LOW HEAT DISSIPATION I/O MODULE USING DIRECT DRIVE BUCK
CONVERTER CROSS-REFERENCE TO RELATED APPLICATIONS
[00011-- STATEMENT REGARDING FEDERALLY SPONSORED
RESEARCH OR DEVELOPMENT 100021-- BACKGROUND OF THE
INVENTION [0003] The present invention relates generally to industrial
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industri control%rs to controlle
wire, current-loop circuits are used to provide electrical signals to a variety
of industrial devices, for example, valve actuators or meters. Such circuits
typically produe8aSgehRERIRENER BOtBEL-4didr AP HaAGAT HANGh state
from 4-20 mA, according to a receivgﬂ,(}q?mrol signal. By controlling
output current instead of output voltage, changes in resistance caused by
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current-loop circuit may use a curre gﬁ fq_r Circuit providing a controllable
current source that generates the 4-20 mA signal based on the control
signal. The current sifEKigRUBPIBIWITHHIOWEY BEiFI@voltage supply,
[00@@?@9 SRR as [DRE0 @Q@Qﬁ? 1¥QlRas ARG A¥Qlladg valug icular, to
sufficient to drive the peak current required across the range of exbect%acr[
curfsRHio R LSRR plseth & oer PR Ay RdMTIEah resistiate frorpappHsKingtépynent and
proé&@@&Qhms for a solenoid valve to approximately O ohms for a panel meter.
To provide adequate range of currents for these different loads, typical
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indleast2devidiis, {000Mhilevthecosiginal s wrentdQeop SikeHitSeReY %ﬁﬁcﬁmﬁ produce a
def iné'xr%/ mode, current-loggs %re .also used to provide for "analog” contro
“orcu br

P&%%,%R}Pd}hgg%%y NGRS state from 4-20 mA, according to a received

control signal. By controlling output current instead of output voltage, changes in resistance
caused by different lengths of wire connecting the current-loop circuit to the load and variations
in load resistance, are better accommodated.

[G005] A typical current-loop circuit may use a current mirror circuit providing a controflable
current source that generates the 4-20 mA signal based on the control signal. The current
source is supplied with power from a voltage supply, commonly referred to as the compliance
voltage, having a voltage value sufficient to drive the peak current required across the range of
expected loads. For example, the loads may range in resistance from approximately 750 ohms
for a solenoid valve to approximately 0 ohms for a panel meter. To provide adequate range of
currents for these different loads, typical loop driving circuits are provided with compliance
voltage sources of at least 24 volts.

[0006] While the original current-loop circuits operated in a binary mode, current-loops are
also used to provide for "analog" control of current providing any current within a
predetermined range of currents.

[0007] The power dissipated by a current source used in a current-foop driver will depend on
the excess compliance voltage beyond the voltage needed to provide the desired current output.

Thus, while it is desirable to have a high compliance voltage to provide high current outputs to



predetermined range of currents. [00071 The power dissipated by a
current source used in a current-loop driver will depend on the excess
compliance voltage beyond the voltage needed to provide the desired
current output. Thus, while it is desirable to have a high compliance
voltage to provide high current outputs to | high resistance loads, such
Lol langce r igh power dissipation in the,. . . .
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curty e G, WUDBOhRISsRIERT e thIS tdickweseisTesi provilbade are used.
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, ower supply providing one or more different compliance voltages “or a
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incqQroporat erence, describes such a system. In this
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that can be changed fast enough, even after the necessary filtering, for

-direct cur contr I.}l_gﬁ /O current-loop circuit, eliminating the need
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ra current control t and the heat dissipation of this element.

[000he Tedpeechhentdissipatioteaitavisedi ghrde sehHRMOUMIES < 30809a] when used
n f the present invention i rrent-| in

as PO AR A SRR R Bl S S e oo Be RasY St even after

the necessary filtering, for direct current control for an /O current-loop circuit, eliminating the

need for a current control transistor and the heat dissipation of this element. The reduced heat

dissipation allows high-density VO modules.



module for an industrial control including at least one output circuit
comprising: load terminals connectable to a load; a control input receiving
a control value from the industrial control indicating a desired current to
the load; a current sensor providing a current value measuring current

received bé the load through the load terminals; a feedback circuit
[0008abiving the<casrFst PAIt BFthe BUFRSNVAIOR I8 SR FHHB ATIO8R SRPUL/outpuL

mo@uP et and aiswiehingeicuit haviag:atdeasbaneselid skate: switghisig: load
switching circyit receiving.the error output and. a.one supply voltage and
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exclusively'in'a switching mode, being driven to eitherTfully on or fu onHgll
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elements not operated. in a switching mode. [OOOQb}DAn alternate aspect
receiiving e sErRIRERN0ATSTOVIERS BPIHHLSHARE oMifoPS5Stéih HisnfistisiRg unit

perfilIRIHSIIRhSQRTEOHRr @Y SILHNEL RSO FER 1 QUAMAAQ I RERIVINEL COMMEI: to the
inputs from control devices communicating with an industfr}j?al pr?cess an

loagt 2t (Brittol RIS B CoMEI R iteX UonGNTEARG With fies tching
cird0HWgitialrsesseat ileaskcia o pubhy ik nhtde receiving thecontidly off
; outputs to communicattefrsig]nalls to 1{3 ds of the.control ?e iC A tped terminal
N a’iﬁsp t‘ﬁh‘frﬁﬁ%acﬁ’lrerqrﬁcluglng 5 psmfrlal i}lﬁf%ﬂ Bhtcgﬂ%%ﬁ § Each (08¢ termind
witbonmprising e tbranin akkloom stdblstocadeadhiagoltrahin putt regentingin a
W c]%ﬁgt%%aéalue from the industrial control indicating a desired current to
the ldad; a current sensor providing a current value measuring current

