METHODS AND SYSTEMS FOR CONTROLLI NG ELECTRI C HEATERS
BACKGROUND OF THE | NVENTI ON [ 0001] Tenperature contro
is inmportant in many manufacturing processes such as
waf er processing. Typically, a |load tenperature nust
be controlled within the tol erance of a setpoint,

whi ch represents a user-defined ideal value for the

| oad tenperature. [0002] Generally speaking, the | oad
tenperature may be controlled by controlling the
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[ 0006] Next, in step 108, hardware 132 quantizes the
duty cycle conmmand into a quantized duty cycle
command, e.g., 65.8%wth a required resolution, e.qg.,
0.1% In step 110, based on the quantized duty cycle
command, hardware 132 determ nes a nunber of 'on' AC
cycles, i.e., a nunber of AC cycles that the power
supply shoul d be turned on. Since the required
resolution is 0.1% 1000 AC cycles are required to
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{0011} Fig. 2 illustrates output signals of the example conventional method and the

example conventional system illustrated in Figs. 1A and 1B.



[0013] Signal 220 illustrates the quantized duty cycle
command. Signal 230 shows the PWM signal generated by
har dware 132, which is used as an input into SSR
circuit 134. The output of SSR circuit 134 is shown by
signal 240. [0014] As shown in the exanple of chart

220, the quantized duty cycle command associated with
signal 220 remains constant for a tinme interval of
1,000 AC cycles, or 16.67 seconds, given the AC

[bGng uenc\sigahl %0 illdétratet e O 1me bﬁ!&gﬂ&‘&hd AC p@eprsques oder GHe.

cl.e to cO ete an|t a
e PP R B B 8 b ey
QcHlAC nwld(th&aoeotW)eeprmmsmmatelyéé@ maliseconde(ms). 16. 67
seconds for updating the duty cycle conmman

[8913hdv antSiggalde jllpstragss the SFPQ"QH duty qeslsqopmand, n%@@éﬁ? Shows
:ﬁ@ﬁwwgﬁaxrgeﬁwtmiymudw&e PE20 MRISH R Bised46 kh iaput e SSR circuit 134,

t f, f
Breariprat Satos TLuhme e 200! 250 resol uti on of even
t
e e
gewpinted witlignab220 rpudinseensapidor aofnfe intgiyplepd §,00¢ &G cycles. g 1667
@cogﬁ’sr 5iOGi fAAE Yref RRGRE S(ﬂﬂz pﬁststxﬁfeeau@é it reQifires ¢ 960 RS cﬁﬂHﬁ to

of f "“cycles for power t he heater
cﬁ@ﬂe@d? g?rgty)n °f)'£9F P)fagﬁmeéprrv?nngpﬁ gétheﬁ @9/@316818 mqm{ﬁ?l é?sa;mn of
0. B ahitthevehniplé. qm&ard@err 4 REpofisk titnk BEL6. e:fst@ndstmmsaung deidity eycle

af fec b t r in S
‘1°§F‘§‘é mzﬁé ﬁl%o?sl rg;%’nfl ﬁnere ées lera %J}'o; mhrp'
m@nﬂemmng@rocessmsn@\ ad whfet redessingowhiehmans equym qunqnmme)pf for
e%%l@ 9 s GRIE 6.6 ¢ {s@ﬁwnto? edeh @R MRbEHods0 Waf er.

I NVENTI ON [ 0016] This summary i s not

\tl)\%ltsjiﬂded Flihenhdrb litetaliéhs %ﬁtﬁ@ﬁho@ﬁn Inb(ﬁocpgeﬁé‘rﬁl}t cohtivi @it shiBé),
ich.js,c a «
AP 05 P TR P poes inrelive I Pl s speind pate of con”
dsreléstundi “offY cqcl @l fargrowernielveests thedeaer s Smm;)ﬁlmdxconmammladyrsglce

o%u? S{e; Pela'&@é%@%g %e]'—xlat? dﬂﬁ# h&@n ltlﬂlgé StRvel %ﬁ@c’t ¥db§£ﬁt@

t0|n arln e S p0|n
nrm@sas imay \rﬁsvlhméame@ aetk devigsiensdtant 'ée desised seiggjpt, rendering it

