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-1- PROCESS CONTROL W TH DATA BUS PROTOCOL

BACKGROUND OF THE | NVENTI ON The present invention relates
generally to the 5 field of process control i nst rument s. Mor e
partlcularly, the present invention relates to a new data bus system
and protocol Q%%munication bet ween mast er control RGHEEY

peri pheral devices in process control field instrunent operating in
accordance with 10 the standard Motorola[err] SPI' protocol .-

Process control I nstrunent s such -as transmtters and controllers
are used to nonitor and/or control industrial processes. In some recent
desi gns, these pPrERECESS TONTROLIWITH'DAITA BUY PROTOCDLber of 15

i nternal devices or conponents such as a m croprocessor whi ch functions
as a master node and a nunber of peri pheral electronic devices which
act as sl ave nodes. The PRCKGROUND OF SHEr ONVENTIFON ces i ncl ude, for
exanpl e, bressure Sensal pLoLn{a3UnL 0n HACESS PLASUIRY

t enperature sensors for neasUring process tenpera ur SPVER f or

control |ing3a pEd€ads, @f gi PAPCEBS anAWETRAd  INSHIMERTSt-o- dlglM%ﬁe
converters forpagatigalatlyy, ¢€led apresert airsfemitied redtwesn tcanalmgy and

digital devicegues pulOMME ULR-bEOES] AL Otaommeswgnaegtweece' ving 25

i nformati on over a t froces control I'ces for
storing i nstructfPEREY oFORBFRY d1094S pPB@eE%rlPherqﬂe§GVF§e5aHH BY_geess for
provi di ng a grapbneabl fleldepmgfmumeﬁu(ﬁpe@btsﬁgelnrQeessdaﬁ¢alﬁith

information_l_.0 _thenggﬁgLLa'MéqgrdygmtE g?y<§ﬁ§ are internal to the 30

i nstrument or in close proxim ument. The
Process control instruments such as

transmitters and controllers are used to monitor and/or
control industrial processes. In some recent designs,
these process control instruments include a number of
15 internal devices or components such as a microprocessor
which functions as a wmaster node and a number of
peripheral electronic devices which act as slave nodes.
The peripheral electronic devices include, for example,
pressure sensors for wmeasuring process pressures,
20 temperature sensors for measuring process temperatures,
valves for controlling a process, digital-to-analog and
analog-to-digital converters for «converting data
transferred between analog and digital devices,
communication links for transmitting and receiving
25 information over a two-wire process control loop, memory
devices for storing instructions or monitored process
results, and displays for providing a graphical
representation of some process related information.
Typically, all of these devices are internal to the
30 instrument or in close proximity to the instrument. The
instrument can -include any combination of the above
mentioned slave nodes (i.e., peripheral devices). The
various slave nodes in the process control instrﬁment



I nstrument can include any conbi nation of the above

nenti oned sl ave

nodes (i.e., peripheral devices). The various slave nodes in the
process control instrunent WO 98/ 14850
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data bus whi ch connects each of the peripheral devices to the nmaster
node. WO 98/14850 [y equent|y, the master node in a procdSIUSYNANE, (o
instrument is a Motorola or conpatible 5 microprocessor or

m crocontroller. For exanple, the Mot or ol a 68HCO5 and-68HC11

m crocontrollers are comonly used as?the master node in process

control instrunents. These angd .ot her m.,crocontrol
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microprocessors or microcontrollers which operate in
accordance with the SPI protocol is in wmany
circumstances advantageous, the SPI protocol itself
introduces a number of disadvantageous data bus
requirements and has a number of shortcomings. For
example, in process control instruments, the size of the
devices can be critical. Therefore, smaller printed
circuit boards (PCB’s) are preferred for inside the
process control instrument. However, with the SPI
protocol, a separate chip select (CS) data bus line is
required for each peripheral device which is to be
connected to the master node. In addition to requiring
more PCB space for the additional CS bus lines, this
requirement of the standard SPI protoceol also requires
additional pins on the master node chip. Another
disadvantage of the SPI protocol relates to the
difficulties of adding or changirng the master node or
slave nodes. Typically, each device which communicates

.on the process control instrument data bus has a

predetermined address. Adding, removing or
interchanging nodes requires that the bus and/or
addressing be customized to accommodate the change.



25 nore PCB space for the additional CS bus lines, this requi r enment

of the standard SPI protocol also requires additional pins on the
mast er node chip. Anot her di sadvant age of the SPI protocol relates
to the difficulties of adding or changing the naster node or 30 slave
nodes. Typically, each device which comuni cates groce

control i nsWQ9844850dat a bus has a pr edet er m ned addr%‘%’é’" 977009 pqi i ng,
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facilitating communications between internal mastier
nodes or microprocessors and internal slave nodes or
perlpheral devices. The process contrel instrument
includes at least one m1croprocessor operating in
accordance with the standard SPI data bus protocol,
first and second peripheral devices, and a data bus
coupled to the microprocessor and the first and second
peripheral devices. The improved data bus protocol used
in the process control instruments of the present
invention provides numerous advantages such as reduced
printed circuit board space requirements and greater
interchangeability of peripheral and master node
components.

In some embodiments of the process control
instrument of the present invention, the improved data
bus protocol has a single chip select (CS) data bus line
which is coupled to the CS connections on each of the
master and slave nodes. In other embodiments, the CS
lines are eliminated altogether. 1In other embodiments,
the process control instrument has a data bus with a bi-
directional master-in-glave-out (MISO) line adapted to
facilitate serial communications both £from the
peripheral devices to the microprocessor, and between
the peripheral devices. 1In still other embodiments of
the process control instrument of the present invention,
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Figure 2 is a block diagram of a preferred
embodiment of the process control instrument of the
present invention including master nodes operating in
accordance with the SPI1 protocol, peripheral device
slave nodes, and a data bus coupling together the master
and slave nodes.

Figure 3 is a timing diagram illustrating the
data bus protocol wused in the process control
instruments of the present invention.

Figure 4 is a diagrammatic illustration of an
instruction byte structure used by the master and slave
nodes of the present invention.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

The present invention includes an improved

internal data bus communication protoccl for process
control instruments based on the Motorola™ Serial
Peripheral Interface (SPI). The invention may be used
for communication between devices or components which
are connected on a data bus of the instrument.
Typically, the data bus is internal to the instrument.
The conventional or standard SPI protocol supports a
master node and plural slave nodes for synchronous bi-
directional serial communications. Standard SPI
protocol requires a separate chip select (CS) data bus

ce for



Figure 2 is a block diagramof a preferred enbodi ment of the process
control instrunent of the present invention including naster nodes

operating in accordance with the SPI protocol, peripheral device 15
sl ave nodes, and a data bus coupling together the naster and sl ave

nodes, Figure 3 is atimng diagramillustrating t dat a
bus prot ocol VR B8, ¢ he process control I nstrunent s OFCTIﬁ 77 ?@gent

i nvention. 20 Figure 4 is a diagrammatic illustration of an
instruction byte structure used by the master and sl ave - nodes of the
present invention. DETAI LED DESCRPPTI ON OF THE PREFERRED EMBCODI MENTS
The present inventiopol noludes, an Jgr ovadl 25, hiLernal, data bys, |
conmmuni cati on protocol” for process Tocontro FAStTuTent s “pased’ on the
Mot orol a[ err] SErP§Pss conpepl phephrunents fef ctiisPpresape invertieom may be

used for cenmHAteatdmy shahaaed Sieyinzeso0bl AHPRANALRgEI ihgle are
connected on a ta, bus of i nstrupent .. 30 _Typicall the.data bus is
internal to theq?’ng%'?%frté)nf.o}‘pf?i “ﬁ'&glwgﬁvs’elnaﬁeoﬁ ?ﬂgﬁra%‘féﬁggﬁglﬁlarbrot ocol
supports a 5 ageeser apbieraibrpnachiangisay sonedablée omuiyiphe onbare bi -

directional semoaks €8MTHUBESAIEdata bsARBAEHReiBPbwn iniPift DRSO
requires a sepa

rate. chip.select ( data_b 98/ 14850
PCT/ US97/ 17000 R4 by afiding fp§rere‘gés’)ﬁP§F’év%n‘ﬁ}o’e".adfﬁétdﬁf‘g%bglb’r%ﬁ ocol used
in process control inBigureedt §sok Ghegprewadric iiddesticahion ofrmances
the standard SPlopi@bAcek BY prblewkngodt$bN0bPstem having a control
10 room 90 coupled to a process control instrument 100
controlling or monitoring a process. Control room 20 is
modeled as a voltage source 92 in series with resistance
94. In the industrial process application illustrated,
a fluid 102 flows through a pipeline 104. Process
15 control instrument 100, which communicates with other
process control instruments or with a master control
unit via two-wire process control loop or circuit 106
carrying loop current I,, monitors or controls remote
device 108 (such as a motor or switch) via a connection
20 107 in order to monitor or control the process.' For
example, remote device 108 can include a valve, while
process control instrument 100 includes a valve
positioner as a peripheral device. In the alternative,
remote device 108 can include a pressure sensor, a
25 temperature sensor or any of a wide variety of other
remote devices known in the art used in the process
control environment. Frequently, multiple process
control instruments 100 are coupled to two-wire control
loop 106 for controlling or monitoring wvarious aspects
30 of the process.