[0%Eddived by\theltoadieraeghahiifopigsebiiivenson rsevlatRtipsytirial control
syHeReIVIng he.contiol \rlue And, the gurrenivale 10 RERMAB BRRITRY receiving

output; and a swﬂchéirrrli circuit having at least one solid state switch, the
coRSFAt PR il FOBBRAM HE O OUPEREHY WiBha sl iaiageshdnd to
prdiagedandheugrmirel pubpesiadicalbhannmiesting #ieh suppiyivHAgS §0es; at
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loads of the control devices, the input/output module including a plurality of output
circuits each comprising: load terminals connectable to a load; a control input receiving a
control value from the industrial control indicating a desired current to the load; a current
sensor providing a current value measuring current received by the load through the load
terminals; a feedback circuit receiving the control value and the current value to provide
an error output; and a switching circuit having at least one solid state switch, the
switching circuit receiving the error output and a one supply voltage and based on the
control input periodically connecting the supply voltage to a load terminal to control the
current to the load according to the control value; wherein all solid state swiiches of the
switching circuit operate exclusively in a switching mode, being driven to either fully on
or fully off states; and wherein current from the switching circuit connects to the load
terminal without passing through any additional solid state swiiching elements not

operated in a switching mode.
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switching circuit operate exclusively in a switching mode, being driven to

either fully on or fully off states; and wherein current from the switching

circuit connects to the load terminal without passing through any

additional solid state switching elements not operated in a switching

mode. 2a [0009c] A further aspect of the present invention provides a
[0088elent-loop ifitiRUBSEEFhoiUIE forPasF FRELEMRIEDhtISPEHERAd i gewrTent-loop

inpTHHRIG GHERNE- BP R/l eRaN LSO/ IR QAL B IRRURRHIISPTIO circuits
module comprising: at least one integrated circuit including: at least one
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incRudRgired iewr Rk tediie ldagiarsosans foreerivingua auitetivalietrial control
._Ineasuring current receivz’d P%é_he load; agi}‘eedback circuit receiving the . =
InGHRS) AT St IR et VAl TS Brotiad SR eRd P SURBTY, ZRE R e mne
cuiseitchineyeirbyititaving atdedistchne adlidestaténstiitclonthe switehmbthe current
circuit receiving the error output and a gne supply voltage base,
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switching mode, being driven to é€ither fully on or fully off states. [0010?_
cogpacifie B Hotheeplease AtSPVBREGA ProrEBEA dalventabgigin all solid state
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circuit with load terminals connectable to a load and a control input

eithsE SN G R BRI AYERREfrom the industrial control indicating a desired
(0000 SRELEINE {0REn ATRUFFERS SNGAT RO BideSia:CH eRinalip MPAsWiifE module for

current received by the load through the load terminals and a feedback _
an e RCETDEY e B Vit PR FHEHE VTR P FGURIB AN Spgrctable to a
loz@uipdt. 2Acondishingieirendiiaying @bleashane seif shatensvdtenireeaves indicating a
the error output and a one, su Ig/voltage, and pased on the control input.
deeo LY B Ecihe &55@ OIS RS & inthigtar i foFifasuring current

redeikraingl tthednadthifba gurrenivtal thedoadiacedrdifgeivibe cobirolr¢atiges the control
When,the s ot _connected to the inductor a diode

v R R R TR A the SO GHIRE cHeut having at leas.one
solid state switch receives the error output and a one supply voltage, and based on the control
mput periodically connects the supply voltage through an inductor to a load terminal to control
the current to the load according to the control value. When the supply voitage is not
connected to the inductor a diode continues the current to the load terminal. All the solid state

switches of the switching device operate exclusively in a switching mode being driven to either
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switches of the switching device operate exclusively in a switching mode
being driven to either 2b fully on or fully off states, and current from the
switching circuit connects to the load terminal without passing through
any additional solid state switching elements not operated in a switching
mode. [0011] It is thus one aspect of at least one embodiment of the

fullinventidulty pitstdesaandreanedofpreitayitwitthlaw pRve gissingtionansad terminal

. PAILS: . Direct feedhack control, of the compliance voltage i
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swiidnog\wiediing mode. [0012] The switching circuit may include a low pass
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Con%?% er aspect of a ()I%ast qne ¢ bodimeé[:’:é of the invention to providea

stable current leedback Signal SohBIEYOFFELahEEIEREM e pouis dismipation.
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[0016] The current sensor may be positioned after the filter.

[0017] It is another aspect of at least one embodiment of the invention to provide a stable
current feedback signal suitable for feedback control.

{0018] The switching circuit may be a buck converter controliing a duty cycle of switching of a
supply voltage to the load.

[0019] It is thus another aspect of at least one embodiment of the invention to use a switching
circuit that can provide for rapid changes in current. The buck converter provides reduced high
frequency output that allows the design of a filter that is consistent with a need for high
transient response.

{0620] The switching circuit may include a first solid-state switching device connected from
the supply voltage through an inductor to the load terminal and a second solid state switching
device connected from a ground through the same inductor to the load terminal, the switching
devices being activated alternately.