.L&mgrcaﬁ 1 aEniEVRREBSIEAy iR pRocksS BRIRbR4ISIroR daff @vaferr a
load that is nost recently neasured. The nethod al so

i ncl udes generat| SIUMMNRY}OEYNVENGCIMnd r esponS| ve to
the. conp ) nmet ho onal I
ns T e s Biigee o s i as APt el Pl

vaiyehli ecominfeasuradwitiopiacidimz haagn.t he duty cycle conmmand to a
PWM (Pul se Wdth Mdul ation) signal, the PWM signal
(6D i si Fhe mveskion welafes.jn afembadimentste s methad in afflasma Progessipg
s9ItIm R bohSiting $Hoel Ric OMer 2t 1ReGnetida linefass redtivid@)a safoibthe  PVM
gnal to trigger a solid state .rela ﬁgﬂi‘SSR cl r?wt
tf%f%@ﬂ*ﬁmmm Bhe s5teqiny femprrgtfertithy ! G thefoa
térﬁgﬁﬁhﬁﬁéiey@sehm\gtahanﬁmrem&aﬁbd foFalohdehatrimest retdfndy messhed

a6 gpf@%o e entfila %@g{ygg% Lo [oYfonile LI cbffding

e error es
mtnlemdd dddtiotedly inchudpsugdating mduty mtvtcpmgnamémsswrwwe dety

c#ﬂ% ﬁrpog ng&jcﬂzm%awtﬂelﬁu piigﬁ\frdaﬂ@g al PV Sy s e WiddhiMddBlali&hy S

ese an ther features
seﬂralm@*’wm&wmvmq alify <Pf on pulses@ad-3 plyality ohoffpylsgs. The

ik@od lalso RELEY employin@the WM dighdl 18 erfuged gxblidstatefelay (ESR) circuit,
invention and I1n conjunction with the foll ow ng

figures.
3



BRI EF DESCRI PTI ON OF THE DRAW NGS [0019] The present
invention is illustrated by way of exanple, and not by
way of limtation, in the figures of the acconpanying
drawi ngs and in which like reference nunerals refer to
simlar elements and in which: [0020] Fig. 1A
illustrates a flowhart of an exanpl e conventiona

nmet hod for controlling a heater; [0021]Fig. 1B
illustrates an exanpl e bl ock di agram of an exanpl e
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accor ance one or nore
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figiRkenenting the nethod of Fig. 3A [0025]Fig. 4
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enbodi nent s MIEEQE(&@ME@EDBM signal s
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limitation, in the figures of the accompanying drawings and in which like reference numerals

refer to similar elements and in which:

[0020] Fig. 1A illustrates a flowchart of an example conventional method for

controlling a heater;

[0021] Fig. 1B illustrates an example block diagram of an example conventional

system for implementing the example conventional method of Fig. 1A.

[0022] Fig. 2 illustrates various signals of the example conventional methed and the

example conventional system illustrated in Figs. 1A and 1B.

[0023] Fig. 3A illustrates, in accordance with one or more embodiments of the

present invention, a flowchart of a method for controlling a heater.

[0024] Fig. 3B illustrates an example block diagram of a system for implementing the
method of Fig. 3A.

[0025] Fig. 4 illustrates, in accordance with one or more embodiments of the present

invention, output signals of the method and the system illustrated in Fig. 3.

[0026] Fig. 5 illustrates a comparison between temperature errors resulted from the
example conventional method illustrated in Fig. 1 and from the method in accordance with

one or more embodiments of the present invention illustrated in Fig. 3.