Figure 2 is a block diagram of process control
instrument showing various devices connected on a data
bus 100 in accordance with preferred embodiments of the
present invention. As illustrated, process control



CSline to control nmultiple slave nodes, by providing an 5 access
arbitration nmechanismto enable nultiple slave nodes to access the data
bus on their own initiative, and by addi ng peer-to-peer and broadcast
capabilities. Figure 1 is a diagrammatic illustration of a

portion of a process control system having a control 10 room.90 upl ed
to a procesVeHMBY | nstrument 100 control ling or mn?%?’?f@mjg

process. Control room90 is nmodel ed as a voltage source 92 in series

Wi th resistance 94. In the industrial process application illustrated,
a fluid 102 flows through a pipeline 104:6- Process 15 control instrunent
100, which conmuni cates wit ocess.control instrunents or with

ot,he
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Process control instrument 100 also includes

one or more of slave nodes or peripheral devices 204,

15 206, 208, 210 and 212. The slave nodes of process

control instrument 100 are typically peripheral

integrated chips or devices which perform a variety of

functions related to, or necessary for, controlling or

monitoring the process. For instance, peripheral device

20 204 is a communications link or circuitry for receiving

and/or transmitting information and instructions over

two-wire process contxol loop 106. Further, while the

devices of process control instrument 100 can receive

power from a dedicated power supply 214, in some

25 embodiments the nodes of process contrxrol instrument 100

receive power over two-wire loop 106 through
communication link 204.

Peripheral device 206 can include an

integrated chip memory device for storing programming

30 instructions for use by the master or slave nodes, or

for storing information indicative of the process

conditions. Peripheral device 208 can include an

analog-to-digital (A/D) converter for converting

information transferred between a device such as sensor



-6 - I nstrument 100 includes first mcroprocessor 200 and second
m cr oprocessor 202. Wiile process control I nstrunent 100 S
illustrated as havi ng t wo m croprocessors, it can in other

enbodi mrents have nore 5 or less than two m croprocessors. M croprocessors
200 and 202 are preferably Mtorola or conpatibl

m croproces¥ W0 control l ers of the type available in PeCWF@”%’%rerci al
mar ket whi ch are desi gned or adapted for use with the standard SPI
protocol. Typically, one of 10 m croprocessors 200 and 202 -act as the -
syst em mast er node. The ot her typi cé?Ty acts as a peripheral device

or slave node. roce contral jnstrunment, 10 sQ I ncludes
one or nore of zsjrE;avalendn('5.’é-lggrour1 sf)tee(r:ﬁ% ersg VU EEs 2%?1?151’%"-’-’%‘0?,6"2‘65 210 and
212. The sl avelfotiss inrlpgecesdgital-eomnaiog (BYRuneenvedemifert ypi cal |y

Peri pher al | coMt @ L dight AE Qﬁ?&ﬁt\dtﬁbﬁ m: lﬁéhs@ﬂiéﬁdﬂs'i SEtingky of )
unctions related to._or. necessary for, controll.ing or noni.t ori ng t he
process. For instahce™™ pif i%sf'leedrggfyoaenvi%neaﬁf@ doefdﬁei §ugh. 8 i"@atFons | i nk

or circuitr§ fopogeinamdgcontrohiryloRlfrvpbseh contyol af Yhermasdrt izmd

i nstructions OVEf valve h08- (Figui¥ A0€85 6OMMFd thaOPrdf8ss Furddifior Whil e
t he devi ce%1 f process control |sq:strurrent 100 can recelve power
%o t%he WGdes of

from a dedicate Y BRIy 1Y, T '<TheCbs5 Pro&TSSdi Hahtd

process contr ol posbtianmn21800ay be angctype ofphowepteodevice weed te | oop
106 through contfOIMMRI §ASd<E,| EBK B@fple. Peripheral a&¢iddRanal
device 206 can__incl ugg n vid nte rgt ed c mpgor devi ce for
storing pr&§ranf®RPSE Fﬁgﬂ‘&‘?ﬁoﬁs FgF WR’2 byt he ﬁﬁs%/’érl‘ca?' f9%ve nodes,
or for st opregidirioaraphdnal ndi cefthere vasunhergpoesstationscoddi ti ons.
Peripheral devi ggo288s LARteBCiHESrAdtion. analog-to-digital (A D
converter for converti A oh of itm‘eors a{tvieor}lc;td'e%n%fnerprr%dce%%t mgo%r}:r%ldevi ce
such as sensor
instrument 100 preferably includes an interrupt out
15 (INT) pin or connection for generating an interrupt °
signal, a CS pin or connection for receiving a CS
signal, a shift clock (SCK} pin or connection for
receiving a synchronous clock signal, a master-out-
slave-in (MOSI) pin or connection for receiving serially
20 transmitted data from the master node, a bi-directional
master-in-glave-out (MISO) pin or connection for
serially transmitting and receiving data, and a slave
interrupt input (SLINT) pin or connection for receiving
interrupt signals. The bi-directional MISO connection
25 on each slave node is preferably adapted for serially
transmitting data from the slave node to a master node
or to other slave nodes, and for receiving data
transmitted from the MISO connection of other slave
nodes. In embodiments of the present invention in which
30 process control instrument 100 does not include a master
node or microprocessor, the MOSI connection on the slave
nodes can be eliminated.
The master node of procese control instrument
100 preferably includes an interrupt SLINT input or
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-7- 216 and other master or slave nodes. Peripheral device 210 can
include a digital-to-analog (D/A) converter for converting digital

i nformati on or instructions so that t hey can be used by an anal og
device such_as a valve 5 positioner (controller) 218 v\,hiﬁ:br 9/“'0845 t he
position w%"%?ve 108 (Figure 1) to control the process.  Sensor 216
may sense any system or process variable and positioner 218 may be any
type of renote device used to control the process, for exanple.

Peri pheral device 212 10 can be a di spl'éy device, such as a CRT, LED or
LCD, for proyviding g anhi cal or. ot her visual representations of
process rel at ed%:ékrl1 (Li‘rgrgfﬁ%‘l[‘pn. ¥eoe?lifly ‘lntergggﬁ %1’9'? les'slaa\gg PO i n
process control correspagdingin theo Gf émengsl ¢ kbeuddavennedesrfemt out 15
(INT) pin or cogeeekkeindors geigiald NGraBdrNiRItbUPt corresfbldhg € CS pin

or connection f%%ereﬁ vii OQS the Sﬂ&na&jw & sp&]jt cl oc&t#’rrg‘g%c]?i n or
t

. ta ener
connection for . Tecel'Ving a synchronous clock signal, & - out -
slave-in (M3SI) S3Enade. cdMRTE it Pusr Epsckransyltddndaseyiad dataarsnitted
data from the nmegleemosodimputsbbs pﬁrlrele@tlhoeaﬂloqes,_ aaatg(rjmjsa) &hgﬁe-ﬁé% (M SS)
pin or connection. f serja transmtting, an iving data, an
a slave i nt errer%l%ygﬁépu?a%asuﬁzngéqlﬁtgg cSARBct Fgﬁ f{g?§§e08\’%‘r‘@
i nterrupt signalconnegeiensdi radcti bhal MISUeconnedei on 250ptdenabty, sl ave

node is preferaklivrogaptessdoroelbaldad) may ARSI LhiNer dakautrom the
sl ave node too a ma%t er node or t her_ sl ave _nodes, and_for receiving

to
dat a t1ns it ed fPOMOPREARE X5 @oﬁgg‘é‘f’i%on S of HEo"d APeF19ure noges,
I n enbodi nents & mherpprecesasdmeent iorranfighred 39 thy sesssrconde ol '

i nstrument 100 doRsefidiel NrildidProcBBs6LI202 doe8QHR BAVEI €S OMOBEESSQT, the
MOSI connection iy 08 3E@ns  in"O886Re €328 ELE MM Hinents ana
microprocessor 202 is configured in a monitor mode.

15 Process control instrument 100 further
includes data bus 220 coupled between the various master
and slave nodes for facilitating communication between
the nodes. BAs such, data bus 220 includes an INT line
coupled to the SLINT connections of each of

20 microprocessors 200 ana 202 and to the INT connection of
lowest priority slave node 204. The INT and SLINT
connections of the remaining slave nodes are daisy
chained from the INT output connection of one slave node
to the SLINT input connection of the next slave node.