[0021] It is thus another aspect of at least one embodiment of the invention to provide a

switching circuit that actively pulls the output either high or low for rapid transient response.



[0020] The switching circuit may include a first solid-state switching device
connected from the supply voltage through an inductor to the load
terminal and a second solid state switching device connected from a
ground through the same inductor to the load terminal, the switching
devices being activated alternately. [0021] It is thus another aspect of at

Thieastanemplizhedisienafle RYLBIoRAAPTAVILE 2 SWILEhINg Girguittha ing current
fmac&vefx E%Ils the output either high or low for rapid transient re ponse?
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Ipply. voltage n the first solid state switch is subsequently
O T i oo svodite ervboisa meleirgiss.

{008 lipie ensiber cipaitso {00283t mar?meqaﬁaﬁcﬁpm iga&émgm péovide a circuit
h kediment.of the ipyention to provide a circuit having both reduced part _

av?cﬁ)% nt and heat g.ibs?éipé%%r%%t% }gﬁg\é\? Sr%)ﬁ‘% e tt;?r@hﬁg t@'ﬂ?@fﬂ%}{ﬁb’éﬁtﬂlb%ﬁa‘:kaged n
an EXHFRRBIF BRISRECUD bt eogettogathen onteprdniegiiated circuit. [0024]
[00ThesRepagiculanfeatrasand agvan ay apply to only some . -

. e,mbodim_gnts falling within the claim%%an%i%}sp éqiyr{%to i%%n} SERgflngpts falting
WHHE e RARS A EHIEE (P CRipT IoN P THEhE IGYRIBS. 100251 Fig. 1 is

a block diagram of an industrial control system suitable for use with the

BRErEdeRt GRIBRTION shoWifig EIGUREmodule having multiple current-loop

ircgits il Fig..2 is a fragmentary. schematic representation of a prior
O B A B R e Do st present

mveEigncthesseulde oodilehaioadn{003E] figedibagfigrigsimilar to that

{Og%&g .Zzshp\gi@& ' rt improvement over the current-loop of Fig. 2in
wrilichga compliance vI(ll)?t ggct}ge ing the SorPENREN R gPnRSHE FhriSEsrtdgop cireuit

shogihgsteqno vatine povisrdissipatiorintiine ransisten; [00R8](Figibis ad:
roofigure.similar, tg ot Figs: 2.:and. 3 showing a current-loop circuit of the

present inygntig%?%t \'N.hiICh a swﬁéﬁ?nglﬁi\cl)%e%lc%%%aan Bty FERent over the
cun‘&ﬁé-&[gpcm\;ég. théd \BRigh 2 compliance voltage feeding the non-switching mode transistor

is adjusted to reduce power dissipation in the transistor;

[0028] Fig. 4 is a figure similar to that of Figs. 2 and 3 showing a current-loop circuit of the
present invention in which a switching mode compliance voltage source directly drives the
load;

{0029] Fig. 5 is a detailed block diagram of the circuit of Fig. 4 showing a synchronous buck
converter such as forms the switching mode compliance voltage source of Fig. 4 and
configured fo provide high transient response;

[0030] Fig. 6 is a schematic diagram of the converter of Fig. 5;

[0031] Fig. 7 is a set of plots of voltage versus time for different points in a schematic of Fig.
6; and

[0032] Fig. 8 is a block diagram of the principle components of the invention as may be

icorporated into a single integrated circuit.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT

[0833] Referring now to Fig. 1, an industrial control system 10 may include a controller 12, for



[0029] Fig. 5 is a detailed block diagram of the circuit of Fig. 4 showing a
synchronous buck converter such as forms the switching mode
compliance voltage source of Fig. 4 and configured to provide high
transient response; [0030] Fig. 6 is a schematic diagram of the converter
of Fig. 5; 100311 Fig. 7 is a set of plots of voltage versus time for different

. Qoiqts in a schematic of Fig. 6; and [0032] Fig. 8 is a block diagram of the
e S B RS iR TP KBS iy b IRQBTBH R Hd b the like,

[ﬂ&iﬁgFélicltegmm&rcinuﬁajaErWﬁBxDE&CR@Tﬂ@cNI@F(@T'Ehowq) or may provide a
EV%E(F RRED EMBODIMENT [0033] Referring now.to Fig. 1, an industrial
necontro%@?&%ﬁﬂl may IRe o eﬁg) é?)%l?r%ﬁeﬁg 12,9 ?8?[/ pAEVES it L& BR e a power
suppdyed prograsmfontiie contnllofaciindusiial firobessitdtosdpeilikgit 22 may provide
an[0Q34L I e cantallen 12 mayprevide for lacal I/O modules (not shown) or . ,
may [:rl)rcc;vidé1 a network connectﬁ)\é]l%%%%aa& Pear%%%eoif(‘jnr%oor éf)éufif Q HB industrial
PropgsiUies 18 may include a power supply 20 and one or more current-loop

[0E3RULS&2inE ARl Te - 190R, Cir gL 2 i trical .. '
connecti_ort1n§4 to a load 26 such as acmsgg%\élgﬁsg% %lgr%né%at&gg% %ﬁe" rovides a