[0026] Fig. 5 illustrates a conparison between
tenperature errors resulted fromthe exanple
conventional nethod illustrated in Fig. 1 and fromthe
met hod in accordance with one or nore enbodi nents of
the present invention illustrated in Fig. 3. DETAILED
DESCRI PTI ON OF EMBCODI MENTS [0027] The present
invention will now be described in detail with
reference to a few enbodi nents thereof as illustrated
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[0032] The nmet hod may further include generating a
control signal, such as PWM pul ses, responsive to the
updat ed duty cycle to trigger, using a SSR circuit for
exanpl e, the supply of power fromthe AC power source
to the heater. Unlike those generated by prior art
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J;gfygif ﬁ'rovr\hn tlh cuiAtlor[ %fiuh e% qurt gggmﬂn@aﬁlaé d%ér!ﬁly%%&ﬂm{g,

unmT n recelves a Setpoin
tioduty ohsle dwrercnw de dqmm@ti p@nmthe t@meratgreteygn l@famayo'esbptﬁ%a ssed

ﬂK\q?dq& QI! c&@ﬂﬁ@d’tﬂé fhEinteial, €B. ﬁ@yfokﬁlenktﬂ)néaej’z &U@cle
Fachr en

elt. In step 4, sunm 64‘unct
mswhﬁm eyslelegary may hﬁ@ﬂ%{?ﬂ@"&m’ ey he ‘?é?eg By ong apther
(ﬁ%nﬁu U@h%&ueﬁtlﬁ e aRhad hh&ﬁreﬁﬂtﬁ@ & Jowi average terygeratiiré éresremt e
F) | oad te e ratur %36 and setpoint 122. The
ef“é’FﬁJaé?“cr\‘itfﬁe@ %‘9’86%" 8bt ai ned using an appropriate
(QOATS AU Hard R IonBARE Lfifhahliis HETRRLEL Sy Abrelienls QR

e contacting or non-contacti ng

ma@@raemﬁnemé ehemethod for confalhing the gates) Theong ?fdh%ff Wistemg or
to step 306. (0038]In step 306, a controller 326 takes
into account the tenperature error and
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generates a duty cycle conmand, e.g., 65.8235%
[0039] I n step 308, at |east one of controller 326 and
har dware 332 nay update the duty cycle command using
the polarity of the cunul ative duty cycle error to
generate an updated duty cycle command. The updat ed
duty cycle conmand nay maintain the floating point
resolution of the duty cycle conmand according to a
resol ution precision of controller 326 and/or hardware
Fdites e lindddl B basEnk ¥ Jﬁ;b’(ﬁé}ﬁlg@nit,w@%ﬁal tebiRraGibl 0hktad thatfometer,
duty cycle is included.intg the,%&%y %¥C¥F connqpﬂ.?S
BPUGYRL YN tner 2pd § amPputing usit (QreQ YRS SIFTest fopany 4 alt fdne
abpekadh et ofbd cymgonerts) far exeratng obborGlzd Stepaif the ikthods ame
floating point resolution may be generated. The
[0pat ed dike featuyes lavd adwantagescH the prepauhinyention Moy bewsr ypderstood
' s ;ty. [0040]1In step
\gi?{zr,gie%g%le \%vgllrg g Q‘%’%%mg gﬁ%ﬁ %(%nggﬁgﬂo%dlhs e for triggering SSR
b3¥%6)t 0t UHid) 3RAMIREME infakddfaidaevithCndder\WRire éhibadiments 6f the

538 A FR SR Eobb PR T8/ s,
iqaentdaoe obithl ahe/or moed epbodinmersof, the paesednvent®8,2 bingly diagram 320

fe . - R 134 remai ns turned
%?E.%@'T%b@%eﬁﬁhtgﬁg%ﬁ%?gﬁgggmmi zed duty cycle is
[b@ﬁF‘ ad d?@ne Bx?thb@fi%r%z\g?l :s@b E?Q?inmé% sﬁnﬁﬁnﬁ:!gkﬂ\gdcm lldm tegeives a
cycl e estinate. 1 n. step : riodica
SS{PPIBT FPn S SIOFUEH SEPOYRE 12 BIPFANY §xBiegyed ingrees 3htehperature,
Wi € edyRR i ONgh, Réldin ACFatyrahe). In tdpessodipoiaming fishoon 129 cdngpares
co nd he 4 .
R e B0 B 2R Bl Bt o YR ence
tetedmiandte®BRzaturg héh and peipdin 2% Thehaad teperatureiveay b algained using
dg%@gﬁ)ﬁ% rﬁ?ﬁéﬂ? Pror fesdudidyak t@lﬂ?é%lf@ ¥th€load 4hd #fdy include