25 The last slave node (i.e. slave node 212 as illustrated)
has its SLINT input always tied low or inactive and is
the highest priority slave node. The INT output of a
slave node is active if that node. is generating an
interrupt or if its SLINT input is actiwve which

30 indicates that a higher priority slave node is
generating an interrupt. This technique alleviates the
need for any additional circuits as interconnections for
arbitrating interrupts from multiple slave devices.
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an interrupt SLINT input or WO 98/ 14850
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receiving interrupt signals, a CS output corresponding to the CS inputs
of the slave nodes for generating CS signals, an SCK out put

correspondi nYOPM850 { he SCK input of the slave nodes for JEABISEVITAY SCK 5
signals, a MOSI output for transmtting serial data to the MOSI inputs
of the slave nodes, and a M SO i nput for receiving data-transmtted
fromthe M SO out put connections 6f~ the slave node.

Optional ly, m cr opr ssQr. 2 (or 200 I ncl ude an | NT. out put so
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Data bus 220 further includes an SCK line
coupled to the SCK ocutput of the master node and to the
SCK input of each of the slave nodes for transmitting
synchronous clock signals between the master and slave
nodes. Because of the addressing and other advantages
of the data bus protocol of the present invention
discussed below, a single CS data bus line can be used,
or the CS line can be eliminated altogether. Thus, PCB
space can be reduced.

Data bus 220 also includes a MOSI line coupled
to the MOSI output connection of the master
microprocessor and to MOSI input connections of each of
the slave nodes for carrying serial data from the
microprocessor to the slave nodes. If process control
ingtrument 100 does not include a master node or
microprocessor and requiresg only peer-to-peer
communications (i.e., communications between slave
nodes), the MOSI line of data bus 220 is not required.

Finally, data bus 220 includes a bi-
directional MISO line coupled to the MISO input/output
connections of each of the slave nodes and to the MISO
inputs of each of the microprocessors for carrying
serial data from the slave nodes to the microprocessors
and/or for carrying serial data between slave nodes.

nnecti on

node .. .tot
Kﬁhe ggs?lﬁT%Ré??é;ka(i.e. sl ave nodee 212 as illustrated)



has its SLINT input always tied |low or inactive and is t he hi ghest

priority slave node. The INT output of a sl ave node is active if that
node i s generating an interrupt or if its SLINT input is active which
30 indicates that a higher priority slave node is generati ng
an interrupt. This technique alleviates the need for any additional
circuits as VAPEME¥hnections for arbitrating interrupPSTUSYA M tiple
sl ave devi ces. WD 98/ 14850
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bus 220 al so includes a single CS line ~1%- coupled to the CS output of

master node mcr C r a o the .nputs of each of the

sl ave nodes. ﬁgﬁ%e&z@?sﬁ)@%ﬂfs%g&l%re}% FEPREEGAOTI B £BFeRdr &&d by 5
one of the nastefl#Rledodnd iifdikhtdsactirnahe ddea $Hlave nodes MISO ve.

It can be used asomnéledidiid arebeiaRaAbly triBSSAGLAMi b . | NEH GRER NI Ch

data bus is acti hf ot master . node is controlling nmultiple data
buses. Al te‘yﬁﬁ ;I'_VG Y, % &Y gcﬁé?%n%’htlﬁiﬁﬁwead%d\?é &§%ecd® 10 be
elinmnated. 5 the high inpgdanggssteice faxceivsr whaol adesngle SC6d hae

coupl ed to the SshedlpwWr @het Resovsies vadeiard to the SCK i nput  of

each of the slave nodes f dransmtt] synchyonous cl ock signal s
bet ween the master and sl ge\’}léttigﬁ}?bdeéﬂg Bt e’lﬁc;et h&ikdidr ddghegtand

ot her advant agesinterruyit plerity hes prottewd] of the ¥ISGedttanwestion

di scussed bel ow,12n&i ngie G3gHake Prfotitie nedl PRatSES, eneraa:q.'hgI hg CS line

can be el ”&Hat eﬂl@éxt%q:t hgrrld -tl__ e hggB an ina'tS ta':l.(iree Cg']'.r.]IliI)Te :rLgleilt(:: (1:'11'as
interrupt priority. 1In Figure 2, slave node 212 will
initially control the MISO data bus line if it is
generating an interrupt at its INT output. Slave node
210 will initially control the MISO data bus line if it

15 is generating an interrupt at its INT output, and if
slave node 212 is not. In general, a slave node
initially controls the MISO data bus line if it is
generating an interrupt, and if all previous nodes in
the interrupt daisy chain are not generating an

20 interrupt. Also, control of the MISO data bus line can
change as a result of the instruction transmitted on the
bus. By making the MISO data bus line bi-directional in
the present invention, instead of uni-directional as is
the case with standard SPI protocol data bus

25 configurations, peer-to-peer communications between the
peripheral devices is possible without increasing the
number of data bus lines or physical connections. The
above described arbitration method also aids in
facilitating bi-directional communications.

30 If the process control instrument includes a
master node, data bus control is typically performed by
the master node. If the process control instrument only
includes peripheral devices (i.e., slave or peer nodes),
the data bus control function can be provided by oné of



20 Data bus 220 al so includes a MOXSI |ine coupled to the
MOSI  output connection of the naster m cr opr ocessor and to MOSI

i nput connections of each of the sl ave nodes for carrying serial data
fromthe m croprocessor to the slave nodes. If process control 25
instrument 100 does not include a master node or m Cr opr ocessor
and  requi Wes98/14858| y  peer -t o- peer comuni cat i ons (| PG/US97/17009 _
comuni cati ons between sl ave nodes), the MOSI |ine of data bus 220 is
rot required. Finally, data bus 220 includes a bi- 30
directional M SO line coupled to the M3S31 nput/out put connections of
each of the sla nodes and.to the M SO | nputs. of each of the

i croprocessorsgg%rsg%‘r’? VITFS ©F & AP K5t 3*’??‘8&1 PRe™ AR GIGHE S 0 the
m cr opr ocessor snodes and/Ear f exangle.yi e setavé dede beitkeeintsdmawptnodes.

v€g98/14850hbt riority at the beginning of a mesEﬁQénggléggﬁﬁé the
-10- e

P
t hat, because the M SO ¢onnecti on on each of the sl ave
nodes is bi - di rgﬁg?o}ﬁ'é? ,c'?nﬁ:é""é’l §§§pﬂ’6ﬁ’gbjjlb| es r%orcﬁ ficBEPRMEC ar e
preferably ®ri-state deviRiemirel 3 dsher timingwdidgyan hel MSOraiomeect i ons on.
the sl ave nodesmggga?@ formakhér obspﬂ%acﬁnséﬁf%ﬁéﬁe%baﬁ'ﬁﬁhr?csg' ngl e

node has c%)#]tr of the M SO dat? bus |i ne. Initially,
the sl ave node @t 15 gRESESSS COPRERfr URSHEPFEY Has ERENtRTIETI the M SO
dat a bus | inegenthen hi Yhtstampihbeirtypthedgnahal IN®) genginatad an 10

interrupt and tBab s oMk | Bagtd VRodks N ahBPYrdpdSated e’n&to%%ﬁgpoéh(f;ri ority.

In Figure 2, slave node 212 wll | initially control the { ta bus
line if itl0 InTeHEpRy a%?lrﬁj’ £9aiR BPAUPREAL tg? sIFRTAR%R poits Kingle node

and with the CS line held active by a master node,

messages on the MOSI or MISO data bus 1lines are

transmitted one bit per each cycle of the SCK signal.

As can be seen in the timing diagram of Figure 3} the

15 first byte of a wessage on either the MOSI or the MISO

data lines is the INSTRUCTION. The second byte is

optionally one or more extendable address bytes EXTADR

indicative of which node the message is intended for.

Potentially, multiple extended address bytes can follow

20 the first extended address byte if needed. These bytes

are followed by zero or more data bytes. If one or more

address byte extensions are used, bit 5 of the

INSTRUCTION byte will be set to logic level 1. If the

address is fully contained in the INSTRUCTION byte, bit

25 5 will be get to 0 and DATA bytes will follow the

INSTRUCTION byte. There is no byte count, because the
message length is inherent in the INSTRUCTION BYTE.

