider ratios of T and the UART have been selected in such a way that:
e The maximum bus length is the same as CAN when the same insulation material (PE) is used.
e ltis possible to use an integer, standard clock frequency, which is also easy to use for timers etc.
e The UART speeds are as low as possible, but still fairly standard.

Except for the old teletype speed 110 bit/s (with two stop bits), there are two standard rows of UART speeds
(with one stop bit) - 2" x 300 bit/s and 2" x 450 bit/s (1.5 times higher). Unfortunately, the PC world uses the first
row up to 38.4 kbit/s, but then changes to the second row, that is, 300, 600, 1200, 2400, 4800, 9600, 19200,
38400, 57600, 115200, 230400, 460800, 921600 etc. This courses a very un-logical discontinuity, which has
several disadvantages:

e It makes it difficult to generate all speeds from the same clock without some inaccuracies or a 1.5 times
higher clock frequency.

e If the recommended 6 samples per T shall be used at a 1.5 times higher clock frequency, a rather
sophisticated 3 x 3 divider is needed and the clock must have a 50% duty cycle. The first divider must
divide by 3, but have a duty cycle of 50% on the output. This is possible by utilizing both master and
slave in the flip-f | a ph& second divider must then be able to synchronize to both the rising and the
falling edge of the first counter to get the 6 samples per T.

e It is necessary with a higher UART speed than necessary at the highest speeds. This may course
probl ems for UARTO6s with a | imited clock f-23Bge@ency
used. MostUART 6 s -B Mhit/s as3naximum speed.

For these reasons and because the low-row speeds above 38400 bit/s usually do not course any problems with
hardware that support Max-i, the low row is used for all speeds. With a UART, which divide by 13, the clock
frequency for 100% accurate speeds is 63.8976 MHz, but 64 MHz is used in Max-i, as this frequency is very
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well suitable for timers and other purposes and may even be a standard frequency in many microprocessor
systems. The slight inaccuracy of 0.16% it creates actually increases the timing margin by making the UART
bits slightly shorter compared to the Max-i pulses. The minimum time for transmitting one byte on Max-i is 8, O-
bits equal to 24T - 8% = 22.08T. To keep the maximum time of one UART byte with start and stop bits (10 bits)
below this, the maximum bit length is 2.208T. However, the UART bit length is only 13/6T = 2.167T, so there is
a margin of 2.208/2.167 = 1.019 and bigger inaccuracies are anyway not allowed for UART communication
because if one device is 1.9% too high and the other 1.9% too low, the total drift of the sample point of the stop
bit is 36% (9.5 bit), which is just at the limit when the sampling jitter is taken into consideration.

The maximum bus length depends on the pulse width of the drive pulse, which is (2T - S)(1 - x). For x = 8% and
S = T/6, the maximum round trip propagation delay becomes 1.687T. With a propagation velocity of 5.06 pS/km
for a PE insulated cable (& = 2.3), the maximum net length in km for a network in trunk line topology is: 1.687T /
(2 x 5.06) = 0.167T km/uS. With T = (6 x 2") / fyoex 4S Where 2" is the clock prescaler, the network length
becomes 2" / faock Km. This is the same as the standard lengths of a CAN network if a clock frequency of oM
MHz is used like for example 64 MHz. The maximum length for a closed ring is two times this value.

For a balanced 4-wire line with incident wave switching, the maximum DC resistance of one conductor is 1 3
corresponding to 1 km of 1.5 mm? cable. Because all 4 conductors carry the communication, the maximum DC
|l oop resistance for Cc o wETtherei ate awoi conductdrssin paralkeldn sérigs with two
conductors in parallel. For reflected wave switching, the maximum DC resistance is 26 q at the half speed and
52 q at one fourth speed. If Max-i is used for pure point-to-point communication, that is, there are only devices
fairly close to the two ends; it is possible to use reflected wave switching and a 52 q cable without a reduction in
speed! The maximum length for a given cable cross section is shown below:

Cross Wave switching
Section Incident Reflected
Full speed Full speed V2speed Yaspeed
(13 Y) (52 Y (26 Y) (52 Y)

Trunk | Closed | Endpointto | Trunk | Closed | Trunk | Closed

line ring | Endpoint only | line ring line ring

[mm? | [AWG] | [km] [km] [km] [km] [km] [km] [km]
0.19-0.22 24 0.13 0.25 0.5 0.25 0.5 0.5 1.0
0.34 22 0.23 0.45 0.9 0.45 0.9 0.9 1.8
0.5 20 0.33 0.67 1.3 0.67 1.3 13 2.7
0.75 0.5 1 2 1 2 2 4
1.0 18 0.67 1.3 2.7 1.3 2.7 2.7 5.3
(1.2) 16 0.82 1.6 3.3 1.6 3.3 3.3 6.6
15 1 2 4 2 4 4 8
(2.0) 14 1.3 2.6 5.2 2.6 5.2 52 | 104
2.5 1.7 3.3 6.7 3.3 6.7 6.7 13
(3.1) 12 21 4.1 8.3 4.1 8.3 8.3 16.5
4.0 2.7 5.3 11 5.3 11 11 21
(5.3) 10 35 7 14 7 14 14 28
6.0 4 8 16 8 16 16 32

Fig. 1.16

If for example a trunk line must be 0.9 km long and full speed is wanted, it is necessary to use a 1.5 mm? cable,
but a 0.34 mm? cable is enough for endpoint to endpoint communication or if ¥ speed can be accepted. Trunk
lines above 4 km is in practice only possible by means of reflected wave switching as inexpedient cross sections
above 6 mm? would otherwise be required.
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The minimum size 0.19-0.22 mm?® (24 AWG) corresponds to a solid conductor diameter of 0.5-0.53 mm, which
is a de facto standard for many communication cables. Thinner cables are not recommended. In this way, the
reduced skin effect due to thicker cables than necessary at high speeds is used to partly compensate for the
increased significance of the detection delay.

The specified cable cross-sections implies that a balanced 4-wire cable with a characteristic impedance of at

| east 40 q is wused, t hat Ilytdbes notdeixcedd dhe badf line ength (cgmtervpewer
supply) and that the decoupling capacitance of the
apply to the transmission 1 not any DC load.

1.14 Priority Bit

Each telegram consists of a start-bit, a priority bit and N x 8 data bits. The priority bit determines the master
priority of the telegram. It is used for a so-called "babbling-idiot" protection, which ensures that no device or
devices are able to saturate the bus except for special devices dedicated to transmission of time telegrams or
emergency telegrams (must not be used for any other purpose). Unlike many other CSMA-CD busses as for
example CAN, it can therefore be guaranteed that all telegrams come through - even if all devices want to
transmit.

The priority bit is initially set to zero (high priority) except for devices with a fixed priority. When the full
arbitration part of a telegram, that is, the first part of the telegram with the identifier (see layer 2) has been
transmitted, the priority bit shall be set to one in all following telegrams from that device until the device detects
a telegram from any device - including itself, which also has the priority bit set to one. When this happens, the
priority bit shall be set to zero again until the device has transmitted a new full arbitration field. In this way, all
devices get a chance of transmitting. Each time a device transmits; one more device will have its priority bit set
to one. When there are no more telegrams with priority zero, one of the telegrams with priority one comes
through - the one with the highest priority. When this happens, all devices shall reset their priority bit to zero,
and the process starts all over again. Note that if a device transmits a telegram with priority bit = 1, it will be
upgraded to priority zero when it receives its own priority bit, but if it wins the bus arbitration, it will be
downgraded again when the last bit of the ID has been transmitted. In this way, all devices on the bus will get
priority zero except for the device, which has just transmitted. Also, note that the content of the rest of the
telegram is completely unimportant for this mechanism.

It is only the transmitter in the device, which transmits a full arbitration field, which is down classified to a lower
priority. The priority bit shall not be changed if the telegram is just an answer to a fast poll (described later).

Like the start bit, the priority bit is entirely added, removed and controlled by the Max-i controller. Bit O of the
telegram is the first bit after the priority bit.

A SCADA system may have many data to transmit, but nevertheless it is just handled as any other device, that
is, downgraded after just one telegram with the priority bit equal to zero. The majority of data from a SCADA
system are anyway polls, which should have a lower priority than event driven data from the process.

The "babbling-idiot" protection is especial important for Boolean telegrams, which are usually transmitted each
time a bit changes state (event driven) and may even be transmitted at a high heartbeat rate.

The "babbling-idiot" protection uses the normal bit-by-bit based bus arbitration. With the big clock inaccuracy of
Max-i, this is much more efficient than a system based on an extra time slot, where worst-case inaccuracies and
propagation delays may cause very long idle times (>60T).