COMEtHEE R ote st 4406 S5 S RER FIRE O eFIgiTRt ipvarpronestioho24 to load 26,
Thenostula:48,sigelit ST GHiftre3:0MVidRS-a: RMMNANLRIERA! 32iRAIERIRG Axample, be

jred current to be Qutput over connection 24 to load 26. The command

a“%?me%ﬁ‘?%“r%ée%%ﬁ“ﬁiHaﬁ?%?ﬁeﬁ%bﬁ?&e@m%ﬁmlm%, fhown in Fig. 1) and
opexaimpie shemswiicingcrida g ranapl e valtagr a6 emdhe ROWEfiamps) when

T 0 A S N D i P
CO@@M@ZJ@MQ Bﬁl?subama'dbimmyrl diipesistacerfoinltiach2Buaedt aduigh 34.

oG Biages S0 54 ot oSPRIen SHRIRINEL o e
LopatbhitveodsbiedBith Emideds "Cun@hndeobpiRive Mindube WAteRypantic 2004 and
hex_@@yﬁlﬂgéﬂﬁ?&\t@alﬁg?é'feﬁéﬁgeoﬁégﬁﬁmgf f C.)’ r(1)19;§ §fr:] gmhreor\?c%y the introduction of

incorporated by réference, the circuit of Fig, 2 may bé m%rovec%y the

an jadiysigblopegipiance voltage converter 38 between the compliance voltage 36 and the
controllable linear current source 34. In this embodiment the amount of power dissipated in the
linear current source 34 is monitored so that for loads 26 with low resistance, the voltage output
of the compliance voltage module 38 is reduced thereby reducing the power dissipation in the
linear current source 34. The compliance voltage converter 38, which varies the voltage
provided to the linear current source 34, uses a "boost converter" whose power dissipation is
low and largely independent of the amount of voltage output by the compliance voltage
converter 38,

[0037] Referring now to Fig. 4, the present invention provides an improvement over the circuit
of Figs. 2 and 3 by eliminating the confrollable linear current source 34 and providing an
adjustable voltage directly from a compliance voltage module 40 to the load 26, adjusting that
voltage rapidly to provide the desired current flow through the load 26. This eliminates the
need for the linear current source 34 and eliminates the heat dissipated in linear current source

34. Ciritical to this ability is the recognition that a simple circuit could be used to implement

compliance voltage module 40 that would also provide rapid transient response comparable to



an adjustable compliance voltage converter 38 between the compliance

voltage 36 and the controllable linear current source 34. In this

embodiment the amount of power dissipated in the linear current source

34 is monitored so that for loads 26 with. low resistance, the voltage

output of the compliance voltage module 38 is reduced thereby reducing
theRS-ROWET. gg%%i&%g n in the linear current source 34. The compliance

voltage converter 38, which varies the voltage provided to the linear
10088 afesonedwB4ouses a tioustponverteitagh osaipewérnlissipatjoiadsour principal

cor}%&ﬂfl.'@‘H@%H’ﬂ‘#@&@%ﬁ‘&&é&?&ﬁ@@ epge\{alial%ge?vl{t élﬁlxg.%gt?}%%ance voltage 36

compliance voltage converter 38. [0037] Referring now t
andopsudiing & RTHRTSbORIBY 44 ihasioyemerfregerieccirsisblof Figedneing a desired

curfeRYRINARIRE Ha8:ReabRHabISINeAE CURIRS0M SR 34 AN ROVIING Alde. cither

adjustable voltage directly from a compliance voltage module 40 to the
oA 3% CHYRILHNG YRXRsrolhdESAbidn St phed st dfbereenaasimgtfgivhed output
44 thrgughdthielealiiad bisieliminater dher neachinihe 1nopsGHESRESRUICR W power
diS314 ?.ng eli ig%teﬁctlbgdheatt disgﬁiﬁe%ed in linear current source .34. Critical
¢ i abi |R/ iS T eSS that & 'GinpI& SHE: RETRE D Rikafds received by a
muitmthgmehttr dorhpliagceneltagm coedulevdthibalcwvaiic alse @RS 1aRIe: in the art,
fransi e mparable to .5 the linear current soutce 34. [00
u_SI _e?(a%r% %Em%&gﬁ%%&é‘gg] Rﬁg'cg?ﬁ%ﬁla%rge Z{}lc?ltaléleur%té)rrbleﬁlﬁﬁl}ﬁaﬁsé ﬁ:ﬁ?‘ieno power
dissatipringigalovonspohmats /s disspioddvachmonoas puckicamsgriend? Thus the
mu[ﬁ%@@@ﬂt&?ﬂ@gﬁéﬁyéggg ¥ %@gi%s?(}ﬂ%p, RIORGIRG 2. SW ';[/Cpoen(lj (())uﬁg%teﬁdénd around
having an average value suitable for producing desired” currant How
they ofiesnsy 2f. Becuusertuntdridridl epegsesdta mwitchethves above the

desTRQARRIOR FSHNRIINALMRIBACERIAGE 36 JiRCH,ipawitched

Qutput 44 or. connecting switched output 44 to ground, the solid state

10033k CRG HEvRsS HianEoauRvides ma oyiRuy i taserdhibn lowopbaread to the load 26 to
progigsipatiefreiheuseHc TRA, OtlRULAG hAVIRG & desitRaiaverage olBg S will be
sof SRR Aictane e 46 1aui sence coneried b pas, o
cort@pacitars, anchinaiuetDis) esdng eSsertialidIo pevan; dissiRatioRARd Wt signal
meggt%rigé%nycg crggrgf g%rl%gg&\g/ iggg}gtgp ig](i)rn%lh%%\{lvgégg Ssglxg)s?rtlg ?ésLTgrSS%l% in series with the
current that has passed through the load 26 and is returned on a return connection 24' on the
way to ground.