The structure of the INSTRUCTION byte of the

MOSI or MISO messages illustrated in Figure 3 is shown

30 in greater detail in Figure 4. Bits 6 and 7 are

indicative of the command, with a 00 representing a

broadcast BRCST command, a 01 representing a status

condition STCND command, a 10 representing a READ

command and a 11 representing a WRITE command. The READ



210 will initially control the MSO data bus line if it 15 is generating

an interrupt at its INT output, and if sl ave node 212 is not. I n
general, a slave node initially controls the M SO data bus line if it
S generating an interrupt, and if all previous nodes in t he

i nterrupt daisy chain are not generating an 20 interrupt fﬁ#@ ontrol
of the M SOV@MBAAYS |ine can change as a result of t FE ?VB@IIOH
transmtted on the bus. By making the M SO data bus |ine bi-directional
i-n t he present invention, instead of uni-directional as-is t he -

case wth standard SPI protocol dat@?bus 25 configurations,
peer-to-peer co I ons Bng[ I.S spossi bl e
wi t hout mcreas%%%&i £% b%aék%esgftfg gh%u ﬁ’nes gir dah &D?Sﬁdt i
connecti ons. Theiﬂlnothf?;?bo&?@d“c‘rlrest’%‘ﬂ‘ii bERe aWBF?’F afPHRRRRt hSd aalr§61u§|5&s G
facilitating bi- éhé@djélwlccm@ﬁusl 68ta®NHje3® in another nddd he THedCeESS

contr ol instrumegﬁ% cas udeg "%nand t[}gﬁg EQOQ% \?aﬁltt?e A aq"fmcgﬂojrﬁrol

typically perfor € nmas rocess ¢

i nstrunent ofly all rm@ersu@@é pérnp#elra&eddbm@"e%%‘flée cenggning gder
nodes), the dBjachbus ceamkr otddinct iconmedd he-fictidicdedehy ofteatifs

WD 98/ 14850 a node . oth c ng Us97/ 17009

-11- the sl §9B ﬁ%’d%% can Be share by nu tl§| e slave nodes.

For exanple, the slave ndﬁhﬁ \md@hfeﬁﬁtex\a%rpﬁmn AEppiisr byt a%) t hief /]S nni ng
of a ”Essgge Cantasaumg&bm 1 vdahe, bﬂﬁdﬁé&ﬁdé)brfé&ﬂoﬁﬁcbﬁé'éiﬁ&&iéd)r t he
message ure n aar

message for it o?dﬂfﬁf%c t%gse(#l h pre;:[‘lr %835‘ 9 €fé” %"ff{ﬁ@ﬂd}ﬂ byte

before any DATA bytes are transmitted in a message. If

the AE bit is set to a logical 1, indicating the next

byte is an address, bit 7 of the extended address byte

indicates whether yet another extended address byte

15 follows. If bit 7 of the extended address byte is set

to a logical 1, then the next byte of the transmitted

message will also be an extended address byte. If bit

7 of the extended address byte is set to a logical O,

the next byte of the message will be a DATA byte. 1In

20 this manner, address lengths of any number of bytes-can

be used without modifying the data bus, the components

or the programming. This feature of the present

invention increases the ease in which nodes can be added

or interchanged. Bits 0-4 of the INSTRUCTION byte are

25 the node/obiect address. The instruction 00 hex (8

zeros) is reserved and is defined as an ihterrupt
acknowledge or a no operation indicator.

Various embodiments of the present invention

include one of three address assignment wmechanisms for

30 assigning addresses to the nodes for subsequent

communication on the data -bus. The three address

assignment mechanisms are referred to in this

application as static address assignment, master dynamic

address assignment ‘and  automatic peer  address



of the process control. instrunments of the present invention. Wth an

I nterrupt signal (INT) originated by one of the slave nodes (and
propagat ed through the 10 interrupt daisy chain and onto the INT data bus
l'i ne) and with the CS Iine held active by a master node, nmessages
on the MOSI or g?data bus lines are ‘transmtted one bit er each
cycle of the WESR1 ‘bnal As can be seen in the timng 6@5%78?9 Fi gure
3, the 15 first byte of a message on elther the MOSI  or the M SO dat a
| rnes is the I NSTRUCTI ON. The second b)ﬁt1 _ optionally one or nore
ext endabl e address bytes EXTADR I ndi ca ive of whi ch node the nessage is

i pt ended for. aé&ﬂ@%&bh@"ﬁbsﬂ@ﬂﬂﬂﬂ@h? eé&%”Q@QjﬁﬂgﬁgfésQX&QﬁgﬁﬂgntollOW

20 the first extended addre s byt ese
fol | owed by zero o?_‘ r‘r)t()ére “§at 8° %85 o%ga "r?(#" Lath d&F‘é‘s?f 5§‘Fe
extensions are thxeg mepheds &anobe m:heed on tMNSTRUGTbON. byH@aveMdr, ha set to

logic level 1. Ifalihecas a@tcgeﬁédéss ik ¥ mmxa'nﬁt t RUGL! ON
byte, bit 25 .5 wl| be S 0 and DATA byt es ) Avepd

set
| NSTRUCTI ON byt e. aé(#ﬁé’rse ‘3551@8'“89’6% cBtinfac et‘,‘aﬂ%emtlﬁ% bmadﬁé%agésl ength
is inherent in teldrieSEREETEERBYIE. It may be desitablet foet eaenhobft he

| NSTRUCTI ON byt e t}e thB8es in M¥R pQBc%sQ‘Q:&F&%qg?ﬁsti* rh'éﬁt{ "E? Qraﬁsm.gur e 3
is shown 30 reater detail ure_ 4. %
i ndi cative of thelgccsorﬁf‘agr&? Stiven a&‘% Igepr’é%tﬂ%t n@t%tlc Orbiﬂtjaa@a%t iBRCST

command, a 01 repradsenet i atprg stishuan J.dentctcﬁmelrt:lrmncSEG:N@ enataighe 8£10

;gf\gesemi & \;\Rgﬂgg/ i i OMENdiand 2 cht RREeSaBhLAY g VRLTE, seanRnd. The
PCT/ US97/ 17009 2ontrol in instrument at start-up. _qp.

In the static address assignment method, each
node has an external hard-wired address. INSTRUCTION
bytes containing the address corresponding to a

15 particular node result in the node receiving the
. corresponding message. A node can have multiple
independently addressable objects. If more than five
bits are required to address all of the objects and
nodes, extended address bytes cén be used as discussed
20 above. The address and extended address states can be
divided between the node addresses and object addresses

as required.

Both of the master dynamic and automatic peer
address assignment mechanisms are dynamic in nature,

25 which provides an advantage in that the process control
instrument nodes can be upgraded and interchanged
without physically reassigning addresses or changing the
system software. In the master dynamic address
assignment method, at reset all slave nodes/objects on

30 the bus are initialized at address zero, and all slave
nodes generate an interrupt. A master node or
microprocessor will then assign a non-zero address to
each node/object in order from the highest priority
node/object to the lowest priority node/object.



command is a request for the contents of an object in anot her node,
and the WRITE conmand is a .request to change the contents of an object
i n anot her node. The br oadcast command transmits the val ue of an
object to 5 all nodes and is initiated by the device containing the

obj ect. The status command transmts the status condition of a
node to al | WPA¥MEHMhdes. The address ext ensPERUBE/INN (it
5), if set to a logical 1 value, indicates one or nore.extended 10
address bytes EXTADR will follow the | NSTI%UCTI ON byte bef ore any DATA
bytes are transmtted in a nmessage. |f the AE bit is set to a | ogical
1. indicating thegggadt | n r he ext ended
address byte dlaelaji es @ﬁéte?‘ﬁes?eée?gggo? 8 %(I%eegn chres% zﬁ’:te 15
follows. If bit CRIRF aR e"ri‘"@é’tf"‘a%‘d?%%é’eﬁ?feét%ge %dressest ever |thgi cal 1,
then the next bytdatd bhe tt:cantslmtaesllgned nedsage Wt aks@phe, anmext ended

address byte. If pﬂt 1 inte@fubhe | S byte |s set,to a
| ogi cal O, t he n]ea}ramytee (L)IF e nmessage \?mgﬁﬁ gh dee R 20
t

this manner, addrRXE|& F?sddﬁﬁsﬁny InFHEe oflr‘by%e@aéan fleld bef usde
wi t hout rmdl fyi ngmessagiat swhthub, i hesCigmpanedttshe nodeOwit Her ik qgirgq.@gtng

This feature of ft% en | ngreases t he eas I ch
nodes can be adde t%f)r ?‘r?t s2eh aﬁ%‘g{jdk@%c‘t agF-ene I%S‘ﬁﬂj’pﬁsﬁ\l byt e
are 25 the node}bbFFERVERdtiet stntermypt; ﬁWGéFronTMShmst( ®e donezer os)
is reserved and ilsefiefd pay ashen dpdraitricpt are caaEKRAWLAE0SN Hheéd d3%a
operation ingpcat . 0 nt.s_of the present

. This ]_eatHre py&&%;ég ggg ghgﬁrcf_haﬁ&% %

i nvention i nc ude one 0 ree ad

assigning addr es&¥soUD Medptes,Rfosthe o?le%‘@lb%a%mlent suclyraanitbat | on on
the data bus. Tadd 1 thircee caddepiscement asSiagBBRBbr WB&HBN] SNB  are

referred to in this naPhd C%tl.lltggla@§csé9etelrc gggress assi.gnnent

mast er dynami c address assi gnnment ut 8rat e ET)Sése?'r nmentir ess
method, the slave node which initially has interrupt

15 authority assigns itself the first address. The node
with the highest interrupt priority which has assigned
itself the first address then uses a broadcast BRCST
command in the message INSTRUCTION byte to notify all of
the other nodes that the first address has been

20 'assigned. The next node without an address, and with
the next highest interrupt priority, then assigns itself
the second address. Subsequently, it broadcasts a
message which notifies all other nodes that the second
address has been assigned. 1In general, the node with

25 the highest interrupt priority and without an address
agsigns itself the next sequential address, and then
broadcasts to the other nodes the fact that the new
address has been assigned. As stored in slave node 206
or in other memory, a record of the last used address

30 can be initialized to zero at start-up.