1.15 Telegram Separation

In case of the Modem object (UART communication), the various telegrams through that channel shall be
separated by means of a break character, that is, a low line state for at least 10 bits (start bit, 8 data bits and
stop bit). The worst-case timing is shown below:

sup|
(I
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Fig. 1.17

The drawing illustrates the pause and the drive pulse of each bit. In practice, the signal will not fall back to zero
(midpoint), but change polarity on the rising edge of each pulse as shown previously and in Annex B.

Each UART bit has a width of 13/6T = 2.167T.

Because it may take 5.11T less time before the first byte (plus start bit and priority bit) of a new telegram has
been received than to transfer the last byte of the previous telegram plus a break character, it is necessary that
all telegrams contain at least one 1-bit (extra 6T) to absorb this delay, but this is always the case. It is also
necessary that the UART is double buffered, but this is anyway necessary to be able to compare 16 bits before
the telegram is transferred as explained in Layer 6.

It may be convenient to transfer the byte in the buffer to the serial output register when the pulse is accepted
and have been compared at 1T, and then transfer the received byte to the buffer at the red edges in the
drawing, that is, 1T later. In this way, only a single buffer is needed in spite of the 16-bit comparison. Because a
byte can never be shifted out before it is available in the buffer, all bytes including the last one are always
delayed at least 1T.

When a reset is generated, the UART shall generate a break character as soon as the stop bit of the last byte
has been transferred. This will usually occur 22.67T after the last bit has been accepted as shown on the third
curve on the figure, but this is not guaranteed. There is a small chance that the byte is delayed. This may
happen if there are less than four 1-bits in the telegram after the first two bytes. The worst-case situation with
only one 1-bit is shown on the lower curve. Because the margin is only 6T - 5.11T = 0.89T in this case, it is
important that the break character consists of exactly 10 low bits including the start bit followed by a stop bit as
shown on the figure even though a break in principle may be infinite long.

If the speed is changed by means of a network message as described in layer 6, the speed may change at the
storage time 1T before reset. This is the right time for all I/O objects for except for the modem object where it
will course the break character and perhaps also more or less of the last character to be transferred at a wrong
speed. To prevent this, the speed shall be latched in case of the Modem object until at least 3/4 of the stop bit
of the break character has been transmitted.
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Layer 2, Data Link Layer

The Data Link Layer is responsible for converting small packages of data to raw bits for Layer 1. It controls the
bus access, it creates and recognizes frame boundaries and value identifiers and it performs error detection.

2.1 Producer/Consumer Model

Max-i uses the very efficient producer/consumer model known from CAN. With this model, it is each value,
which has an address - not the bus node! This address is called the identifier. Most telegrams like I/O data from
the process may be regarded as broadcast information no matter if they are initiated by an event or polled!
Many devices may consume the same message and benefit from data requested by other devices. There is no
difference between input and output telegrams. If for example a SCADA system wants to set an output, it just
broadcast the output value. Any device may then pick up this telegram and set its outputs according to this.

The producer/consumer model is very useful in for example redundant SCADA systems where the method
efficiently reduces the necessary number of telegrams and guarantees data consistency - even without a
common database - so that all devices show exactly the same values. It is also very efficient for synchronizing
for example clock, program execution, set points etc. in more devices, and it is very efficient for information
systems where the same information shall be shown on many displays. As every single value - even Boolean
values - has its own identifier, there is no need for AND and OR functions, and the producer/consumer model
fits very well with XML, where each value also has a name.

The producer/consumer model has the further advantage that there is no need for address stacking and
address conversion in case of gateways between different bus systems. This reduces the length of the
telegrams and makes the gateway function simple and fully transparent so that a gateway may be added or
removed at any time without any changes in the bus nodes.

2.2 Big-endian Model

Max-i is entirely based on the so-called big-endian or "Motorola" model. In this model, the most significant
byte or word is located at the lowest address. For a 32-bit system it looks like this:

LongWord, Addr. =7
Word, Addr. =7
Byte, Addr. =8 Byte, Addr. = 9 | Byte, Addr. = 10 | Byte, Addr. = 11
LongWord, Addr. = 7
Word, Addr. =5 Word, Addr. =7
Byte, Addr. =4 Byte, Addr. =5 | Byte, Addr. =6 | Byte, Addr. =7

MS LongWord, Addr. =0
MS Word, Addr. =0 Word, Addr. =2

MS Byte, Addr. = 0 | Byte, Addr. = 1 | Byte, Addr. =2 | Byte, Addr. =3

Fig. 2.1

Note that all data are left shifted, so that the most significant bit (MSb) always has a fixed position no matter if
the data length is byte, word or longword! Therefore, the MSb is always called bit 0. This is quite uncommon
today (except for the IBM/Freescale-Semiconductor PowerPC), but it is the full consequence of the big-endian
model!
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There are more important reasons for using the big-endian model:

e ltis natural to transmit the most significant bit of the most significant word first because the transmission
then becomes a continuous stream of bits which may be divided into bytes, words or longwords as one
pleases. This order of transmission is necessary for the bit-wise bus arbitration.

e The first bit of any telegram is bit 0 no matter how long the telegram is.

e The fixed part of many parameters and data with variable length becomes fixed bit numbers like the
local bit of device identifiers.

e Left shifted dcampkmeatdractionshindtdataofdr A/D and D/A converters can have a
variable resolution, and can be truncated with just a slight loss of accuracy.

e |t fits with microprocessors and A/D and D/A converters with SPI interface where the data is also left
shifted, and the MSb is transmitted first. In this way, the same sequence and data can be used
regardless of the resolution (number of bits).

e Itis possible for a consumer to accept telegrams with different resolutions for the same value and it is
possible for a producer to change the resolution without informing the consumers.

2.3 Chr5 Format

For some applications, Max-i uses a special 5-bit text format called Chr5. The format is a simplified ASCII code
consisting of only English capital letters plus hyphen (-) as shown below:

Code Letter
00000 | No letter
00001 A
00010 B
11001 Y
11010 Z
11011 | - (hyphen)
11100 NU
11101 NU
11110 NU
11111 NU
Fig. 2.2

The "no-letter" code is used in case of a letter field, where all letters are not used. Unlike a space, the no-letter
code is not written out.

The reason for not using the last four characters is to enable the code to switch between long and short
identifiers as described below.

2.4 Attributes and Object Model

In Max-i, all values like the produced and consumed values, hour counter, error word, all configuration and
calibration parameters etc. are stored in memory locations called attributes, which are grouped together in
objects similar to the object model of CIP, CANopen etc. Max-i uses a very simple object model with only two
types of objects i network object and 1/0 objects. Except for SCADA systems and other controllers, each device
contains one network object and at least one 1/O object.

The network object consists of 8, 34-bit, write-only attributes, which are used for values, which are common to
all devices on the network, such as system time, passwords (note, write-only) and transmission speed. The
network object does not need an identifier as it is not necessary to be able to address individual network objects
or read the values (it has no meaning to read/poll a value, which is located in all devices).
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The 1/0 objects consist of 16-1024 attributes where the first 16 are standardized. To ease interchange of
devices from different vendors, some standard I/O objects are defined in layer 7 such as communication
interface (UART), Boolean I/O, SPI interface and the digital part of an A/D converter.

By far the majority of telegrams from I/O objects contain the produced value, which is stored in attribute 1 as
defined in layer 6. The other attributes are only transmitted during commissioning or in case of errors. To
increase the efficiency, Max-i is able to skip the attribute specification for attribute 1 in an I/O object and in this
way save two bytes. This is called an implicit message because it is implied that the attribute number is 1. A
telegram, which includes the full 10-bit attribute number (0-1023), is called an explicit message. Note that
attribute 1 may be read by means of both an implicit message and an explicit message, and that no read/write
bit is necessary for implicit messages (read-only).

Each I/O object is identified by means of a 12-bit or 31-bit identifier. The two formats are compatible and may be
used simultaneously on the same bus. It is intended to use the long identifier together with PNS, which is a
universal numbering system based on alternating numerical digits and Chr5 letters like for example BC361AS1
for Belt Conveyor 361A, Speed 1 or HX127T2 for Heat Exchanger 127, Temperature 2. The first part is the
equipment/machine number and the last part is the function number. Note that because of the
producer/consumer model, it is not the equipment, which is addressed, but the various functions on that
equipment like command, status, voltage, current, temperature, pressure, level, speed etc.! A detailed
specification of the various PNS codes can be found in the PNS specification.

31-bit PNS Identifier
Equipment Function
A,B,C Suffix | Number | Two-Letter Code | Number | Code
2 bit 10 bit 5 bit 5 bit 4 bit 5 bit
Fig. 2.3

If there is no need for a suffix, the two suffix bits may also be used for extension of the number range or as a
master priority.

In case of railway applications, the vehicle number like MG 5601 may be shortened to two letters followed by
three digits i for example MG 601, so that it can be used as equipment number. In this way, each vehicle can
have 512 signals (function field), which cannot be confused with other signals when trainsets are connected.