[ , e time interval nay be a half %f an AC
Oylettias pryop-cagtactipg gasurement techniguas, tyfh%‘: @Btrgys transterred to step
Pt ernatively or additionally, with the nethod
i npl emrented by keying off any phase of the three-phase
[MBspowver Isstgnidlo, a choralied’26gdkys intolaecobitries empesatwadrarand be

ik &N aReYs00f phases) or 1/2/ (nunber
Spelufla byl ol e

ration of the interruption may be in

[obss) or d g n gfphm?{]uasﬁegem c?ﬁx@llém% morﬁgg@rﬂﬁgmn@ upd?te the
conpared w . e | ervaj .. en. 1n ste
95y BRI s i AOn NS st P R i
uptifédadutyaiycle torirumd nEehpdatédsiugouyple etnrdand Tlag mainfagettib@aaking

| o 8 f : L0k '
T
326 andéorthardwark 3332 tRoniffustritive exampde. e B¢ cuspslatiyedull ¢Y6ks 1of
ihi§ie iRl REdinP oy RIRRE R hiBs 8b 3594 With 4 f16MBng PYiR Féallitidn@F 0.1%, the
periodi cal |l y updating._the dut¥€$écle comya

nd. e.qg.,
updased uty Gyelp gomrpgng £5,842174 b the ggting poig f%“"/&t*f"}:‘g}%ﬁ b
dehi@atetd Ak esiatdd Uity epehd comemamiia then uantzp leean@d/offyalae byenoting
.upg@ted duty cycle command-adj usted with the
'BERAYt i ve duty cycle command error-every 1/2 AC
[g%t‘bé/ €, Ol ggpd lgxﬂagjﬁﬁaﬁ:l 3‘32 §en§§te§rg pul%foﬂrié@lﬁhﬂ §SR 1BRESuACbN

cycl e commands and, ~accor di ng ul ses provi ded

ngly, p
toyeiframithe AS PoBer spesee te Beatar b33 4cpRydinmty thexivantized by gyfle.
:ﬂ.teﬁfaﬁﬂalﬁ E&Mrdﬂlﬁg t&{ﬁ@uﬂdlt_ediﬁ\ﬂpm& dig cyefeaidflMand) lodwv e/ 332 may
time 6asl| I I#str%g“l n Fi g %?.ﬂ. Consequently, | oad
gepsriepaRulse uch At R 34 LEBP P the tenperature
error may al so be pseudorandom over tine (as will be
descri bed below with referepce to Fig. 5). [0044]Fiqg.
4 illustrates, in accordance with one or nore
enbodi nents of the present invention, output signals
of the method and the systemillustrated in Figs. 3A
and 3B. [0045]Signal 210 illustrates the AC |line
vol tage of the AC power source over tine.



Typically, the AC power source may have an AC
frequency of 60 Hz. Accordingly, each AC cycle
(denoted by 'p') represents approxinmately 16.67
mlliseconds (ns), and 1/2 AC cycle represents
approximately 8.33 ns. [0046] Signal 420 illustrates

t he updated duty cycle command. As shown in the
exanpl e of signal 420, the updated duty cycle comand
may change every 1/2 AC cycle and may be pseudorandom

[@Mﬁﬁ ti me.1n 465 6O glalti ze@SutySdyaNIk théh adied t€tha Biphutatio€ high
g‘nal 430, gul ses provi ded by hardware 332 (show in

esoljtionsduty eyclee¥iial%)| | i ng SSR 134 (shown in Fig. 3) may

Bt o it SRR Bl Fcordil Bure Ry lfec® ?‘%Q“SL”
afremensioned t/ AGEXcHR) tﬁ@pﬁ%ﬂéuty%? ecnepand n@hbcedeem §E ahd