In preferred embodiments of the process
control instrument of the present invention, any node
can read a message from or write a message to any object

(i.e. memory location, peripheral, etc.) of any node by
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- 13- assi gnnent, respectively. Any of the address assi gnnent
met hods can be used, and sl ave nodes using any of the t hree net hods
can be m xed on the data bus. However, in all cases the nodes nust

ei ther know i n advance the 5 address assignnents, or each node mnust
broadcast itWOMNYqgress at start-up. It may be desirabl ECTPREIN of

the nodes in the process control instrunent to transmt its respective
address, whether static or dynamc in nature, along with an identifier
i ndi cating what type of 10 node it is, £6%al1 of the other nodes in the

process Contj!’s@uiinﬁsgi ugglg% gk %flf}l{)’f%:é'{ﬁommand message %%‘llrl'g::r;g/mhgggt atic

addr ess assi gnnent. et hod, L has an ex

address. | NSTRUGRIGNEs addggegsinditated nid: tihe JAGTBYSTESN bypenahdg to a
15 particul ar rogeextesdéd addrekBebytwle AL&6LiaviyNFodd an indicate
correspondi ng nmessage. d . have . | tiple .__independently
addr essabl e obj ects. i snet,%rtggt ﬁcaor?%r&\}gn ? * |tsb%1relsr51elﬁﬁ?re% %(c {dr ess
all of the ob} ect®mRgd, with ddes adgdxesn dbip st @fethe HNTRUSTIONebysed as
di scussed 20 abawslicatisgadtieesbjand eitendnd addeesscohatesofaBnls

di vi ded between t . dd e .ect dresses as_required.
Both of the maste d’y%%%%lg'aﬁgagu odrarara% %%ge?f.atd_he agdT eSS 5?5?8?1%?@
mechani sms are dyiri®iastniedre: 25tatps cerptidiioges can doeandegdata t hat
the process cont nfidady, datstouwerElbwnodias banfee dmpdraded raidvareeraanged
w t hout physjcal |y 4, I gni addr es..or_£hangi ng th syste

sof t war e. jfél’;l t%oé't%’%%%t g&%’naﬁigg&a g(r%e%is:.so bq‘ogggﬁaﬁn%}%ﬁ Y om,f at
reset all slave rfSHePBSftecWitlorg J0ess3ge bavine 3 nBREYT | geumand adddess
zero, and all sl agject adadess gerRBLATRSTRUTTION Bytdptfolldved RSt €he NOde
or M Cr opr ocessqQr., . W h ssi,gn nonxzero address to each
node/ obj ect in or rcft%&%l%eﬁﬁiaghc?s ES’itSrP yt(:ahe menstf’&gﬁdbj ect to the

| owest priority node/obj@deaster node or microprocessor sends commands

15 to the slave nodes using the MOSI line of the data bus.
Slave nodes send commands to both master and other slave
nodes on the bi-directional MISO line of the data bus.

Thus, slave nodes can receive commands and information

on both the MOSI and the MISO lines of the data bus.

20 The MISO line of the data bus will be pulled low by an

active pull down by any one of the slave nodes. If a

slave node needs to initiate communications on the data

bus, it generates an interrupt on its INT pin or

connection. If none of the slave nodes are generating

25 an interrupt, all of the MISO output connections of the

slave nodes will be in the high impedance state,

indicating no messages are being sent from the slave
nodes.

The master node can transmit on the data bus

30 under at least two conditions. First, the master node

can transmit messages on the data bus in response to an

interrupt signal from a slave node. Second, the master

node can transmit messages at its own discretion. When

a slave node generates an interrupt, the master node
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- 14- Cenerally, the master node will generate the non-zero

addresses and transmt the respective addresses over the data bus to
t he assi gned nodes. For exanple, the initial interrupt acknow edge
fromthe master node can 5 have the address, included in_a data field of
t he mEWQLBMBSUhi ch is assigned to the node with the KEGRSLH17009
priority. As each node/object is assigned an address, it renoves its
i-nterrupt request. This nmust be done 6- before any other-operations -are

carried out on the data 10 bus. This féature provi des easy

i nt er changeabi | i1 10f ssue a\(:%’inimg.ﬁa IR AL Fo8E mee fdfelzﬂelcnasear WaRN§psuch as
t he addi tion or repI ac rrerkmeo a_sensor .nodu In the

automati c peer JATHEEEECsssi masten H88e t’tFe EFiﬁ%mh%'ﬂ‘é‘%Fbﬁ
initially has i mesponse hEssage honithe #OSIghsnetsllthe Wata bes, adleess.

The node vig o abestyl BhesERe fid Uik Wiseh s c2anbAned

itself the first, address Fles a({))oa cas %R?ecgétt nmand_i n the
nmessage INST??UCﬁtG\I“lﬁﬁségteo%oF gyMLFP Hine of & ﬁ‘ePuﬁodegft REE t he
first address hawmsdieen REie’ss siegppedse Tessaget coodeinst hnuunaaradgtess, and
with the nextfiakesk, 'rErFe”E!HEePfdﬁl-_"ung nbBEN A%S1 o5k 1, hie! the

second address. Subsequent g broadcasts a massag)
notifies all ot Her2H%tes 1ERal ??f%g%ég’o & MISO tipeRf Hakapdus- as%nfgned. In
general , the nodehernast2y nbde’ &i xgmminsenimessape o i e MOSInd iwet béut an

address  10assinsaktsehhis! N NEXcRREANAN e A0S San 20 LENoe

broadcasts to the ot nodes fa t at the new ress ﬁas been
nse Gned. As st AT eGBRye o dBSs9ge tom the slave node Lo aborted

until the next message sequence.
In embodiments of the present invention in
which the process control instrument does not include a
15 master node, the MOSI data bus line can be eliminated or
' tied inactive (i.e., tied to a low logic level state),
and all messages will treated as if they contain an
interrupt acknowledge. 1In this case, the SCK signal
must be generated by a device or node other than a
20 master node. Further, if required at all, the CS gignal
on the CS data bus line would also have to be generated
by another device if no master node is present.
The present invention provides numerous other
advantages over process control instruments having
25 master nodes operating in accordance with the standard
SPI protocol and using a standard data bus
configuration. One advantageous feature of some
preferred embodiments of the present invention is that
slave nodes can receive messages on the MISO data bus
30 line from peer slave nodes. The physical layer
communications are transformed into a communications
data bus scheme capable of master and/or slave node
broadcast type communications, master-to-slave type
communications slave-to-master type communications, and



or in other nenory, a record of the |ast used address 30 can be
initialized to zero at start-up. In preferred enbodi nents of
t he process control instrunent of the present invention, any node

can read a nessage fromor wite a nessage to any object (i.e. nmenory
| ocation, peripheral, etc.) of any node by WO 98/ 14850

PCT/ US97/ 179/@8/14850 , -'15- RCIEOPHY™® READ or
VWRI TE conmand nessage within the obj ects address indicated in the

| NSTRUCTI ON byt e and any extended adgress bytes. Al so, -any node can
I ndi cat e that a status condition exists by issuing a STCND 5
command, w th thsecadtiepeeki edlthvef bbde | NBTRUETEANdNd e Usindgidchating the

obj ect with the AL 1l Afkheures LR Aok Wdddtcdaha byte of

t he message contal ni ng t he ob%ect val ue. us condi tions cah include
dat a ready,"aEheF BOERF IWRINIERS ThAderdetit ProbPCRArRImAECERES10
software faults.mAtigde edavalmwids edthastsinhéevas Watef bus lim. olgffect with

havi d _ i ' | NSTRUCTI ON
a nessage hayi “9?/181 %Ts %%ggﬁgctdaeql bus, u@PI el a,gaygle d Q#OQ%CON

byte, followed by t , value in a e nessage.