Other fieldbus systems use either a special bus-address - typical 0-255 - and/or a unique 48 or 64 bit serial
number, or they use an automatic numbering based on the order of which the devices are placed on the bus.
However, there are many advantages of using the equipment numbers directly:

e There are no cross-reference tables and special bus addresses to manage.

e There is no risk for any confusion if the equipment and function number is programmed into the device
during mounting.

e Itis very easy to connect a Web-interface or a debugger and communicate with equipment, because no
other knowledge than the equipment and function number is necessary.

e |tis easy to debug a communication because the equipment numbers are transmitted directly.

e The safety is increased as less than 1 ppm of the possible numbers is utilized. It is therefore very likely
that a small error creates an unused address instead of causing an unwanted action.

e The address does not change in case of rebuilding.

e |tis not necessary to give all equipment a unique serial number during manufacturing although there is
an attribute for such a number.

e Itis not necessary to record long serial numbers during the mounting of the equipment.

The disadvantage of using the equipment number is that the long identifier lowers the efficiency (two more
bytes). If this cannot be accepted, the 12-bit format must be used.

PNS uses the single-letter code Q (quick) for short 12-bit identifiers like for example Q0001 or Q3999 so that
short identifiers may be mixed with long identifiers in the same numbering system.
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In PNS, the three least significant bits of the first 16-bit word contains the three most significant bits of a Chr5
letter. Because the codes 111xxB are not used, this is utilized to distinguish between long and short identifiers
as shown below:

31-bit Identifier field
ID Number | Chr5 Letter (A-Z) | ID Number
12 bit 5 bit 14 bit

31-bit Identifier field

ID Number Long ID Number
12,13 o0r 14 bit| O 16, 15 or 14 bit

15-bit Identifier field
ID Number | Short
12 bit 111

Fig. 2.4

If bits 13-15 are 111B as shown or if bits 1-12 ar e 0é 0B ( d,é ssashor identifier. ntak ather
cases, it is a long identifier. In case of another numbering system than PNS, the same letter position must be
used or one of the bits 13, 14 or 15 must be 0, to select the long identifier. If for example Max-i is used with
CAN-A and CAN-B identifiers, bit 13 is used to select between long and short identifiers as described later (IDE
inverted).

The advantage of this method is that the length of the long identifier is not reduced by a long/short selection bit.
This is necessary with PNS, which requires all the bits it can get to squeeze a machine and function number into
a 31-bit field. The disadvantage is that the short identifier is reduced by two bits, but since it is anyway not
realistic with more than 4000 devices on one bus, this is not a practical limitation, and compared to CAN, Max-i
has one more bit. Besides, the three unused bits of the short identifier is utilized for 8 network object attributes
without disturbing the 1-3999 number range (described later).

The reason why the function code of PNS is the last bits, is to easy acceptance filtering in case of devices,

which generate more values, butonl y 8 values of each type is needed (or
In that case, the device can just use the three most significant bytes to determine whether it shall process the
message or not. The course filtering of the two first bytes may be done by means of the acceptance filter in the

Max-i controller so that the connected device only needs to check a single byte to determine if the telegram

shall be processed.

To make it possible to use landing switches and control panels where one or more lamps or devices are
controlled from two or more switches/buttons, many producers (and consumers) must be able to use the same
identifier. Therefore, the 10-bit attribute range may be shared between more devices. Since each device
contains at least one 1/O object with at least 16 attributes, it is possible for up to 64 devices to share the same
identifier plus any number of producers, which do not use attributes (no physical I/O), like SCADA systems and
hand terminals.

Most other fieldbus systems, which use the producer/consumer model such as the CIP family and CANopen,
have a mechanism to prevent multiple use of the same identifier. This protects against errors, but it is
simultaneously a very serious limitation in practical use. In Max-i, unintended multiple use of the same identifier
is avoided by means of the numbering system PNS, which makes it possible to use the equipment numbers as
identifiers instead of meaningless symbolic addresses.

To simplify the addressing, the 10-bit attribute range is divided in 64 blocks of 16 attributes and all /O objects
use an integer number of blocks. The most significant 6 bits of the attribute number is called the object base and
is used together with the identifier to address an I/O object. In this way, a simple Max-i controller with only one
I/O object with the 16 standard attributes may simply use the object base together with the identifier as an
acceptance filter and use the least significant 4 bits to address the attributes so that no adders are necessary.
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The default object base shall be 111111B = 63. If an object needs more blocks, the attribute address shall wrap
around. For an object with the default object base, the first attribute of the first extension block will therefore get
the address 0,0000,0000,0B = 0. This is important if the controller is used as a modem and connected to a
complex device like a variable speed drive or mass-flow gauge, which uses the attribute range 1-999.

Complex devices typical use 200-300 attributes located in logical groups in the 3-digit range from 1 to 999
where the most significant digit indicate the group. To be able to use Max-i without changing such numbering
systems, the default object base is 63. Thid also fits

The identifier, which is used as producer ID and to select an 1/O object, is called the Value ID and the identifier,
which is used to select the wanted telegrams for the output, is called the Consumer ID.

The 16 standard attributes are used for 1 producer, 1 consumer and for device identity as specified in layer 6.
Unlike other object oriented fieldbus systems, Max-i has no separate identity object. This is not possible for
three reasons:

e More devices from different vendors shall be able to share the same identifier and therefore cannot
have a common identity object connected to this identifier.

e Process equipment may consist of many different devices from different vendors located in different
locations.

The basic idea of Max-i is to use one small IC for each value instead of a common control device with
more functions, so by far the majority of Max-i controllers only have a single 1/0O object. If process
equipment needs more devices, they are typical not located in the same spot and therefore cannot
belong to a common controller and have a common identity object. For example, the big motor
contactor for a hammer crusher is typical located in the terminal board with the heavy cobber busbars.
The Max-i device, which controls this contactor and generates an acknowledge when the motor is
running (current I 0), must therefore also be located here, but devices, which for example measure the
motor temperature, speed and vibration, must be located on the crusher.

e There is no bit to select between 1/O objects and identity object and extra identifier bytes for object type
and instance would lower the efficiency too much.

Instead, the object type is a part of the 1/0 object specification attribute, and the identity attributes are common
to all I/0 objects in one device so that changing these attributes in one 1/O object shall affect all other I/O objects
in that device.

It is obvious that any producer must have a unique identifier and/or a unique object base, but this is also the
case for consumers, which also have attributes to setup and must be able to generate error telegrams.
However, since there is at least one producer and may be more consumers for a given value (same identifier)
there are only three possibilities for an individual consumer addressing:

1. It must use its own object base. In practice, this may be difficult or impossible since in that case, the
attribute range must be shared not only between the consumers, but also with the producer. If the
producer is a complex device, there may be no attributes to share.

2. It must have its own unique identifier like a producer. This solution makes it possible to use any number
of consumers and it makes it possible to use the same attribute number for different things in a
producer and a consumer and in this way reduce the necessary number of standard attributes for each
identifier. However, in practice, this is very impractical because it makes it impossible to interpret a
telegram with an attribute value if it is not known whether an identifier belongs to a producer or a
consumer, and the solution is very impractical if the device includes a producer since it is then
necessary with two identifiers for the same device.

3. It must share the attributes with a producer. This solution also makes it possible to use any number of
consumers and it fits very well with most practical devices, which have both inputs and outputs like push
buttons (producer) with lamps (consumer), motor contactors (consumer) with acknowledge (producer)
or controllers used as a modem with two-way communication. A big advantage of this solution is that it
is easy to program a consumer even if the consumer identifier is not known. You only have to trigger a
producer telegram and can then read the producer identifier and use this for consumer programming.
Besides, a producer can also benefit from a consumer to make it possible to do simple logical functions
like OR and AND. For example, if it shall be possible to switch a lamp (A) on from two switches, but at
the same time have another lamp (B), which is only activated by one of the switches, it is necessary
with an OR function for lamp A. If a producer also includes a consumer, it is easy to implement such a
function by connecting the output of the consumer back to one side of a switch and the other side to a
fixed On/high. Lamp A will then turn on if the switch is connected to the fixed On/high OR if the output
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from the other switch - and therefore the output from the consumer - is activated. In the same way, it is
easy to implement an AND function by connecting the input switch in series with the output from the
consumer.

Because solution 3 is the most appropriate, 1 input, 1 output and attributes for identity is combined in one 1/O
object.

2.5 Telegram Frame

Max-i uses synchronous communication. The telegram frame consist of a start bit, a priority bit, a local or read
bit, an optional attribute address, an optional identifier, a data field and a signature as shown below:

Start bit | Priority | Local/Read | (Attribute) | (Identifier) Data Signature
1 bit 1 bit 1 bit 15 or 16 bits | 15 or 31 bit | 1 bit | 1 bit + N bytes | 22 bit
Bus arbitration Possible bus arbitration
Fig. 2.5

In principle, Max-i is able to transmit any number of data bits, but to simplify the communication with other
devices and increase the safety; all telegrams have a length of an integer number of bytes plus two bits (start bit
and priority bit). A telegram with a different length shall not be accepted!