[0040] The cwrent signal 52 from the current sensing resistor 50 is provided to a feedback
error block 54 which receives the command signal 32 from the logic circuitry 30 and
determines whether the voltage 48 is too high or too low to produce the desired current as
determined from the current signal 52.

[0041] The current feedback from the current sensing resistor 50 has some phase lag as a result
of the action of the multistage filter 46 and this phase lag may impair the transient response of
the system. Accordingly an anticipating signal 56 from an early stage in the multistage filter 46
is also used by the feedback error block 54 to provide improved transient response.

[0042] An error signal 57, output from the feedback error block 54, indicates whether voltage

48 is too high or too low, and is provided to the converter 42 to adjust the switched output 44



multistage filter 46 operates as a low pass filter, blocking frequency
components at and around the switching frequency of the converter 42
which are generally many octaves above the desired transient response
of the signal on connection 24 to the load 26. 100391 The multistage filter
46 provides an output voltage 48 that is connected to the load 26 to

ayide d@g(’g@d wrrent flow throughout a range of possible load
con?ésistﬁ?ncgs as v%ﬁ‘gb%()%escribed. Precise adjustment of the voltage 48, to

[Uﬂé%lé?ﬁfﬂﬁéltﬁemdctﬁi%nﬁfm thrdaghritieononnictibr@ddseobined yvide for a
firsNGRNS:Lh A feadRackngehaniem haluses AGHIP RN ggrangWQf%lejg{a gv&;{%/ches, with

a current sensing resistor 50. The current sensing resist IS in series
soligitithe el it then Hias fssemmhiroaghakadod® 26 hnehisreéingied gmation point
beifi@luiR GaRBeHond0adher WY {0ngresinR:-s180401 Jhe current sianal-52itch 62

I
¥
from the current sensi%%resistors is provided to a feedback error block

COn PR H PR BN ¥ HrE b AREha ‘s igriEpandirofibtiadb gho e btripmo berepnnected in
paraidtbwriiines vbedineswiehwltaged 8 1si$0a dighoen tealewHo produce the

{ﬁﬂggfﬁg%}%’ ! rent gits ggtelrgwéged fr?)m the current signal 52. 100411 The

Utrent feedback from the CUPBHPSERSTAL S SUISIBRSE h st 8 IREL iayt "Q-not"

outpist #pagidtilgl-the ddiofitef flie-flpltistaige liends taddhis phase JagdRays0 and 62

-ﬂrggag&mgtégaﬁs&e. re se of the system. Accordingly an anticipatin
"signal 56 from anﬁggrl %%;éagl}ﬁ %gorsﬁu}&i?s%éjﬁ filters {t]sgémaf:s%nl?ﬁécﬁy‘%‘\@ge 36 to
gropsddback error block 54 to provide improved transient response. [00421

160@5] %’i@"ﬂﬁ@ﬁé}g 8659 l‘gptutb%% Hﬁ‘? (ﬁ%}qg%%&%g%rtobrl 96kw ‘f’cﬂn gé%laiFQSS the error signal
whether voltage 48 is too high or Poo ow, and Is provided to the converter
37 dossibgfudeare avslienewsatpiit w2 gaompleting thetebubddiyicopp generator 74,

Reff043hbRelerring ﬂ@ﬂe@tﬂgﬁn@ ClaTe g iségl%@é? CEMQ @Qélérﬁﬂ%é%%?g?,”{%; égampie, at

rovide for a first and second solid-state switch 60 and

may 10-S . A —_
the dymen ffle MSHPHERT arfOERARAIERES, Williisso RsieadhaikienTBp Eandrgusing its Q

outfhe 6omplirnee WalegRBeuand cPRNeRYLYBHRGIP hRAINBEIRGR®0 to twm on
WItChe&eou%EUt 44 of the synchronous buck converter 42 and the switch
an %Cc% & éancf the switched output 44 to ground. Fly-back diodes 64

[b0deqRbencarnected i also produces a reset pulse 80 when the ramp resets which also
resets the flip-flop 68 causing the states of Q and Q-not outputs to reverse, that is, the Q output
65 to fall, and the Q-not output to rise.. It will be understood that the higher the error signal 57,
indicating that insufficient current is flowing through the load 26, the longer the duty cycle of
the Q output 65 and thus the more time that switch 60 is closed increasing the average voltage
of the switched output 44.

[0047] The switched output 44 of the converter 42 is a square wave and is received by
multistage filter 46 described above and consisting of a first stage being a series inductor 75
shunted by capacitor 77 to ground. The anticipating signal 56 to be described below is taken
after this first stage at the junction of the inductor 75 and capacitor 77. The next two stages
consist of series resistors 78 and 79 shunted respectively by capacitors 82 and 84 with the first
series resistor connected to the junction of the inductor 75 and capacitor 77 and the second
series resistor connected to the junction of the resistor 78 and capacitor 82. The junction of the

resistor 79 and capacitor 84 forms the output voltage 48. In the preferred embodiment, resistor



parallel with each of the switches 60 and 62 as understood in the art.