A master node orthf cCpr d¢BEsdiasehls ERTIRFSI521WaYst MC vy e aRdes
using the MOSI |{kereforicheataba buFly elimifikaw@.nodes send commands to both
mast er and ot her sl ave The© §3989tthfh$éﬁéﬁéﬁﬂﬂél %aliwk§g?ggne %f t he
data bus. Thus, sl ave nodes can recel ve commands and in srmafi on

on both the MOSIaxhig-aatdom SeFhpa@se grhidte uggeaphygicah intEreomnsot! i ne of
the data busow | indiopunsegutoiohyimterpretatidn W pekbrdone wnianyrone of

the slave nOdeS'mdftfble slave nodes has priority and thus control of
the data bus. Further, the dynamic addressing
techniques used in the improved process control
instrument of the present invention allow the nodes to
15 be easily interchanged or substituted and allows the
software to be more independent of the hardware
configuration. Also, the bi-directional MISO data bus
line of the present invention provides peer-to-peer
communications between slave nodes. In process control
20 instruments which use peer-to-peer communications-
exclusively, the MOSI data bus line can be eliminated
all togéther, Other benefits of the enhanced SPI
protocol and data bus configuration of the present
invention include reduced integrated chip pin counts and
25 PCB interconnections which lead to a reduction in cost
and physical size, the ability to wuse existing
microprocessors which operate on standard SPI protocol,
and the fact that microprocessor locading can be reduced
via the availability of broadcast and peer-to-peer
30 communications capabilities so that communication
between slave nodes does not have to be routed through
the microprocessor.
Although the present invention has been
described with reference to preferred embodiments,



sl ave node needs to initiate comuni cations on the data bus, it
generates an interrupt on its INT pin or connection. |If none of the
sl ave nodes are generating 25 an interrupt, all of the M SO out put
connections of the sl ave nodes will be in the high inpedance state,

i ndi cati ng no nessages are being sent fromthe slave
The nmaster WOA¥IBEh transnit on the data bus 30  under 11‘%8’%57{’"{’%

conditions. First, the master node can transmt nessages on the data
bus in response to an interrupt signal froma slave node. Second, the
mast er node can transnmit nmessages atl8rts ovvn di scretion. \Wen a

sl ave node generates an insﬁrrug t he mastcﬂ 98/ 14850
PCT/ US97/ 17009 workers ski n’'the art wi rei%gnlze thﬁ&|ﬂ anges. 4

command on the MB&t be rmeadsf irhdogat anBudetail withagpoismartings fidom nast er
3036 'bS tr?ﬂsmtéhengspiﬁﬁ-f .and Fs@tépém%? %%Sfigﬁre(?ﬁllbhe Mﬁd Mmft ok thet c
ata bus e riori i nterrupting sl ave node .can transm

its message on t‘Héd‘?\’ﬁ%@‘% ﬁg Bfthtehér%%?rét 6B§ent??nt“}?é( be implenentedode’ s .
response nesSageimombyi bgpanof nprocegs contrchckilmiiredgat .t héuntthenrt, upt i ng
node can continug,{oy,s funtcﬁzﬁeﬁgltbiéécm%ﬂ‘é Qnﬂpi@rﬁeMéﬂDdéﬁ% ?,data t he

bus. If the master, node' s_response nessage Ine o

data bus is a cOFRRERPGATE NRFWRLE PRERYINRt OF firmyausotipeligkaus RE nessage
fromthe slave ndieinr sombdnbedlon. Othetri hinde demignnebsages segialce.

In enbodi ment's ofo 4, U €SeNkokNVERLAOR i Nin emBBhSRAtE PLPCESS EONt T O
i nstrunent does not i nclude a
microprocessor 200 acts as the master node,

communication by a second wmicroprocessor (i.e.,
microprocessor 202) can be implemented in several ways.
The additional microprocessor can be treated as a
peripheral device, in which case it would include a INT
15 output and would be daisy chained with the other slave
nodes. Then, the additional microprocessor would
communicate over the bi-directional MISO line. 1In the
alternative, tri-state drivers can be added to the MOSI
output of each microprocessor and all wicroprocessors

20 can transmit over the MOSI line.



nmast er data bus line can be elimnated or tied

15 d he MOS

i nacti veJﬂuﬁiUIIl"“m,my IBLI ow logic level state), and all nessages
will tre caST iy ntain an interrupt acknowl edge. In this
case, the SCK signal nmust be generated by a device or node other than
a 20 master node. Further, if required at all, the CS signal on the
CS data bus WoM¥48¥9ul d al so have to be generated by aRETHEYNIWYice if
no master node is present. ' The present invention provides

naner ous ot her advant ages over procesés control instrunments having 25
mast er nodes operating in accordance w tH*he standard SPI  protocol

and using a sgdard ord3h@p PES configuration. One advant ageous
feature of sone preferred enbodi nents of the present invention is

t hat sl ave hodes can? BEEFGES e pds 198t rReent Sonrkrtisings 30  |ine

from peer slave nodes. a midhepyduesiseal opéPy€ing in a668FAHNSALJ;@RS are
transformed into a communicatipps g t us_schene capabl e of master
and/ or sl ave node br oadcast ty%% %a%qﬁrﬁﬁlgcéf?%%%gfmst er-to-slave type
comuni cations sl ave-t o- mésttéFst yRRE RNkl davieas, and

98/ 14850 - a second peripheral BE&¥1&597447009

-17- peer-to-peer slav o) icatiops. . Usin t he nodi fi ed
data bus features and phy%"l ?gpgg%%%ec |or?§,.]i-'° Qg?m'g{(élfo S®Eirn§°t he
standard SPI protocol can addr&8® firstyperiipheral sdevivmiesand tto &hsi ngl e CS

data bus line. If 5 all nodessesonidiepdaiphdis usevidd s WRELELSd ROt OCOI

the CS |ine can be considered glygys, 2%l a oindls ShILe 23008 fUI1Y

line coupled to chip select connections
on each of the microprocessor, the first
peripheral device and the second
peripheral device.
2. The process control instrument of claim 1,
wherein the microprocessor generates a signal on the
single chip select line of the data bus to notify the
first and second peripheral devices that the data bus is
active.
3. The process control instrument of claim 1,
wherein the data busg further inciudes a bi-directional
master-in-slave-out (MISO) line coupled to the
microprocessor, the first peripheral device and the
second peripheral device. _
4. The process control instrument of claim 3,
wherein the first peripheral device transmits messages
to the second peripheral device on the bi-directional
MISO line.
5. The process control instrument of claim 1, and
further comprising means for dynamically assigning
addresses to the first and second peripheral devices for .
use in communicating on the data bus.



The resent i nvention al so includes an

arbitration techni que which uses

physi cﬁ“l"”“ﬂumnll HI 0 and/or instruction interpretation to determ ne
whi ch | ave nodes has priority and thus control of t he

data bus.® Frt the dynamic addressing techni ques used in the
| mpr oved process control I nstrunment of the present |n | ow t he
nodes to 19W°H@’@€%|Iy I nt erchanged or substituted and all gﬂéﬁ?ﬂgaw

software to be

nore i ndependent of the hardware configuration.

t-he bi-directional M SO data bus line of the present inhvention
0- peer conmuni cat i on§ "bet ween sl ave nodes. In process

provi des peer-t
control 20 ins
exclusively, th
O her benefits
of the present
and 25 PCB int
physi cal size,

| oadi ng can be
peer -t o-peer 30
bet ween sl ave n
m cr opr ocessor.
described with
PCT/ US97/ 17009

tg ument s % £8cedS ColtaRN- EﬁisEﬁ%emP 1%% 'anS
ata bus

e MOSI d 1 ne can be e
of the enh@nBEIFRHOCESSOT PRRIALINIAE %%E%r‘%?décec(dh

Al so,

I m nat e gether.
Pgurati on

i nvention tinel3Rie predocedl; i ntegrated chip pin counts

erconnectlgn§l¥@%cgbgfay%r%q gelEQuction in cost

and

the ability to use exl st n1croprocessors whi ch
operate on standard SPl pPoE8EIrd Perlphﬁﬁéltﬁév¥%%t 3ht ni croprocessor

reduced a duta bie couglledbibi the afidraateasisoandto

connunlcatlon fgg%?l' | | I on
odes does not hgve t e %%#éﬁﬁirgg dEOEEe QRHWEQ B
?@?Wﬁ%gﬁthﬁh?ﬁ¥ke@ﬁv4%WenWh6ﬁeh%stb@en
reference to prééesr eduenbitkI®iiss, a bi-direcd®o98414850

Master—In-Slave-OuE]%ﬁISO) line coupled
to MISO connections on each of the
microprocessor, the first peripheral
device and the second peripheral device.
7. The process control instrument of claim 6,
wherein the bi-directional MISO line is adapted to carry
serial data both from the first and second peripheral
devices to the microprocessor, and between the first and
second peripheral devices.
8. The process control instrument of claim 7 and
further comprising a third peripheral device having a
MISO connection coupled to the bi-directional MISO line
of the data bus, wherein the first peripheral device
broadcasts messages to both of the second and third
peripheral devices simultaneously over the Dbi-
directional MISO line.