§§Rsﬁ4 e 9@1‘%&9’9&9{(@9@%9%{0& g%ntr@g%%mal'em2 tah&?a penodlc
pseu ran

erature en-or ver
qqxqr X% (The tge interyal Hay % lesP Maﬂ @S gycle, dn an eagypgwent the fine
infevhISHh 4y Bk @ HalfoflRf ATUYcle AUPAC oyRlel e nitotl 333, ms. rlternatively or
COr a nc e t
Aol on B9 gt Moo G
ximdﬂﬁ@sl sﬁ&rdingly, tigytimlednteredl map he IIB pUHG i SH(tRmbS of phases) or

@%@ﬁl@&%ﬁg@é&f K gurstgpgmsmemm YL HRRALRS ofhdleconds

and ay b«erashgﬂplneqmna@g with thefima issvahot act i ve

[&%(3 ; h 239 gteﬂz &Lsf&l.&}ﬁ? i?fﬁ ﬁn@lrer;tu‘l‘:\;lql& 1s meas%j@l\gnrae g rtgrgt?o%to?hxe
method is completed. Then, feedback loop 138 feeds load temperature 136 into summing
function 124, for the next iteration of the example conventional method. The duration of an
iteration of the method is approximately the time interval for periodically updating the duty
cycle command, e.g., 1/2 AC cycle. Given a time interval of 172 AC cycle, the updated duty
cycle command is replaced by a next updated duty cycle command—adjusted with the
cumulative duty cycle command error—every 1/2 AC cycle, or approximately 8.33 ms. Asa
result, updated duty cycle commands and, accordingly, pulses provided by hardware 332 for
controlling SSR 134 may change at a frequency of 120 Hz and may be pseudorandom over
time (as illustrated in Fig. 4). Consequently, load temperature 136 and, accordingly, the

temperature error may also be pseudorandom over time (as will be described below with

reference to Fig. 5).

[0044] Fig. 4 illustrates, in accordance with one or more embodiments of the present

invention, output signals of the method and the system illustrated in Figs. 3A and 3B.

[0045] Signal 210 illustrates the AC line voltage of the AC power source over time.
Typically, the AC power source may have an AC frequency of 60 Hz. Accordingly, each AC
cycle (denoted by ‘p’) represents approximately 16.67 milliseconds (ms), and 1/2 ACcycle
represents approximately 8.33 ms.

[0046] Signal 420 illustrates the updated duty cycle command. As shown in the
example of signal 420, the updated duty cycle command may change every 1/2 AC cycle and

may be pseudorandom over time. Accordingly, as shown in the example of signal 430,



((chandat api chtype PID JCH SD CHAN) &&
(chandata[i].chtype PID ICH SD LI NELEVEL) &&
(chandata[i].chtype M M®2_SC CHAN) &&
(chandat api chtype = MLMO2_BR CHAN) & ( chandat ancht ype
| = MANUAL PWM CHAN)) ) chandata[i].pid.pid out_reg3 =
0, chandatani oval .sd _err = 0.0;

SEM pend( &SEM cpl dI pul seregs, SYS FOREVER);
CPLDI Pul seRegs. chan[i].thresh_l ow = O;

Flided SREHSwAHOSILHIH Sk 1B forc&moum SSR 134 (shown in Fig. 3)
F;é;glfvsqurost"( e cpld Ul sarogo) y (Shownin e
o B RN LB F i SEMUoE sheutp desympe of signal 440, through
SSR(Ghancapmpéd ppwer fractheAC pbwer];on.@e tb heates 15 mayatsbbe and
tur.n f i
‘ff%d???({gpfog'%ctt&c gar“{eé\xeﬁ élshg teﬂ%@aﬁpe énfopkéy pse%ud?rgndg\r;\ eor\]/er
toreammilidstr@edinFig. 5. CPLDI Pul seRegs. chan[l +1] t hresh_hi

=0; CPLD1Pul seR h

O S oSG il 3t e, n e vt
dalRMBstAhEd blakSpresahl idvention.