The priority bit, the local/read bit, any attribute bits, any identifier bits and the first bit of the data field are used
for bus arbitration. During this part, it is common to switch over from one device to another. During the last part,
there is usually no bus arbitration except for special protocols, which use a common identifier during power-up,
but transmits a unique vendor ID and serial number as data to make the telegram unique.

If a device wants to participate in the bus arbitration, this shall be done before the priority bit, but it is allowed
t hat it does noititself @ons boyiartother deeice)s Ttha latdst possible time is therefore 1T after
the start-bit from another device has been accepted, that is, at 2T. Because of the big clock inaccuracies, it is
very important that reception of a start-bit is not considered as a busy line and therefore blocks the device (may
happen in other fieldbus systems using bit-wise bus arbitration).

One of the unique things about Max-i is that the device, which has won the bus arbitration, not always transmits
the last part of the telegram with the data and signature. This is used for a unique fast polling system. Instead of
the usual poll telegram, the polling device just transmits the first part of the telegram with the identifier. The
device, which has the wanted data, may then complete the telegram by immediately adding the data part and
signature (synchronous communication). This is described in details later.

The first bit of the data field is included in the arbitration field for three reasons:
e ltis utilized for the fast polling system.

e |t makes it possible for a device to resynchronize in case of a collision between a poll and a broadcast
of the same value. In this case, the arbitration part of the telegram is the same, but transmitted from two
different devices, so if a device has synchronized itself to the polling device it needs to resynchronize.

e It makes it possible for two devices to work together on the same Boolean value for example in case of
two limit switches on the same valve. One device sends 00B and 01B and the other device sends 10B
and 11B.

2.6 Message Types

To be able to determine whether a message is implicit or explicit and to be able to distinguish between values to
the network object and from an I/O object, the first telegram bits just after the priority bit are divided in four
number ranges as shown below:
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Bit Number 0 1 2 | 3| 4| 5| 6| 7| 8| 9/10|11|12| 13 |14|15|16|17 é
Network attr. Local 0 0 oOo|0O|O|]O|O|]O|JO|]O|O]O Attribute #
0 111
Implicit ID Local : N I L L A I I )
1 1 |1|1|212|l0|2|2|2|2|21]12 ID extension (long)
First Default ID| 0 1 1 |1|12|1]0|l12]|0]|0|lO|O]|]O| 1 |1]1
1

Explicit attr. ID | Read | 1 11111 10-bit attribute number ID
11-bit CAN-A RTR | MSb | MSb Least significant 10 bits of 11-bit ID IBE| 1 |1
29-bit CAN-B RTR | MSb | MSb Least significant 10 bits of 11-bit ID {BE | 18-bit identifier

Fig. 2.6

The yellow part is the network object and the white part is the 1/O object. The number range for 12-bit
addressing is 1-4031, but only the range 1-3999 is used in practical process control. This makes it possible to
use number O for the network object, the range 4000-4031 for default identifiers and the range 4032 to 4095 for
I/0 attributes. Because of the three, long/short selection bits (bit 13-15), it is possible with 8 attributes in the
network object even though only a single number (0) is used. If a device or Max-i controller contains only one
I/0 object, the default value identifier shall be 4000, which is easy to remember. If it contains more 1/O objects,
the default value identifier for the next object should be 4001 and so on.

The default identifier in an un-programmed Max-i controller shall normally be short (bit 13-15 = 1) as shown, but
it is allowed that a manufacturer changes this to a long identifier and uses bit 13-31 as a serial number from 0 to
458751 (110,1111,1111,1111,1111B). In this way, it is easy to address an individual device on the network even
if the most significant part of the identifier is the same (4000-4031) for all devices.

The three types of telegrams 1 network telegrams, implicit telegrams and explicit telegrams are shown below:

Network message

Start bit | Priority | Local Code Address Data Signature
1 bit 1 bit | 1 bit | 000,0000,0000,0 | 3 bit 2 or 34 bit 22 bit

Implicit message

Start bit | Priority | Local Identifier Data Signature
1 bit 1 bit | 1 bit 15 or 31 bit Nx8 + 2 bit 22 bit

Explicit message

Start bit | Priority | Read | Code | Address Identifier Data Signature
1 hit 1bit | 1bit 111,111 | 10 bit 15 or 31 bit Nx8 + 2 bit 22 bit

Fig. 2.7

Note that the build-up and length of network messages and implicit messages is the same if N = 0 or 4. This
enables devices where the producer or consumer identifier is programmed to 000,0000,0000,0xxxB and the
telegram type is the same as the network attribute to issue or receive network messages in the same way as
normal implicit messages. This may for example be used for flash synchronization, for time telegrams (in case
of a device with an accurate clock) and for switching a group of Boolean devices off and back on for example in
case of lighting control or energy management. Because network messages and implicit messages use the
same telegram type, the telegram type is called an implicit telegram in both cases. Note that the
000,0000,0000,0xxxB group of identifiers shall be regarded as short in the same way as if bits 13-15 are 111B.

The Local bit is used to divide the telegrams in two main groups i local and global - where local telegrams are
intended for fast communication between a local group of devices, and global telegrams are telegrams, which
may be used by any device and are also processed by SCADA systems, web interfaces, error handlers,
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gateways etc. A Max-i controller may be used either as a stand-alone I/O device or as a modem, which
transfers telegrams on the Max-i network to more complex devices and SCADA systems over a secondary
communication channel. If it is used as a modem, the local bit is used together with a 16-bit acceptance filter to
determine whether a telegram shall be transmitted over the secondary channel. If the bit is 1, the telegram shall
be regarded as local communication and shall be blocked unless local telegram transfer is enabled (described
later). The local bit has no influence on the I/O of the Max-i controller itself.

When a signal is polled, the local bit shall be returned in the answer. In this way, it is possible for a slow
device like a SCADA system to poll samples from a very fast local communication such as a control loop without
being overloaded - just by setting the local bit low (global telegram).

Because it shall be possible to control the local bit through a secondary communication channel, it is a part of
the telegram and not an extra bit like the start bit and the priority bit.

Note that even though a signal is polled as global, all local consumers shall still utilize it, so polling a fast signal
in a control loop does not degenerate the loop performance. Also, note that global telegrams have higher priority
than local telegrams. This is important because global telegrams are usually transmitted from/to SCADA
systems, web interfaces etc., which are used to control the process.

The local bit is used as a supplement to a traditional 16-bit CAN-like acceptance filter based on the identifier
and some masks. There are two advantages of this:

e |t allows picking out individual signals even with a very big addressing range. The identifier-based filter
is efficient for course filtering - especially in case of the short identifier where there is more freedom to
group the various signals together, but it cannot select some signals from a device, but block other
signals from the same device.

e Itis possible to pick out samples from a fast data stream, which would overload the receiver (a SCADA
system) if it were constantly enabled.

A typical automation system of today consists of a PLC, which controls the process, and a SCADA system,
which handles the user interface. In such a system, the PLC will typical use local telegrams and the SCADA
system will use global telegrams. In the automation system of the future, the PLC and SCADA system may be
combined to one unit, which uses global telegrams. Local telegrams may then be used for high-speed inter-
device communication such as control loops.

Telegrams containing explicit messages shall always be regarded as global, so they do not need the local

bit and the following | D doesné6t n eltattribute nuenber, bnel it makeBh i s
it possible to use the first bit as a Read bit, which is used to determine whether the attributes shall be polled or
broadcasted (Read = 1), or written (Read = 0). The read bit is also used to solve the bus arbitration between a
broadcast of an attribute and a write telegram to the same attribute.

All I/O attributes stored in NVRAM are programmed by transmitting an explicit message on the bus i even if
the explicit message is intended for the device itself! This simplifies the controller and it has the further
advantage that it is possible with a central logging of all attribute programming. If a device connected as a
modem (see Modem object in Layer 7) wants to read-back the attribute, this must be done with a new explicit
message (poll). This is necessary because there is only one serial output channel, and this channel shall always
be ready for fieldbus telegrams and may therefore not be occupied by local communication to the controller.

When a Max-i controller is used as a modem, the first 16 bits shall make it possible to determine whether the
telegram shall be blocked or passed on. A telegram shall be passed on in the following three cases:

e If bit 1-12 are 0 and the local bit is either O or local telegrams are enabled. This is usually the case for all
network messages.

e If bit 1-6 are 1. This is the case for all explicit massages.

e |If bit 1-15 of implicit messages matches the acceptance filter (see layer 6 and 7) and the local bit is
either O or local telegrams are enabled.