9. The process contxol instrument of claim 7 -and

further comprising means for dynamically assigning
addresses to each of the first and second peripheral
devices for use in receiving messages over the data bus.
10. The process control instrument of claim 9,
wherein each of the first and second peripheral devices
has a priority associated therewith, wherein the one of
the first and second peripheral devices having a higher

priority assigns itself a first address and subsequently



workers skilled in the art will recogni ze 't hat changes may be made in
for mrlmml("ﬂ"'m”'mum t departing from the spirit and scope of the
i nve E understood that the present invention nay be

i mpl efenfed® 5" Sn*any type of process control instrunent. Furt her,
various functional blocks may be inplenented using any | at

har dwar e, sHO}A#8® or firmware techni que or their cgr?ﬂﬁ%gﬁfl%{? Clher
m nor desi gn changes are al so possi bl e. For exanpl e,

enbodi nents in which 10 m croprocessos, 200 acts as - the mast-er
node, communi cation by a second mcroprocessor (i.e.,

ni croprocessor %Q%)adeastgethgmasat aad£@s§ewéal thay B4 - dlrecﬂ_{&@ﬂdi tional
m Cr oprocessor %‘Pbi treat

Vi c | ch case it
woul .d include a &ne R S?PF ghﬁr%’fﬁ df?lf1 at%% h\‘fmrt'ﬁ tHE ot her
sl ave nodefirstTiand semchdnenmal nﬂevvpﬁrsocésg@ngv\ml tower
communi cat e oveli,rtlgglgg directional MSO line. In the alternative,
tri-state drlveﬁcan e,@gdedtoth I1 . out%lgjt OE e@ch
mi croprocessor drd al | PP dBRTFPIR i € 0¥ e T nE° VoS
i ne. wiBregh 14856 the one of the first and second peripheral

PCT/ US97/ 17009 gevices broadcasts the first addrejs% the o¥HAF bP greAl MED | S:
1. A process control trunen COfprl S|

mi croprocessor dp&rkt ARG %’?cé’(??mp&é”ﬁ? € GE9L8S assigns ltse]tfne SPI
bus protocol; second addresa andssubpsequehidnlyl bdeafdcasts the second a

second peri pher%.ldcﬂ%\é'sceovéf‘d the bi-directichadalAI88'S 1GQUP! €8 tond he
mcr oprocessor,

dat a

mlcroprocessor and to the one of the first and second
peripheral devices.
12, The process control instrument of claim 9,
wherein each of the first and second peripheral devices
includes interrupt generating circuits for generating
interrupts, wherein the means for dynamically assigning
addresses comprises:
an interrupt detection circuit
associated with the microprocessor
for detecting a first interrupt
generated by one of the first and
second peripheral devices on the
data bus;
an address generating circuit associated
with the microprocessor for
generating a first address; and
an address transmitting circuit
associated with the.microprocessor
for transmitting over the data bus
the first address to the one of the
first and second peripheral devices
which generated the first interrupt
and thereby assigning the first
address to the one of the first and



I rst ri her dev ice, and to the second
perlq u Mﬁ" I re|n t he data bus includes a.
si ngl | ine coupled.to chip sel ect

connecti ons on each of the mcroprocessor, the first

peri pheral device and t he second al
devi ce. WO 98/14850 The process control instrument of Crg?ﬁ{sﬁ%ﬁlﬁ

wherein the mcroprocessor generates a signal on the single chip sel ect
l.ine of the data bus to notify the fl2l’28t and second peripheral devices
that the data bus is active. The process contr ol

I nstrunent of claiml1, wherei n g&e,n@at e héll_:glt hQ{evllr&@ISude,gl@h
bi - di recti onal mast er-in-sl ave- out glghi ' to the

i u
nmi croprocessor, the first periphera® I}fg\ﬁt ﬁ‘i‘%srl: in ?é‘p ‘peri pher al
devi ce. 4. 13. TheTpeoprosessnepdtrohsinstmemerdf of achkadn 7,

wherein the firsihddQlinPBREada e Wuee i hE PREES 15 srm§§ag&slp seltéQ:tt hensecond
i ne.

peri pheral device o i,recti.onal The
process control ‘?%&%ﬁﬂeﬁ? c')’g‘lEI AheET a?\%nne‘:tllolﬁ‘rst h&t 88%‘r| §hﬁeans f or
dynani cal |y assimgiiruprocesgdur esdes figsathepdipdteradd dscioed prdi pher al

devi ces for S5%rd) feRApHBLSRlaNG N the data bus. WO 98/ 14850
PCT/ US97/ 17009 - 20- A

process control Yhstrumenf BOABFTSiGRPEXOL instrument, %?“mr Gcessor
operating in accordance wat liirst slave node;

a second slave node; and
a master node, wherein the master node is
coupled to the first and second slave
nodes by a data bus, wherein the master
node comprises:
an interrupt detection circuit for
detecting a first interrupt
generated by one of the first and
second slave nodes on the data bus;
an address generating circuit for
generating a first address; and
an address transmitting circuit for
transmitting over the data bus the
first address to the one of the
first and second slave nodes which
generated the first interrupt and
thereby assigning the first address
to the one of the first and second
slave nodes which generated the
first interrupt.
15. The process control instrument of claim 14,
wherein the master node further comprises:
an interrupt detection circuit for detecting
a second interrupt generated by the



the SPI protocol; ' a first peripheral device;

a seﬂm ﬂﬂ l“"ﬂl't"l“lew ce; and a data bus coupled to the

m cr dpmd n B 1A the first peripheral device and to

t he second peripheral device, wherein the

data bus includes a bi-directional Ma - Lh.Slave- Qut
(M SO |i neWOaBMBEY ~ to M SO connecti o%g:%vﬁbﬂla@# of the .
m croprocessor, the first peripheral devi ce and the
second peri pheral device. 7. _Phe process control-instrunent -of

cl aim 6, wherein the bi-directional MSOline is adapted to carry

serial data both fromthe firsotiaen sécorite péirpheraald secofi®visiavet 0 the

m croprocessor, and between thg,fis sl A gara §659Nd peripheral devices.
8 The process contr ol ﬁ%strur?ent ofdacfa?m 7. and further

conprising a third peri ph@PapddEsse Senanatdng circuiy Jog ganecaténcoupl ed
to the bi-directional M SO |ina secondfaddresdat anfius, wherein the first

peri pheral device br qadca sag haqt.h of t ond dthird
peri pheral devices Si m%?‘t an§§§§F§f§ o.vggaﬁt lte&tlgxlgo Jl%c?i‘lﬁg’ect ifg’%al M SO
li ne. 9. The procesSTaRFIGILNhsOVEFenERdf % mbrsandghe

further conprising neans for dyeeshd addreasstgnilieg other afldies FaT =0 each

of the first and second periph I devigce LN cei vi ng
nessages over the data bus. gﬁalﬁ?cond gy%’_ﬁeeSrbgrcr(éécseg@gcdgnti%eﬁa\r{f?{&r unment
of claim9, wherei n each BPet haqonst aifFasedmtd pepd phdhsiredavi ces

has a priority associated theragbidnindertien sdsorone a@liress tde thier st and

second peripheral devices havipgya. highef,. £;.-BE1 Ydd ysgég}'lgnssliatv%el f a
first address and subsequently )
nodes which generated ‘the second

interrupt.
16. A process control instrument, comprising:
a data bus;
a plurality of peripheral devices coupled to
the data bus, wherein each of the
plurality of peripherél devices has a
peripheral priority associated
therewith;
means for determining which one of the
plurality of peripheral devices without
an address assigned thereto has the
highest peripheral priority; and
means for assigning an address to the one of
the plurality of peripheral devices
without an address assigned thereto
which has the. highest ©peripheral
priority.
17. The process control instrument of claim 16
wherein the means for assigning includes a circuit for
transmitting over the data bus the assigned address to
the one of the plurality of peripheral devices without



WD 98/ 14850 PCT/ US97/ 17009
-21- ' he first address over the bi-directional M SO
l'ine H“'“Hmmnﬂﬂm ssor and to the other of the first and second

peri pheral devi"ce§ having a | ower priority. 11. The process
control instrunment of claim 10, wherein after the one Ltli/l{l‘%?/{oh g St and
second peri BWEMSA#850  gevices broadcasts the first addresst )

t he first and second peripheral devices assigns itself a second
address and subsequently broadcasts the sgcond address over the
bi-directional MSOline to the m croprocessor and to the one of the
first and SeCondan aMé's@‘eééélc_ﬁ%d CeRereto #Rich has/NenBr gontrol
i nstrument of cla each of the first and second peri pheral

devi ces i ncl Hﬁlésp]f"ﬁf%]r Fti‘dr“dé?(m ating circuits for generating
interrupts, wheraBn the nefamethod afydymariddl yagss igning addraddees!s:es

conprises: peripheral devﬁébs ihnGergritless d@ér?&tdlonlnstﬂtﬁéﬂﬂ t
associated with the m croproc ctlnga