1.0-chandatali]. pid. pid out _reg3; //subtract quantized
val ue el se// out put O for this 1/2 cycle perlod

CPL U*PHFS'ERGQS-ehﬁﬁ{“i‘ ~t-hr-esh—-t-ow-=—Q:—--—-—-
//Function SDOUT() sigma elta control task, updates SSR duty Cycle setting,

/luse DSP BIOS semaphore blocking to synchronize PWM updates
void SDOUT(void)
{ . .
intij;
float fval;

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

/fclear timer reg if channel not active
if((chandata[i].chstate = RUNNING_CHAN) || (!g_heartbeatok &&
lg_outputdefaultcontrol) ||
((chandata[i].chtype = PID_1CH_SD_CHAN) && (chandata[i].chtype !=
PID_ICH_SD_LINELEVEL) && (chandata[i].chtype != MIMO2_SC_CHAN) &&
(chandata[l] chtype i=MIMO2_BR_CHAN) && (chandata[l} chtype 1=
MANUAL_PWM_CHAN)))

{
chandatali].pid.pid_out_reg3 =0,
chandata[i].ioval.sd_err = 0.0;

SEM_pend(&SEM_cpld1pulseregs, SYS_FOREVER),
CPLD1PulseRegs.chan[i].thresh_low = 0;
CPLD1PulseRegs.chan[i].thresh_hi=0;

SEM_post(&SEM_cpld1pulseregs);

}

SEM_pend(&SEM_cpld1pulseregs, SYS_FOREVER),
if(chandata[i).ioval sd_err >= 1.0) //reset counter and turn on for this 1/2 cycle period

if(1(i & 1))//1'force counter reset w dummy write if is even channel 0,2,4...
CPLD1PulseRegs.chanfi+1].thresh_hi =0,
CPLD1PulseRegs.chanfi].thresh_low = 28;

CPLD1PulseRegs.chan(i].thresh_| Thi=
chandata[i}.ioval.sd_err -= 10~chandata[1] pid.pid_out_reg3; //subtract quantized value

}
else//output = 0 for this 1/2 cycle period



CPLD1Pul seRegs. chan[i].thresh_hi = O;
chandat ani oval . sd= 0. 0- chandat anpi d. pi d_out _reg3;

/I subtract quantized val ue SEM posK&SEM

cpl dl pul seregs); [0048]Listing 1 [0049]Fig. 5
illustrates a conparison between tenperature errors
resulted fromthe exanpl e conventional nethod
illustrated in Fig. 1 and fromthe nethod in
accordance with one or nore enbodi nents of the present
inventgon illustrated in Figs. 3A and 3B. [0050] The
exanpl gpobiralakdgs ehkRfigheshslovlxat; set poi nt 512 renai ns
at X CcpobiPulsdiegs and(ifithem_kkanges to (X-1) C In the
exanpl ehandatafinRril.sd 28 = 0.0hadas(i)psl.pil_pwrreg® Fbaartiquitized value
represgnt the tenperature errors resulted from using

t he exanpSEMcms(&SEN opll pulserepdd (522) and t he net hod
in acgordance with one or nore enbodi nents of the
presknt invention (524), respectively, for driving a

| oad tenperature to approximate setpoint 512.
[ﬂﬁékl]ﬁpgﬁW?ﬁhg to the exanpl e conventional nethod,
[Ml&gr a fi :Ff S§ 1IlqwaYes SX& p%n%q W.ﬁn tetﬁﬁfmﬁ'é' atdid esuftbd f’?cfm @é2