[0044] Each of switches 60 and 62 may be operated alternately by a "Q"

output 65 and "Q-not" output 66 of a flip-flop 68. The flip-flop 68 thus

ensures that only one of switches 60 and 62 will be activated at a time

preventing a possible short circuit from compliance voltage 36 to ground.
76 1004 %&c-eré‘%iftl}'lpéfslﬁg rpaSnlf;S%t"iEX gl%so(ldt ) g{ta .f a comparator _70 which

receives the error signa LY descrbed Bbove and compares it to a ramp
(004 & ezoptpeucdtigsy A fvpog Snefater iF4ccRetertinghrdnatb Mignd weken through the
cuf i TRRR RSSO AREINAN (e SR HONAl L JoLexample 3l NG Seross

76, the ou%,put of a com_pgrator O?/_vill rise, set%?néetﬁeesﬁl%gg%gp %ﬁ?jﬁage across this
resiiRisigiEn 2 Gttt o52re rivk anddisteoivast butsutntegedior formed of an operational
amPIORERSPORAING! Y %ﬁiﬁ%ﬁ@ﬁ%%ﬁQQQ@i%@%ﬁﬁlaﬂ@%ﬁl étlcﬁ.??%ﬁ&) &H[ri'ﬂverting input

rator.

off. [0046] Ramp gene 4 also produces a reset pulse 80 when the
TECPRYIR PSSHI LT SHEe e aralng Afd-neli B dar sieenid sestedinrughamepin sciting

resi:mot caiputscteatexetseuiiatishitie RRUINW: 6ot 4l randihedtiate transient
output tchgise.. It will be understood that the higher the error signal 5
r

re S dicating thAl s iRt O Eift [PRGHATGBRGAGh & Yok TR tRS R’}h@e‘?apa"iti"e
nettheldptydyoe ef ithesQtoditpupticpanddingsiberoeretimethat switch 60 is
i ' average vpltage of the switched output 44. [0047

R R e R HRAAALR Y b s
erreebkivkdbipanbitivtawd fiter di6gliestrpatdboveiaftl onsistipy ohadirsloop circuits
22 stagehsing; i8S 5 ted by. citor 77 to ground..The

ant?cipating ?ﬁgéﬁgﬁ(%%{gééﬁzg%%% oSv\v)y ﬁ%%ggéﬁglgﬂé? %efisr‘gtgscpagg}gmems may
be o the et siaEtiRe sieTantd mapadite iRT Te mextatvitits elifbs current-loop

Cir&@RSI8L, Offﬁﬁriﬁf?f&%if@t@ﬁs%gaﬂﬂﬂ, Rrphunted BSSEV%% %ﬁgﬁ\g&oﬁﬁ @r%ay be on

..and 84 with the first series resistor connected to the junction
dif fgaLtBegsEi gieisdfor 77 and the second series resistor connected to

(0088 M@é&ﬁe@rﬂ@@nf@ﬁmﬁﬁﬁ@@&%Qﬁgg%&?wﬁﬂ?d.%g%1aoéligl?ai command signal

resisfor 79 and capacitor 84 forms the output voltage 48. In the preferred
32 %r}”(ﬂmﬁﬁ@fﬁ}"ﬁ@g fg?‘? %@@P@ﬁlé&@&l&fﬁﬁYa%ﬁgafﬁdﬂwﬁ%i@ mylpg current-loop

contrwittadyell simply by varying the command signal 32 among different ranges of voltage
rather than simply between two voltages as may be provided by a digital to analog converter
communicating with the logic circuitry 30.

[0051] It is specifically intended that the present invention not be limited to the embodiments
and illustrations contained herein. For this reason, the invention may include modified forms
of those embodiments including portions of the embodiments and combinations of elements of

different embodiments as come within the scope of the following claims.



100481 The output voltage 48 from the filter is received by the load 26

and passes through the current sensing resistor 50 which is a precision

low ohmage resistor 83. The voltage across this resistor 83 forms a

current signal 52 and is received by an integrator formed of an operational
CL‘gﬁlﬁgier 85 having a noninverting input receiving command signal 32, and

erting input receiving the sum of the current signal 52 and

antigfiadng. Bignal 56 each through a gain setting resistance and the latter

throygh a gj%r&gastﬁfilte[ selected for the appropriate transient response.

The inverting INPUt of tRE B AHR TG L: g8 idhsiHm FeRig! including at least
onegappeitvesunetwgrispreducing an integrated output providing the error

sig ferri ow to Fig. 8, each of the elements of the

bugééggiﬁ%gdé&aﬁ%?%ﬁ%%g%%%%% error block 54 may be placed on a

singlé&Miteyriared tiretit@0sforntioltiplbucuroentiboapdeistiits o2 BoBdicating a desired
Cun%{m@a{@g’g@vices operating in the non-switched region, all the switch '

elements may be on the integrated circuit 90 significantly improving the

marfufAETER L SARSPH IR iRt At S8BPNEIFGUIS PRAFBMEIRROSeS oicsetatibry, the ioad
thralifferpotcRmpliangs. voltage module 40 may be on different integrated
circué%gﬁ%g. [00501 While the present invention has been described with _
res WG RCH L BIARS B Aates) 1elvn Bed hestateptvalae fieeprovide an error
outpdendtghl circuit may be used to provide for analog current-loop control as

wellasim Ig{b Varé{ﬁinﬁ the command signal 32 among different ranges of o

voltAge ratRErtan JRBI BeliSerPis o Eke SR dh peridingetineyihreceiving
the digital to@oalagicanvestenpomrilnigatingiwiiitaedadiRCiEeHi 30put periodically

LIt ifically intended that.th t jnvention not be limited
o R L 48 AL SHS A i BEHHL I CERi R Sl according o

the geatirlentisn may include modified forms of those embodiments including

portiar t L ents.and con inations .af elements of different = .
emgg{j%i?r%?éﬁntgsﬁ a%sgg:%omgjeggvf\:/it \?ﬁ%%lgsscg‘pl%eh%fstﬁ'étcfgjl%?ﬂbm&tai STESCPIRIREYely in 2

SWIVRIENE I eine ciyemtdsdipdn putjootpurt fodylufé dareanaindiustrial control
inClygingiAtleast from the switching circuit connects to the load terminal without passing

through any additional solid state switching elements not operated in a switching mode.