Since the 16 most significant bits of an explicit message do not contain the ID and most devices use the default
base address, virtually nothing would be gained by an acceptance filter on explicit messages so all explicit
messages are passed on. This also makes it easy to make an error handler, which grasps all network
messages and explicit messages including messages to the device itself, but blocks all implicit messages (bit 1-
12 of filter set to 0).

If a value, which is transmitted by more producers, shall be polled, it is necessary to use an explicit message to
the produced value (attribute 1) in the wanted device (wanted I/O object) instead of an implicit message to avoid
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a collision with an unpredictable result, but such an explicit message must never be regarded as
containing valid process data. Only implicit messages contain valid process data!

There are three reasons for this:

e Another device may be the one, which has transmitted the last value, so the polled device may contain
an obsolete value.

e Explicit messages may be used to change a process value temporary during commissioning 1 the so-
called forcing. This is described later.

e Invalid values for example coursed by an input out-of-range or a too low supply voltage must not be
transmitted in an implicit message, but for debugging purpose it is allowed to poll the value by means of
an explicit message.

If more devices transmit the same value, there is a possibility for a collision between implicit messages.
Although Max-i can handle bus arbitration in any part of the telegram, the final result after retransmission will be
the value from the device with the lowest priority (delayed due to collision) and therefore not what would be
expected, that is, the last updated value or the one with the highest priority. However, only one device should
produce a value at a time. Besides, the time slot for a collisions is very short - approximately 1 ms for a 500 m
bus if the bus is busy and only 10 uS if the bus is idle, so even if more control panels are used simultaneously,
the probability for an undesirable value is extremely small.

2.6.1 CAN Compatibility

Max-i is 100% CAN compatible and can run any CAN protocol like DeviceNet and CANopen if the CAN ID and
control bits are located as shown with the light blue background on fig. 2.6, and the number of data bytes are
taken from the telegram length. Max-i may even run a CAN protocol simultaneously with the Max-i protocol.
Note that the most significant bit of the CAN ID is duplicated so that 0 is converted to 01 and 1 is converted to
10 (inversion is shown as MSBb). This preserves the mutual CAN priority, but ensures that the CAN ID (11 or 29
bits) will never be confused with a network message or an explicit message.

Like the Local bit or Read bit, the CAN RTR bit is transferred to the receiver. It is then up to the receiver to send
the requested reply. The RTR bit is only included for compatibility with some CAN protocols in case the fast poll
system of Max-i (described later) is not utilized. If the bit is used, any device, which is used as a modem, must
be programmed to accept both global (RTR = 0) and local (RTR = 1) telegrams.

The CAN IDE bit is inverted (shown as {BE) so that bit 13 becomes 1 for 11-bit CAN-A identifiers and 0 for 29-
bit CAN-B identifiers. This is nhecessary to select between long and short identifier, but it has the side effect that
CAN-B identifiers may become higher priority than CAN-A identifiers in case of the same 11-bit part depending
on the scrambling. This is the opposite of CAN and because the RTR bit is placed before the identifier, which is
also unlike CAN, the mutual priority between telegrams is not entirely preserved, but in Max-i, the main priority
is not determined by the identifier, but by the Priority bit.

2.7 Scrambling and Signature

To be able to detect errors in the bit stream, Max-i uses a rather special and unique way of CRC-check invented
by Innovatic and developed in collaboration with the Institute for Photonics, Coding and Visual Communication
at the Technical University of Denmark - DTU. Normally all data are just transmitted as they are and then
terminated with one or more check bytes. The check bytes are actually known information - usually 0...0, which
is scrambled with the CRC-generator-polynomial in the transmitter together with the rest of the telegram, and
then de-scrambled in the receiver. If the known information is recognizable, the whole telegram is OK.

In Max-i, all bits are scrambled - not just the check bits - and the check bits are called the "signature”, because
the system works like a digital signature at the end of an encrypted message. If the signature is recognizable
after the whole telegram has been decrypted, the message is OK.

There are many important benefits of this unique method:

e It removes the necessity for data length information. With the traditional method, such information is
necessary or else the receiver will not know when it should switch over and take the output data from
the CRC generator instead of the data input. Data length information reduces the efficiency by
increasing the telegram length and it is very questionable to use, because it must be used before it is
verified by the CRC-check.
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e The transceiver is highly simplified. It does not need to have any logic for switching between data and
check-word and the only thing, which is needed for error detection, is three XOR gates and perhaps an
increased length of the receiver shift register.

e All known information in the telegram will contribute to the safety as this information works as extra
signature bits.

e Any errors will affect the following bits so the rest of the telegram will be completely unreadable. This is
especially useful for text where it for example makes it possible to strip the signature off before the data
part of a telegram is transferred to a printer. It is much better with a "garbage" telegram than an
erroneous telegram, which looks OK.

e The Max-i controller needs not to supply the known information, which is used as the signature. It is
easily supplied by the used as any other data word.

e By using more different signatures, it is possible to transmit telegram type, value exponent, passwords,
digital signatures and telegram serial numbers without further data bytes and in this way increase the
efficiency a lot.

Max-i uses a 22-bit sighature, which is not only used for error detection, but also for holding the telegram type or
exponent, a Hamming code for the identifier and any telegram serial number. The signature shall be scrambled
like any other bits.

The start bit and the priority bit shall not be included in the scrambling! These bits are added and removed by
the Max-i controller and are not regarded as a part of the telegram.

Max-i uses the 22-bit CRC-polynomial:
GX)=x?+x%+x%+x +x+x*+x+1

This polynomial is especially designed for Max-i. It keeps the first 13 bits free of scrambling so that the mutual
priority between telegrams with the short identifier including the CAN ID is preserved and so that it can be
guaranteed that time telegrams (described later) have higher priority than all other telegrams. Although this
polynomial makes it possible to do error correction, this possibility is not utilized in Max-i as it may compromise
the safety. See annex C for further information about this polynomial.

Max-i uses two basic types of signatures i one for write of data, which needs password protection, and one for
all other telegrams as shown below.

Implicit safety (read/broadcast) message 8 bit counter
Implicit non-safety (read/broadcast) message . :

7 bit 7 bit 0000.0001
Explicit read message Data Type | ID Check ’

Network message (write-only) to attribute in RAM

Explicit write message

22 bit Password

Network message (write-only) to attribute in NVRAM

Fig. 2.8

In the following, the signature, which includes a password, is called the password signature, and the other
signature is just called the signature.

A write to attributes stored in NVRAM is always regarded as a restricted write as such attributes are used for
setup parameters, which shall need a password to change. All writes by means of an explicit message is also
considered a restricted write even though a few of the attributes may be located in RAM instead of NVRAM, so
the only I/O attribute, which can be changed without a password is attribute 2 (consumed value i see layer 6),
which will be set when an implicit telegram (with attribute 1) is consumed.

2.7.1 Signature
The Data Type is defined in layer 6.
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The ID check is a 7-bit Hamming code based on the 15 or 31-bit identifier. The purpose of this code is to protect
against masquerading, that is, a situation where the identifier is changed so that a device behaves like another
one. The Hamming code ensures that no devices where the difference in identifiers is less than four bits can
have the same signature.

To maintain the safety in case of an error on the identifier, the ID check must never be generated
automatically in the Max-i controller, but shall be calculated and loaded by a programming device!

Suppose there is an error on the attribute, which holds the producer identifier in device 8 so that the identifier
erroneously becomes 15 (3 bits difference). All devices with the consumer identifier set to 15 will now receive
implicit messages from device 8. However, these devices have the ID check in the consumer signature set to
the hamming code for device 15, and because the difference in identifiers is only three bits, the received device-
8 signature will not be the expected one, and the telegram will be rejected. In the same way, if there is an error
on the attribute, which holds the consumer identifier, the device will receive the wrong telegrams. However, if
less than four bits of the consumer identifier are wrong, the received telegrams will not have the expected
signature and will therefore be rejected. The ID check also protects against masquerading or a receiver error in
case of fast polls where the identifier is transmitted by one device and the rest of the telegram by another
device. If the wrong device answers the poll, the ID check will prevent the answer from being accepted. For
example, if device 9 answers a poll for value 8, the telegram identifier (first part of telegram) is 8, but the ID
check in the answer is the hamming code for ID 9 so the telegram will be rejected.

The selected hamming code is shown below:

Identifier bit Check bit

Fig. 2.9

All check bitsuseevenpar i ty, that is, the number of 16s includin
to a non-inverted XOR function so that if all identifier bits are either 0 or 1, all check bits shall be 0. In case of

the short identifier (12 bit plus 3 1-bits), it is only necessary to use the first 15 bits. Even if bit 16 to 31 are filled

with 0é0 or 1é1, the check bits will be the same. The
becomes the ID-check 100,1010B. Because only 31 bits shall be checked, only the even Hamming codes (plus

parity) have been used. The advantage of this is that in case of a one-bit error, the least significant 5 check bits

points directly to the error position by means of the very simple formula:

ErrorBitNumber = ( CheckWord XOR Expected-ID-check ) AND 11111B

If for example there is an error on identifier bit 3, this will be indicated by check bit 1 (parity) and check bit 6 and

7, which will have the opposite polarity of the expected ID check. When bit 3 to 7 of the Check-word and the
expected I D check is XOR6ed together, the result wildl
position (bit 3).