const resents the
ekanmée @avemn@hmfthnd xumtratrden Eig bwdéfomt %metg%ﬂm pegordance with
SHOBMEIE drffddimeRs bR preRntInventti Milu@idtedBh Blgy 3AGné3B.seconds
or 1000 AC cycl es, |n order to neet a duty cycle
[0038p| Ut i ahe &@mplie bEhaim b 100shows thirsetfdire 512 fetnaineat AfGlustil Tsc
conpventi onal t
agg@g'h%m'aﬁi 89 (X?i@ oln the Xamj:»pe o?ﬁha% 596 Qﬁdg&%{sﬁ%ﬂg&%ﬁgﬁgﬁﬁ
repEtskro the m;pexawcd uEs remlwdcfmrrt ysina dhe egftrw opyentipnabinsthrs (522)

g&@x ﬁ 2SOPHRRS h ohe draRORHRdilents BARGASsert finveiftion @52),
1 2 Accordi ngly, tenperature error 522 may

TESRPPE &51431"&&% load “’mﬂe@'ﬁfﬁqpl"‘”f'%te SEPRIM 4%t poi nt ~ 512
GBI 0° At e e e e AR KR u SR B 03 ote

commramémpmtulreteemz aiayiremapcprstanGR 2 *Grenyil Eh §r‘i@é€sm§s the tirge
I%HB} D%Q%Stx&[ Jf%e'l&c+ anﬁ&ﬁl etﬁt;d ég, agpfo%ateweww? nme

rati on e exa e conven |qnal
sprondsoor | Q9A1AKT ayclgs. ineotder for 'E?eéﬂ ?"&hcyﬁlietf ﬁ°‘3“9“dﬁ?~‘tfﬁ“ﬂ‘&?

Th¥E ktﬁ e%m@daﬂvenmnlaﬁhetmynag %MS& reRiTRRL &1 WilEa @Ednd duth 2itle
to change to

°P’G@5’§} ﬁf’ﬁaﬁf’\z P&}"VC%{’c?E% m"?*ﬁ& e “g‘H%e aﬁé‘?‘lﬁ‘b%‘a‘ e Tor updting
dagepdclantandy ih Fesgnns: to thangss ef etpbintdldent s of the present
i nvention, duty cycle commuands are updated

[8058hi f i cAacdrdinghn tempratign REIOT $27, may reain qopstanp af -EC ung Tsc,

WP §e%lnm2%h¥ng§sv At s S thd Sxdifple oDvertidnBThitod staRidmidierttion
error may pseudor andom Fur%her becau(% duty

w@n@rd@rwwe s R ST AR ¢ ey thamte o 1

Temperature error 522 may remain at -1 °C for the time duration T until Tsc+T. Then, the

example conventional method enters a next iteration with a fourth duty cycle command,

which may cause temperature error 522 to change to 2 °C and remain at 2 °C until Tsc+2C.

[0053] Contrarily, according to the method in accordance with one or more
embodiments of the present invention, duty cycle commands are updated significantly more
frequently, e.g., at 120 Hz, or approximately every 8.33 ms. As a result, temperature error

524 may be pseudorandom. Further, because duty cycle errors are accumulated and are

10



i ncl uded when the duty cycle conmands are updated, the
duty cycle errors may cancel one another. As a result
tenperature error 524 may have a smal | er average

magni tude than tenperature error 522. [0054] As can be
appreci ated fromthe forgoing, conpared with the
exanpl e conventional nethod, one or nore enbodi nents
of the present invention may result in a significantly
| ower average error in controlling tenperature.

lféﬂfdte&‘@ﬁen e dﬁ%ﬁ‘cy&lg SontthtnBd ke SydEIBA life thS' cydiCerdiam Y caivel de

nbodi ment s, may psegﬂ? ng ng ors Si n%Is ggx be
aﬂ?}Eftﬁd oﬁsaﬁ%'mea'ﬁafawﬂef Anhays 2 Ay 'o"df”ég G en
tehiehindiid@tor si0r exanpl e, risk of periodic thernal
ripples on the el ement being heated or periodic
[0ASALIT act visicampeappreciates from the ©raeing, wepafed, With the ey