2. The current-loop input/output module of claim 1 wherein the switching circuit

includes a low pass filter attenuating current flow at a frequency of switching of the switching

circuit,

3. The current-loop input/output module of claim 2 wherein the low pass filter
includes multiple stages and wherein the feedback circuit further receiving a signal from before

at least one of the multiple stages to provide the error output.



one output circuit comprising: load terminals connectable to a load; a

control input receiving a control value from the industrial control indicating

a desired current to the load; a current sensor providing a current value

measuring current received by the load through the load terminals; a

feegback cij{lcuit receit/ing the (%Pntrol valug Pind the current vaJue to

provide an efrSt Sttt ant B SRR HIHGaRLGi P h i) at1hst o¥BEHRqthe current
senstate mwitchetheftsniiteHilgrcircuit receiving the error output and a one

supply voltage and based on the control input periodically connecting the

supply voltage to a load terminal to control the current to the load

acceérding Tdetisartantlelyahmptioheneinnatksdlidotate switchéstbé thecceding claims

whePMHGRING,GLGHE QREFAIR EXUSIVGIYIRG switching mode, being driven to

either fully on or fully off states; and wherein current from the switching
circuit connects to the load terminal without passing through any

additional spid-gtate SWIEChinGPIRMants.BehRPEraLSY ipR Sty}’itﬁmnhgreceding claims

mod%ﬁz. The current-loop mput/ouég‘ut module of claim | wherein the

whet G cHik g RIS TER e SHE86F sady e et hffesRsRIgR 0! the supply

voltrgeuemeyoofawitehing afdbriBiteingecireviiiddhe current-loop
input/output module of claim 2 wherein the low pass filter includes

multiple stages and wherein the feedback circuit further receiving a signal
frorfi.neforéhatdeasitdnepotpavoulbiplestriges tF proyidadhes efer utbitag claims

h%%'ﬁpewr nt-loop input/output module of claims.2 ar 3 wherein the
e S RIS RO SRR B Conteced fom e

S“PD*E.U‘@&BQQLI? r‘ﬂv@dmé siamebasicf theopresddingattaimishidiedeindheonnected from a
gro%mﬂgi%@ wmﬁlp&%l%&/(%ﬂ%%eéévices activated alternately.

8. The current-loop input/output module of any one of the preceding ciaims further
mcluding

a housing holding multiple output circuits.

9. The current-loop input/output module of any one of the preceding claims

wherein all solid-state switches of each switching circuit are integrated in an integrated circuit

with other circuit elements.

10.  An industrial control system comprising:
an industrial controller executing a stored program to receiving control inputs from

control devices communicating with an industrial process and to provide control outputs to

control devices communicating with the industrial process;

at least one input/output module receiving the control outputs to communicate signals to
loads of the control devices, the input /output module including a plurality of output circuits
each comprising:

load terminals connectable to a load;

10



6. The current-loop input/output module of any one of the preceding
claims wherein the switching circuit changes a duty cycle of a switched
connection of the supply voltage to the output terminal according to the
error voltage. 7. The current-loop input/output module of any one of the
preceding)claims wherein the switching circuit includes a first solid state ‘
switcHiRg UeRRES TSNS R Rl SUBPIY iagestaitheoriael tBfismig a desired
curranid@tBebordd solid state switching device connected from a ground to the
load terminal, the switching devices activated alternately. 8. The cu.
em- o%[rgq%r%l%t outpdit %6&59%9% gﬁrﬁr%ngagfeth%l??rs@%ir%%?é’iw?fﬂﬁﬁ%rby the load
threprgdiibignigad omsmagsholding multiple output circuits. 9. The current-loop
'np_HthéHQMf}gﬁ’iI?rQée%%lg 0% AL g PEseding ¢al rpﬁsrrewng erein g Iprovide an error
solid-state switches of eac swﬂc?nng circuit are integrated in an
outnRtedidted circuit with other circuit elements. 10. An industrial control

SySieRi&HMp g ﬂ%@%tﬁﬁg?&%@gﬁé ERRC QW}E‘ ﬁ@gﬁgt&(ﬁ%rgg&% receiving

receiving control inputs from_ control devices communicating wit

the ;ERIpE NI oRRE Pa AR IRBUIdE LB o PRt oor dher otanenibdaput periodically
coneaMMRURICARgWBRABE D dUSHIALRINRESE BbIRATRNEIIRHYBUIRUbAd according to
modu{e receiving the control outputs to communicate signals to loads of

the tReoN? ddevices, the input /output module including a plurality of output

circuitsredacil contiprising: doadiesnsinalseconneriapleitond 10pekall &clusively in a

- trol input receiving a control value from the industrial control indicating
&R0 ;
S agéne%frné)é% buef}%%é ¥%)V%1]3 S %?%fgﬁyrgﬁt%épﬁ SIPrSAEM Y current value
meaduring aureehfeseheeovbylthe hachithraugbiihe {rathidrminalal &ithout passing
thro C!B@%iﬁl{ﬁa%lr&ﬁedv' the. control value and the current value to
g%vi G ditiotal Solr CEERLSTS ing elements not Gpera%led n & switching mode.
1. The cument-loop input/output module of claim 10 wherein the switching circuit

includes a fow pass filter attenuating current flow at a frequency of switching of the switching
circuits.