The producer and consumer identifiers are usually stored in NVRAM with typical data retention of 10-100 years.
Therefore, it is extremely seldom that more than a single error occurs before the error is detected. Because the
Hamming code is able to correct one error, it is therefore easy to find the faulty device with great probability. In
this example, it is only necessary to invert bit 3 of the received identifier.

To some extent, the data type of an implicit message (see layer 6) also protects against masquerading,
because only telegrams with the correct data type will be accepted. This is especially true for FIX values (see
layer 6) where the data type also contains the exponent (scale factor).

Note that the Max-i controller does not have to generate or check the Hamming codes! The ID check is just
supplied by the programming device like any other bits in the signature. The consumer identifier works as an
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acceptance filter, which only passes telegrams through with the wanted identifier. If the signature is also the
expected one, the ID check will always match the identifier so it is not necessary to verify the hamming code
and nothing would be gained by that. The only device, which needs to check the hamming codes, is a common
error handler, which must be able to receive explicit messages from all devices and therefore must be able to
accept many different signatures. The data type for the error attribute is PATTERN (see layer 6) and the 1D
check can be verified by comparing with the ID so all signature bits can be verified.

The least significant byte of the signature depends on the telegram type. For non-safety messages, it is just the
standard pattern 0000,0001B. For safety telegrams according to IEC 61508 SIL3, it is an 8-bit telegram serial
number counter. The counter shall be preset to 1 (0000,0001B) during power-up, but it shall not go through this
value anymore, but jump from 255 to 6 (1111,1111B -> 0000,0110B). This ensures that a reset condition for
example coursed by a short power-failure or an electromagnetic pulse is always detected (0000,0001B), that a
signature with a counter is newer confused with the standard pattern (0000,0001B) except for the first telegram
after power-up, and that the total number of telegrams is the counter value plus N x 250. Note that if the receiver
loses a telegram, it will regain synchronization after 250 telegrams. The timeout time should therefore be shorter
than that. In practice, the last 8 bits of the signature in an implicit message is always the output from the
counter, but the counter just remains reset for all other telegrams than safety telegrams.

The reason why the counter is reset to 0000,0001B instead of 0000,0000B is to avoid confusion with the Break
byte 0000,0000B if a UART is used, which does not support Break detection. In this way, each telegram is
always terminated with a byte different from OOH followed by a OOH byte (Break). Besides, the number of
telegrams becomes correct.

The purpose of the counter is to ensure that no telegrams are:
e lost
e appear repeatedly
e are inserted additionally, for example by hackers
e appear in the wrong order
e appear as another telegram (further safety against masquerading)

The receivers shall check that a telegram has the expected serial number. In this way, all 22 bits of the
signature are known information as with the normal signature without counter.

Because the counter is the least significant bits of the signature, it is theoretically possible that an error could
strike the counter in such a way that a missed telegram is not discovered at once. For example, if telegram
number 2 has not been received, and an error changes telegram number 3 to telegram number 2. However, the
error will be detected the next time a telegram is received from that device (telegram number 4), because it will
now seem as telegram number 3 is missing.

2.7.2 Password Sighature

Telegrams, which are transmitted/broadcasted automatically from a Max-i controller, must have protection
against masquerading as the producer and consumer identifier may be copied to rather unsafe RAM (only
protected by a single parity bit) from NVRAM during power-up. Such telegrams must therefore be terminated
with a signature with ID check. However, there is no risk of masquerading on telegrams, which are built in a high
level control device such as a SCADA system and transmitted through a Max-i controller connected as a
modem. If such telegrams are used to write data to attributes stored in NVRAM there is usually no need for a
data type either, as almost all setup parameters have the data format PATTERN (no attributes stored in NVRAM
contain process data, which may have a different data type). As no telegram counter is necessary on explicit
messages, this leaves all 22 bits free for using the signature as a password so that it is only possible to change
the content of an attribute if the password is known. The purpose of this is to ensure that any changes are only
done by personal authorized to do so, and that no attribute is changed by accident. 22 bits gives 4.2 million
different possibilities, which is enough to protect the attributes if the user has to type the password (6 digits = 20
bit is usually enough and used in many alarm systems). However, to prevent a password from being cracked or
changed by scanners, a Max-i controller may for example disable all further attribute writes to a device for 5
minutes if an illegal password is received. In this way, it will take an average of 20 years to crack a password. It
may also be possible to write protect an attribute permanently.

Max-i uses three passwords:
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Password 1 is the user password. This password only allows access to attributes, which may be changed by
trained users like process simulation (forcing) and change of hour counters.

Password 2 is intended for all attributes, which are set during commissioning, like for example the identifiers, the
signatures and the transmission speed.

Password 3 is intended for attributes, which may affect the measuring accuracy or validity of the data or affect
the safety. It is used for attributes, which are programmed by the vendor like data type, gain and offset for
measuring values, vendor ID, type number and serial number. In practice, there may be many different
Password 3 in a plant if there are more vendors, but no vendor can change the attributes written by another
vendor with a different password.

Max-i does not use any password hierarchy. No password can program an attribute, with is accessible with
another password! This improves the safety and simplifies the Max-i controller, and it has the advantage that the
user is forced to use the right password instead of just logging in as a super user. In this way, the higher-level
passwords are not disclosed so often.

Note that except for the special reprogramming mode during power-up (COM line pulled low), it is only possible
to reprogram a password if the present password is known (used as signature).

2.8 Data

The data field of the telegram consists of N 16-bit words plus two bits for process values and N bytes plus two
bits for telegrams where the controller just works as a modem. The various data types are described in layer 6.
Note that Boolean values may be transmitter with or without supplementary 16-bit or 32-bit data like timestamp
or group specification, and analog values may be transmitted with 18-bit or 34-bit resolution so that both lengths
shall be accepted, but telegrams with any other length shall not be used by the controller.

Max-i has no data length information. However, because Max-i uses synchronous communication and has 22
check bits and all telegrams with an unacceptable length are rejected; the data length may safely be taken from
the telegram length. This saves 1-2 bytes.

When a Max-i controller is used as a modem, it is in principle possible to transmit an infinite long telegram,
which could saturate the bus and block all other communication. To prevent this, the maximum data length shall
by default be limited to 516 bytes. When Max-i is used to transfer data to more devices simultaneously in one
telegram as explained in layer 6, this is enough even for 32-bit data to device 255 (requires 514 bytes of data). It
also leaves 32 bits free for offset etc. when for example big log files or software updates are transferred as more
blocks of 512 bytes. However, there may be applications where this limitation is undesirable for example in case
of display systems. Therefore, it shall be possible to switch it off by means of a bit in an attribute, which is
protected by password 3 (/O attribute 1), but t he default setting shall be A

Invalid values for example coursed by an input out-of-range or a too low supply voltage must not be transmitted
in an implicit message, but it is allowed to poll the value by means of an explicit message. This is one of the
reasons why an explicit message must never be regarded as containing valid process data!

2.9 Polling

As described previously, a polling device just sends the first part of the telegram with the identifier. The device,
which has the wanted data, may then complete the telegram by immediately adding the data part and signature.

In case of an implicit I/O message (not network message), it may do so because there is usually only one
device on the bus, which transmits a value (read-only) with a given identifier (many devices may poll it), so if
this device receives this identifier, it must be a poll for this value or an error. If there are more devices, which
produce the same value or the device produces a network message, implicit messages cannot be used to poll
the value! Instead, this must be done in an explicit message for attribute 1 (see layer 6).

In case of an explicit message, which may be used for both read and write, it is necessary with a read-bit (R) to
determine whether the device is allowed to add the data and the signature. If this bit is one, it is either a poll or a
telegram from the device, which owns the attribute, so a poll may be answered. If the read bit is zero, it is
instead a command for writing data to the attribute.

Although there is no error check on the arbitration field itself, the hamming check on the identifier, which is
included in the signature of the answer, ensures that if the wrong device answers the poll due to an error, the
answer will not be accepted.
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To be able to respond immediately, the produced value or the attribute must be present in the Max-i controller. If
the device for some reason is not able to reply immediately, it shall just let the telegram time-out and then sends
the data in a full telegram later. This is faster than replying with a "data-later" telegram and there is no risk that
such a telegram should be mistaken for the real data.

There are two situations where it is impossible to answer immediately:

e |f the Max-i controller just works as a modem for a device. This is usually the case for more complex
devices with microprocessors. In this case, the produced and consumed values and all user defined
attributes are not located in the Max-i controller, but in the device itself.

e In case of a gateway. Note that due to the fully transparent gateway function (described in layer 3),
which makes it possible to add or remove a gateway at any time without notifying the devices, a device
shall never expect to receive an immediate answer!