SS for det
first interrupt Wnerein eacho ehe periphexral dRwires, h&ﬁeaoﬁ’elﬂ'fehefl?ar t and
second peri pher abrdevitesasspdilséed therewith, the method colmpmisirsy:

an address generating circiideA399852WR8ch of the perlpher 1 devicddh the

m cr opr ocessor for eneratin I rst a dress
and an  addrBsut ap agdngss prgion iir'&]a‘?’fe °
associated with the mcroprocesder highest peripheral pnrorlty
transmtting over the data bus ;ggociated therewith; the first address
to the one of the first .and second peri pher al
devi ces assigning,an Hidé’é’ﬁérsa‘f‘éotlﬁ@eﬁl%"?r?ﬁt%?‘ﬂﬁﬁ

and thereby assigning the firstwithout an address assigneddresscdt®m the one
of the first and which has the highest peripheral
priority associated therewith; and
transmitting over a data bus the assigned
address to the peripheral device without
an address assigned thereto which has
the highest peripheral priority
associated therewith.
19. The method of claim 18 and further comprising
sequentially vrepeating the steps of determining,
assigning and transmitting until each peripheral device
of the process control instrument has an address
assigned thereto.
20. A method of dynamically assigning addresses to
a plurality of slave nodes coupled by a data bus to a
master node operating in accordance with the SPI data
bus protocol, wherein each of the plurality of slave
nodes has a priority associated therewith, the method
comprising: _
determining which of the plurality of slave
nodes without an address assigned
thereto has the  highest priority
associated therewith;



WO 98/14850 PCT/ US97/ 17009
-22- UHIIILHJI“"IL"I'””'IL second peripheral devices which
gener at rrupt. 13. The process control instrunent

of claim 7, "whé&rein the data bus includes a si ngl e chip select line
coupled to chip sel ect connections on each of the m croprocessor, the
first peri pﬁ@?gff 4% i ce and the second peripheral devPEEUSITIT00974

A process control instrunent, conprising: “a first slave
node; a second sl ave nodedzsand - a master node,
wherein the nmaster node is coupled to the first and
second sl ave assigninB0des hyad-<dat arBusyn¥hesel e t he, ster
node conpri ses: withouf" |nterJdu t det ectlon circult
detecting a first int erry e ess assigned ‘h}é?rﬁtéﬂ by one
of the first and ich  has setibad shi?e;'lsestodeSpn'mzﬁlw dat a
bus; f i an agdéaaiatg&r@{e%iewgh Chﬁ&ul td for t "
generating a first addres address transmitting
circuit for Scransmlttmgt?‘éﬁ’érﬁkﬁ |‘?'thao\}§+s tHe BB t he
first address to the one of theddress to the slave node Jﬁl\lllltﬁ.buaﬂdirﬁ(?,‘COI'ld
sl ave nodes which address assigfiRNaALRE d Ry Stad &S T upt
and kg‘ bg assi nln theflrst adre

to the one of the first and se E £ prictity’ associatea the%?"éi\l’él ‘nodes

whi ch generated 2he A system comprising: first interrupt. 15.
The process control |nStr%ﬂﬁ&hr@ér&%éﬁéarléperating in accordance with

the SPI protocol;

a first peripheral device;

a second peripheral device;

a data bus coupled to the microprocessor, to
the first peripheral device and to the
second peripheral device; and

means for dynamically assigning addresses to
each of the first and second peripheral
devices for use in receiving messages
over the data bus.’

22. The system of claim 21, wherxrein each of the
first and second peripheral devices has a priority
associated therewith, wherein the means for dynamically
assigning addresses includes means for the one of the
first and second peripheral devices having a higher
priority to assign itself a first address and
subsequently broadcast the first address over the data
bus to the microprocessor and to the other of the first
and second peripheral devices having a lower priority.
23. A method of communicating on a data bus in a
process control instrument, comprising:

generating a chip select signal on a single
chip select line of the data bus coupled
to chip select inputs of each of first



wherein the naster node f

oo e Y TR

PCT/ US97/%7009" ™

ot her of thgwfirst and second sl ave

bus;

urther conprises: an interrupt
ecting a second interrupt

WO 98/ 14850
-23-

nodes_on the data
098714850 address generating circuit for gener ACTyP7/17009

a second address; and an address transmitting circuit
for transmtting over the data bus the .
second address to the other of the first and second

sl ave nodes whi ch gener at
t her eby

generated 'the second

a plurality of peripheral
bus, wherein each of the
has a

therew t h;

plurality of peripheral devices withaout

assigned thereto has the

ed ‘and second periphlelf@l 9€4¢98ds, | Ghetsunt
assi gl 09,115 38507 AL $5% 0 NS 1y

other of the first and second slav
microprocessornpPperaping in aggordanceA

process control instrument, conpidisi the SPI data bus? §oRobHE: to

devi ces,.coypl

and

t . t he dat
indicate etq‘atop‘?}lﬁ 353 B#s piei BﬁEF‘ég" dgv?ces

peri phendl priority  associated
Meassh it GRf r Watiang wRbkh oBgeof Lhe

the

an  address

microprocessory; ikt P pn8raLPRRTRtity;

and

device and the second peripheral device
over the data bus while the chip select
signal is generated on the single chip
select line coupled to chip select
inputs of each of first and second

peripheral devices.

24, The method of claim 23, wherein transmitting

data further comprises:

. transmitting data from the microprocessor to

one of the first and second peripheral
devices over a master-out-slave-in
(MOSI) line of the data bus while the
chip select signal is generated on the
single chip select line coupled to chip
select inputs of each of first and
second peripheral devices.

25. The method of claim 23, wherein transmitting

data further comprises:

transmitting data from one of the first and

second peripheral devices to one of the
microprocessor and the other of the
first and second peripheral devices over
a master-in-slave-out (MISO) line of the
data bus while the chip select signal is
generated on the single chip select line



nmeans for assigning an address to the one of  the

Besi oned”therbto Lo S hieh has the\Mthmlm ||En Sl l|||

priority. 17. The process control instrument of* clai

wherein the means for assigning includes a circuit for ting
over the dam® 980859 he assigned address to t he one of ‘f#éﬁs%%zﬁgsfl ty of
peri pheral devices w thout ' WO 98/ 14850

PCT/ US97/ 17009 —99- - 24- an-addr ess
assigned thereto which has the highest peri pheral priority. 18.

A method of dynanically assigneogolsiiitesersptselect ipputPhef alachewvitces in a
process control instrunent, t | . devi ces has
a peri pheral priority assom%\({]ea[dﬁdt %éa?g\%mgtﬁérjf$ lpa%t &elc%rrprl si ng:

det erm ni ng whi c3f of the Pert§ihadl cfleimanicating on a data RuShout an

addr ess assi gnectbhdtirieri 8iP86 and second peripheral dd\@ceshifhegiroceperi pher al

priority ci.ate rew th; assi gni ng
an address to th‘:eorbtel?cjll ngsgruﬁéﬁt? A q"ett%%d comptising: wi t hout an address -
assi gned thereto transmlttlng wHats  Heeem t e i gHesctigaalpher al
priority associated therew th; magger-in-slave-out (Mjsz&ﬁﬁéé@l&ygh a data
bus the assigned £1r &6 dreersis teoa er.i pheral d \u ce
Wi t hout- antBGgFLEE R RISE h t18ev\ﬁ| Eh Ras*
the  highest peri pher al firestignal MISO line on the data bus;

and _

receiving the data transmitted from the bi-
directional MISO connection on the first
peripheral device at a bi-directional
MISO connection on the second peripheral

device.



associ ated therew th. 19. The ﬁéfﬁod of claim 18 and further
conpri si ng sequentially repeating -the steps of determ ning,

assigning and transmtting until each peripheral device of the process
control instrunent has an address assi gned thereto. A
met hod of dynam cally assigning addresses to a plurali c% of sl ave
‘nodes coupl e¥OBY485at a bus to a nmast er node oper at i n§CHVSEAIMPdance
with the SPI data bus protocol, wherein each of the plurality of slave
nodes has a priority associ ated ther¥dith, the method conpri si ng:
determ ning which of the plurality of slave nodes
wi.t hout an address assigned ' thereto has the
hi ghest priority associ ated therew th; WO
98/ 14850 PCT/ US97/ 17009
- 25- assigning an address to the slave node
W t hout an address assigned thereto whi ch has t he
hi ghest priority associ ated therewith; and
transmtting over the data bus the assigned address to
t he sl ave node w thout an address assigned thereto which
has the hi ghest priority assaeLazzfnthereMAth 21.
A system conpri si ng: a mcroprjopessor oRgrating in accordance
W th the SPI protocol; N a first peripheral
devi ce; %3 %3 N
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a second peri pheral
m cr opr ocessor,

t he

for dynam cally assigning addresses to
and second peri pheral

nmessages

claim 21, wherein each of the

priority

assi gni ng addresses includes neans f
devi ces havi ng a hi gher

peri pher al
addr ess and

devi ce; a data bus coupled to the

the first peripheral device and to

second peripheral device; and nmeans
each of the first

devices for use in receiving

over the data bus. 22. PCTREI78JWPem of

first and second peripheral devices has

ein the neans for dynamcally

t he one of the first and second

priority to assign itself a first

subsequent |y broadcast the first address over the data

to

WO 98/14850

a
associ ated therewith
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