12. The current-loop input/output module of claim 11 wherein the low pass filters
include multiple stages and wherein the feedback circuits further receiving signals from before

at least one of the multiple stages to provide the error outputs.

13, The current-loop input/output module of claims 11 or 12 wherein the current

sensors are positioned after the filters.

14, The current-loop input/output module of any one of claims 10 to 13 wherein the

switching circuits are buck converters.

11



output; and a switching circuit having at least one solid state switch, the

switching circuit receiving the error output and a one supply voltage and

based on the control input periodically connecting the supply voltage to a

load terminal to control the current to the load according to the control

valtfg; whe[rﬁain all solid state switches of the switching circuit operate _

exclusively i & SwitcRIg TROGEBRAGCGHR A taneitns Himams dPrtily FFberein the
switshurescindtwhienet autnentitamdhe switchiagcokauitieariTasts #18 Radge to the
Outﬁﬁl{@a}ﬁﬁhﬂgg@%&gﬁ?@%e@&%‘é%%}%%é Sadditional solid state switching

e

elements not operated In a switching friode. 11. The current-loop
input/output module of claim 10 wherein the switching circuit includes a

lowspass fiier alfeRvating at.a frequency of switching of the :
_switching circuits. 12. %&%ﬁg ﬁ)v&o?r%ﬁﬁgﬁpﬁu rﬁggg¥%]'lgfsr§%i%q§IWhere‘n the

SWIHBReHTHE [Bohusasrtkid pietade Hiebitipldstinge semtaichein the supply voltage

to tieeelpalhifamtEuHRe Seraling: HENAIahon hefore aLieash e ol e 1 o the

) dmuIt| le stg}ﬂges to %rowde,the error outputs. 13. The current-loop

o8 |ﬁ%ﬂ?§)8?llt§p TOAGRETSE dxiree 4otired AEratplthe current sensors are
positioned after the filters. 14. The current-loop input/output module of any

oneigf claims 10 toéL Wh.erei}rzﬁ?e switching circuits are buck converters.
11 15. The CuffERt6EIHIBRYGHRYE Medtle of amy BieebeEiann 0L v wherein all

soligvitetemnieneswif chingseiiciig ange At eweld of a:SWItehadd circuit with other

circ&f?%[k?ﬁ%ﬁ@ of the supply voltage to the output terminals according to the
error voltages. 16. The current-loop input/output module of any one of
claims 10 to 15 wherein the switching circuit include first solid state

switghing deyi C ed from.the supply voltage tq the load terminals i
andicgahsecgn%iﬂg%ﬁ%c%?agtgg v‘\l/?t% %r%t %ﬁ&ec%gﬁn c‘[‘gcglﬂ’g WHSLREIEHhg multiple
currpadorit iR &l5c whe eowiteting divide stactivatéchgiematiil. comprising:

at least one integrated circuit including:

at least one control input receiving a control value from the industdal control indicating
a desired current to the load: '

a means for receiving a current value measuring current received by the load;

a feedback circuit receiving the control value and the current value to provide an error
output; and

a switching circuit having at least one solid state switch, the switching circuit receiving
the error output and a one supply voltage and, based on the control input, periodically
connecting the supply voltage to the load to control the current to the load according to the
control value;

wherein all solid state switches of the switching circuit operate exclusively in a

switching mode, being driven to either fully on or fully off states.

12



17. The current-loop input/output module of any one of claims 10 to 16
wherein all solid-state switches of each switching circuit are integrated in
an integrated circuit with other circuit elements. 18. A current-loop
input/output module for an industrial control providing multiple
current-loop 1/O circuits connected to loads, the input/output module
corhSN&ingE Afll dakiSTite itoov dAtedvaipauil incl udingGap ieast ImaonrelUCK
input receiving a control value fr | lal control indicating a
desired current to the load; a means for receiving a current value
measuring current received by the load; a feedback circuit receiving the
control value and the current value to provide an error output; and a
switching circuit having at least one solid state switch, the switching circuit
receiving the error outputsne scanesypptyvoltage rid, based on the
control input, periodically connecting the supply voltage to the load to
control the current to the load according to the control value; wherein all

solid statecsivitcipe swaptihecieiiching GirguihopesateckelusiVeInWRI& for low power

disSWitehin cf)ge being driven to ejther fully on o fu4lg/[?clgf sfates. 12 OW
S SRR MO B E G Tl et ik el tances directy
fronC @NWERTE ROABS FRACT @Foiitd FiMNMENTHO Nedipuratfledpoutudp allows the
nec&ltgHitfor an industrial ¢ grg}lg& %Qvi : for low power dissipation and

rec%c/:led part co%’ﬁ by g%vfgng currer?ﬂdg?eilsds of different resistances directly

from a switched voltage source. Proper filtering and design of a feedback

loop allows the necessary transient response times to be obtained. Fig. 1.

13
Fig. 1.
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