In case of a fast poll, the local bit is of course returned in the answer, but this shall also be the case if the
device is not able to reply immediately! Therefore, the local bit is a part of the telegram and not an extra bit
like the start bit and the priority bit as described previously.

The polling system has the great advantage that it usually does not take longer time to poll a value than to
transmit it event driven. This saves a lot of time. Besides, it is not necessary with a question buffer if a device
has more values or attributes to transmit.

2.10 Telegram Speed

Because the 0- and 1-bits have different length, it is impossible to calculate a precise number of telegrams per
second, but because of the scrambling, which generates approximately an equal number of 0's and 1's on a
long telegram, an average rate may be calculated.

The priority bit is usually O so a telegram with a 32-bit identifier and a 2-bit or 18-bit value will therefore have the
average length:

32-bit Identifier

1 start-bit 19T
29 0-bits + 28 1-bits 339T
Total time for a 2-bit value 358T
8 0-bits + 8 1-bits 96T
Total time for an 18-bit value | 454T

Fig. 2.10

If T=6 pS (1 km line), Max-i is therefore able to transmit approximately 470 values of 2 bits or 370 values of 18
bits per second with the long identifier.

With a 13-bit identifier the average length becomes:

13-bit Identifier

1 start-bit 19T
21 0-bits + 20 1-bits 243T
Total time for a 2-bit value 262T
8 0-bits + 8 1-bits 96T
Total time for an 18-bit value | 358T

Fig. 2.11
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If T =6 uS, Max-i is therefore able to transmit approximately 640 values of 2 bits or 470 values of 18 bits per
second with the short identifier.
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Layer 3, Network Layer

This layer is only used to define the transparent gateway function of Max-i.

3.1 Gateways

A great advantage of the producer/consumer model is that there is no need for any address conversion during
gateway functions. With other systems, it is necessary to have a stack of destination and source addresses and
to perform a lot of source to destination and destination to source conversions. This is not necessary with Max-i.

The only thing the gateway should do is to setup an acceptance filter for the identifiers of the group of
telegrams, which should be passes from the primary bus to the secondary bus. Because this will typical be
global values, the local bit may be used in combination with the 16-bit acceptance filter for course filtering. Each
time a telegram is transmitted to the secondary bus, the identifier should be saved so that the gateway knows
that when the information becomes present on the secondary bus it is of interest for a device on the primary bus
and shall therefore be passed to this bus.



55

Layer 4, Transport Layer

The purpose of this layer is to ensure end-to-end reliability by means of acknowledge telegrams and error
recovery like retransmissions etc. In Max-i, this layer handles any automatic retransmissions in case of for
example collisions or an unanswered poll.

4.1 Collisions
If a telegram is aborted during the bus arbitration, the transmitter shall retry as soon as the line gets idle.

A Max-i controller, which is used as a modem, shall be able to remember at least the first 13 bits of a telegram.
In this way, it is always possible to retransmit a telegram with a quick number (12-bit identifier) because the last
three bits are known. Collisions and errors after the 13" bit are extremely seldom so it is OK if the SCADA
system should handle these. If a Max-i controller cannot retransmit a telegram or an error occurs, it is
permissible that the transmission just stops without any further activity. The transport layer therefore cannot
guarantee a full retransmission of a telegram.

4.2 Unanswered Poll

If a poll is not answered within a reasonable time, the device is allowed to try once more. If that poll is not
answered either, the device shall wait at least 10 times longer before it tries to poll that value again. If there is
still no reply, the poll rate shall be further reduced at least 10 times until there is a reply so that the poll rate for
inactive devices are reduced at least a factor 100. Because of the heartbeat defined in layer 6, a Max-i controller
does not need to poll, so only high level devices need to implement this time increase.

4.3 Telegram Acknowledge

Because Max-i is a pure producer/consumer system, it has no acknowledge telegrams. It has no meaning to
acknowledge a telegram, which can be received and utilized by more devices or no devices at all. If the issued
telegram is not received, but transmitted correctly, the transmitter anyway cannot do anything, even if there
were an acknowledge telegram - except for logging the loss of telegram for later use when the communication
channel (the bus) becomes functional again. However, due to the possibility for a telegram serial number (see
Layer 2) the loss of a telegram may be detected the next time the data is polled or received.
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Layer 5, Session Layer

The purpose of the Session Layer is to set up a communication channel between devices. As this is not
necessary in Max-i, this layer is empty.
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Layer 6a, Presentation Layer. Data Types

The purpose of this layer is to ensure correct data interpretation. It describes the standard format for analog and
Boolean values and the content of the two object types. It also describes the action to take in case of obsolete
data (data timeout).

6a.1 Telegram and Data Length
There are two types of telegrams:
e Telegrams containing values to be processed by one or more Max-i controllers.

e Long telegrams, which are not processed by Max-i controllers.

6a.1.1 Telegram with Values

This is the majority of telegrams. The data length shall be 2 bits, 18 bits or 34 bits. This corresponds to the
standard value sizes word (16 bit) and long (32 bit) except that two more bits have been added.

For all data types, which do not necessary need the extra two bits, that is, most data types except for Boolean,
it shall be possible to transmit the same type of data (but not necessary the same length) to more controllers
and devices simultaneously in a common telegram. This shall be done by means of an 8-bit group specification,
which makes it possible to delay the data reception N x 16 bits so that each controller can capture the part of
the telegram data intended for that. Because N is a byte value (0 1 255), the maximum data length is 514 bytes
if device 255 needs a 32-bit value. For non-Boolean data, the group specification must be set even if only a
single value is needed (set to 0).

If it is possible, each group value shall consists of a captured 32-bit value, which shall then be expanded to 34
bits by adding the last two bits of the data field. In this way, these two bits become common to all groups and
may for example be used to distinguish between four different data types or telegram types or be used as the
least significant two bits in case of a single value. The various groups may overlap if only 16 (+ 2) bits are
needed. In that case, only the most significant 16 bits plus the least significant 2 bits are valid as shown below
with the light blue field.

Group O Group 1 Clotel Group 5
Group 3
34-bit consumed value (attribute 2)
16 bit 2 bit 00000000000000 2 bit
16 bit 16 not valid bits 2 bit
32 hit 2 bit

Fig. 6a.1

For the last group, it may not be possible to capture 32 bits if the telegram is too short as shown above (group
5). In that case, the data shall be left shifted according to the big-endian model as shown so that the two
common bits are readabletwop | aces and the remaining 14 bits are
regarded as 34-bit values. This is particular useful in case of single FIX values where it makes it possible to
accept data with both 18-bit and 34-bit resolution (same exponent) no matter if 18-bit or 34-bit data is wanted.
The number of received bits is completely independent of the number of used bits. Due to the big-endian model,
the data may be transferred to a connected device in any resolution (number of bits) starting with the MSb.

f
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As it is the case for all other data types, no group data must be accepted unless the signature is OK. In
practice, this has the desirable side effect that all data are synchronized 100% to the end of the telegram no
matter if the data is located in the beginning or in the end of the telegram.

The multi controller mode is intended for motion control, positioning systems and stage light control and for
other applications where a very high efficiency and/or 100% synchronization between devices is needed.

For stage light control, Max-i may with advantage replace DMX512 and RDM, which can also transfer 512
bytes. Because of the much higher safety, Max-i may be used to control pyrotechnics and laser lighting where
performer or audience safety is at risk. This is not allowed with DMX512, which has no error detection at all.

For several reasons, Max-i has a much higher efficiency than DMX512 because it is not necessary to transmit
all data in all telegrams so even on a 1 km bus where Max-i is slower than DMX512 (on shorter lines, it is as fast
or faster), a faster response time may be achieved:

e Because there is no fixed telegram length, it is not necessary to send data to all groups in every
telegram. This makes it possible to update the lower groups more frequent than the others.

e Each identifier corresponds to one DMX512 universe, so Max-i can handle any number of universes
(4000 or 2 billion) on the same bus and update each universe separately.

e Itis possible to use the two extra bits to select between 4 different types of data like color and intensity
(RGBW), lamp direction, gobo and special effects. In this way, one controller may receive up to 16
bytes of data (16 DMX512 channels), butd o esndt need t o r ec e.ltusdoreaxdmplen s i m
important to be able to synchronize all color and intensity, all directions and all special effects such as
pyrotechnics, but seldom to synchronize for example color with direction.

It is often claimed that a big advantage of DMX512 is that all data are transmitted all the time so that a few
errors are not detected by the audience. However, the error probability is typical in the order of e 5o that if
the transmission speed can be reduced to the half due to higher efficiency, the power in each pulse is doubled,
the skin effect courses a2 times less signal attenuation and the noise bandwidth is decreased, so the S/N ratio
is increased at least 3 times. The error probability is therefore put in the power of 3 so that for example an error
probability of 0.1% is reduced to an error probability of 0.0000001%. Efficiency is much better than speed!

Because a Max-i controller has no support for 8-bit and non-standard 24/26-bit values (no other fieldbus has
that), all telegrams with I/O values have a length of an odd number of bytes (plus 2 bits). A loss of a single or an
odd number of bytes is therefore always detected. This makes it reasonable for the controller to accept values
with different resolutions and to accept telegrams with an unknown length intended for more controllers.

Because it is not possible to transmit more Boolean data in the same telegram, the Group specification for
Boolean data is instead used to group Boolean devices together so that it is possible to switch such groups off
and back on simultaneously in a single network telegram. This is described in details later.

6a.1.2 Long Telegrams

These telegrams shall just have a data length of an integer number of bytes (N x 8 bit) plus 2 bits, and may for
example contain bit patterns, text strings, memory dumps, downloads, 64-bit double precision floating point
values, DMX512 data etc. In this case, the Max-i controller just works as a modem and the telegrams are
transferred to/from the controller through a secondary serial channel i for example, an RS-232 or RS-485
interface. The controller shall by default perform automatic scrambling and de-scrambling of telegrams through
this interface. However, it shall be possible to switch the scrambling off, so that the serial interface can also be
supervised by the CRC polynomial if the connected device is able to perform the scrambling and de-scrambling.

If it is possible for a Max-i controller to run out of data for example in case of a serial interface without a
sufficiently big FIFO buffer, each telegram shall be separated with a telegram separator like a break condition
(all bits including the stop bit equal to zero). The telegram shall be terminated when the FIFO runs empty 1
either because the telegram is finished (normal condition), the load of the FIFO is delayed, or if an error is
detected like a framing error or an overrun condition. The telegram must not be restarted or a new telegram
transmitted before the telegram separator has been received. This ensures that delayed data or data after an
error condition are not regarded as the start of a new telegram.

A SCADA system will typical be connected to the bus through a controller used as a modem. However, in that
case, the length of telegrams with I/O values must of course be the same as for I/O telegrams from controllers.



6a.2 Data Types

2-bit data are always regarded as Boolean.
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Longer data may have the following data types:

Name PNS | Max-i Data Description
Code | Code Type Length
FIX 000 |[000000| O 18 1.17 two's-complement fraction
: (FIX18) | Min. value = 2®*™ = 0.91 x 107
Max. value = 22 = 1,10 x 102
34 1.33 two's-complement fraction
: (FIX34) | Min. value = 2®***9 = 1 39 x 10"/
111111 Max. value = 2% = 1,10 x 10"
100110 16 +2 Signed integer plus Boolean
101000 18 Signed integer
110110 32+2 Signed integer plus Boolean
111000 34 Signed integer
RAW 000 | 010111 1 16 or 32 + 2 | Un-scaled left shifted data (Exp = 23)
FIXBCD | 111 |110000| 1 O 18 [-1.9999(999999..) to 1.9999(999999..)
110001 018 |-19.999(999999..) to 19.999(999999..)
110010 018 |-199.99(999999..) to 199.99(999999..)
110011 018 |-1999.9(999999..) to 1999.9(999999..)
110100 018 |-19999.(999999..) to 19999.(999999..)
110101 34 -199999.999(99..) to 199999.999(99..)
110110 34 -1999999.99(99..) to 1999999.99(99..)
110111 34 -19999999.9(99..) to 19999999.9(99..)
111000 34 -199999999.(99..) to 199999999.(99..)
BCD 001 | 111001 1 18 or 34 | BCD floating point format
FLOAT 010 | 111010 1 32 0r 64 | 32 or 64-bit IEEE 754 floating-point format
TIME 011 (111011 1 32 Least significant 32-bits of TIMESTAMP
ASCII 100 |111100| 1 Nx8 N x 8-bit ASCII string
UNICODE | 101 |111101 1 Nx16 N x 16-bit Unicode string
PATTERN | 110 | 111110 1 |16o0r 32+ 2 | Patterns of bits, bytes and/or words
UNDEF 111222 1 |216o0r 32+ 2 | Undefined (default). Used for Modem
Fig. 6a.2

Telegrams, which contain Boolean data, may or may not contain supplementary data. This may for example be

used to:

Transmit a Boolean value with or without timestamp (TIME). This is the typical setting for Boolean.

Transmit a group telegram with or without specification of groups (PATTERN). No specification = group
0-127.

Transmit a Boolean process feedback signal or alarm/level signal with or without status such as motor
current or temperature (typical FIX).

Transmit a Boolean alarm signal with or without name in ASCII. This is especially useful if PNS is not
used (short identifier).

Transmit either an absolute value (typical FIX or PATTERN) or a 2-bit Boolean signal to step the value
up or down. This may for example be useful for lighting applications where lamps may be switched on
and off and dimmed by means of Boolean signals or set to an absolute level.
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The data type for the producer and the consumer need not be the same.

In principle, a 2-bit Boolean telegram may use any data type in the signature, but since it shall be possible to
switch supplementary data on and off as one pleases i even on the fly, it must use the same data type as the
supplementary data so that the receiver is able to accept both short and long telegrams (same signature). When
supplementary data are included, they are always transmitted before the Boolean value so that the signature
follows immediately after the Boolean value.

If only 2 data bits are received, bit 0-31 of the consumed value shall not be updated except if the data type is
TIME. In this case, the local time shall be loaded in bit 0-31. Bit 32 and 33 (Boolean value) shall always be
updated.

Because the Max-i-code/exponent and the data type of a value (light blue field) do not change, they are not
transmitted as data bytes, but transmitted in the signature as a 7-bit code. As this code affects the validity of the
data, it is not stored in the signature attribute (described later), but in the 1/O object specification, which is
protected by password 3. The unused type 1 codes from 000000 to 101111 may be used for future purpose.

The PNS Code column shows the corresponding 3-bit PNS data type code. Except for FIX, RAW and FIXBCD,
this code is identical to the least significant bits of the 6-bit Max-i code.

6a.3 Boolean Data

Because Max-i uses the big-endian model, the most significant of the two bits is called bit 0 and the least
significant bit is called bit 1. If only a single bit is used, this shall be bit 0. The two bits of a Boolean value
shall be regarded as four states of the same value i never as two different values! The passive state,
which shall be selected during power up (PUR) and in case of a timeout (described later), shall be 00B.
During PUR, Boolean inputs shall be reset to 0 and after the PUR pulse, only input objects where at least one
input is 1 shall course an event driven transmission. This reduces the number of telegrams during power up
considerably and makes it possible to implement an auto-programming mode for devices with mono stable push
buttons. This is described later.

Usually, a telegram shall be transmitted each time an input changes state. However, it shall be possible to set
each individual input in the so-called on-only mode where a telegram is only transmitted when the input goes
logical high, but not when it goes low. This mode is typical used for transmitting separate on (10B) and off (01B)
or up and down telegrams by means of mono stable switches. It shall also be possible to invert bit 1 before
transmission, so that the on-switch on bit O courses a 11B telegram instead of 10B and the off-switch on bit 1 a
00B telegram instead of 01B. This is very useful for group telegrams. For safety reasons, it shall not be possible
to invert bit 0 (the main bit). This bit shall always be 0 in off-state and 1 in on-state.

The 2-bit values are extremely useful in many applications:

e For landing/two-way light switching where it shall be possible to turn one or more lamps on and off from
many switches. If only a single lamp shall be controlled, it is possible to use single-button (1-bit) mono
stable switches and a throw-over relay, but in case of more lamps, which are not driven from the same
relay, this may lead to lack of synchronization so that some lamps turn on when other lamps turn off.
Besides, it is not possible to send a command from a SCADA system to turn all lamps off or on. Instead,
it is recommended to use two mono stable switches programmed as on-only. This will course the
telegram 10B to be send when the on-switch is pressed and 01B when the off-switch is pressed, but no
00B telegrams when the switches are released. It is then easy to connect the lamp to output 0.

e For redundant signals in case of safety systems. 00B = off, 11B = on, 01B and 10B = error. Note that
because of the required synchronization between the two signals so that a 01B or 10B state is avoided,
this cannot be implemented with two separate signals, but requires a 2-bit signal.

e For anti-valence supervision where one bit is high while the other is low. If both bits are equal, there is
an error. Because anti-valence supervision is a violation of the rule that the passive state shall be 00B,
it is highly recommended to use redundant signals instead if this is possible.

e For driving lamps with up to four states 1 off (00B), slow flash (01B), fast flash (10B) and on (11B). With
traditional point-to-point wired systems one signal is enough for flashing, but in case of a fieldbus
system, it is highly impractical to send a telegram each time a flashing lamp should change state, and
the unavoidable jitter may also cause an unpleasant flicker.

e For driving | amps and LEDOGs with two colors |
(11B).
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