d&%@h&?&g f#rBQ Sonk EHB&Q Ehbodiehtd ofths b@{ehtfm@amnl nYayS‘r&QIi tn&r

I'nterval for updating duty cycle co odi nen S
sigpificangly b’t“@é@ﬁfag? ﬁxpémqo'aff?"w&;se"éﬂe’fam i eﬁav*ge & AuipHt &‘g“ s
Jf ﬁﬁ'ﬁ% @Gﬂ&&nﬂ)@ﬂiﬁkﬂk may¥d ﬂs&udﬁt’dﬁdohieéﬁorﬁ}gnﬁamay be psewigrandom

resol ution in

t t £ .
T e e A
rippleworctbe dlénmmt beprpdheats] anperiodictmenyfestering pecess fapktonay be
AIQ3 §£P§§% cafdpodi ments of the present invention may be

or nore manufacturing processes than the

[@(?S@]Tpl € FRIMER %ﬂh@@%hlﬁ%ﬂiﬂﬂﬁrter[nﬁ%ﬁ]fdﬁhpdaﬂng tlUtyScycle command,
i nventi on,_has

oRBURPHRATES P FeeipR nay S 40T %?{%dynb‘a%m%{aﬁ'é%%’““"‘né““
fextHiat, wﬂnennfaﬁung\m fivat oinlt tesoltiohimuptitiag dup plegfomirands,
efngoae ment:i g the ptr %et{i‘ E\%&[ﬂ%{\: I‘n n){ B’g r‘gﬁgﬁ’#{(’; }Sépeotrls‘;r‘c?u ih B l‘iire(bgfﬁig{l
'I[hae%)rqabmigndmmt; of e emm@nwen@nmme Fiitalje fozr n@redvaapﬁ%eu"ng
E&dshan iife exiHpHL &n@énﬁ&xaprﬁetﬁ&t ed that there are many
alternative ways of inplenenting the nethods and
[eoss]ar at ussile éfis Mib‘au@ﬂﬁsadeﬁ déseribed tni tems of sevédral embedireénts; e

that the. f
b 3¢ gt pegyipon s are SR BERH B MR B of s
ipentinnt Ahe absteact, beiuk livjted va\mdl taunttg compily wigh thi paient practice gules,
ﬁ«Rx‘lJ Aot Fﬁés?xﬁho%@{a%o&tmé HEmBRS %Nhe leMﬁ lﬁérbxﬁ nIt sh&lcﬂﬂme ndted

rocessi ng _system

tes e WAl alkgrag Yo uayp pimplementing ﬂtemsﬂw%&% EPPG’E?H‘ﬁ?Su offheig:

p?asenrt RvEivh. rlgls%e%?&rp RiteRbedRETE EslobHng appended claifs be interpreted
npar i set poi nt _tenperature W

of BRBBPEN e s, et s Bt s B Rgrap s
ahé seppe ditherpeeseremsemiedl for a | oad that is nost recently
measur ed; c) generating a duty cycle command
responsi ve to sai d conparing; d) updating said
duty cycle conmand using a cunul ative duty cycle error
after step c); e) quantizing said duty cycle
conmand to a PWM (Pul se Wdth Mdul ation) signal after
step d), said PWM signal conprising a plurality of on
pul ses and a plurality of off pulses;
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Oenpl oying said PWM signal to trigger a solid state
relay (SSR) circuit, thereby energizing said electric
heat er responsive to said PWM si gnal ;
interrupting said SSR circuit in accordance with a
predefined interval that is |ess than a 60Hz AC cycl e;
and h)accunul ating a duty cycle error into said
curmul ative duty cycle error after step d), said duty
cycle error being a difference between said duty cycle
conmand after said updati ggimed an ideal duty cycle
command, wherein said steps a) through h) are
repetitively performed. 2. The nethod of cJaim]l

1. flp e pleeina PORSSFINERGMatimethgd for gentigling é’;bFlé%ﬁJE"zi{eF e rggthod

conptifln®WM signal to said cumulative cycle error prior
to perform ng another set of steps a) through h). 3.
The ahet WEeFIGRE TIHIOM LMPBBIET N sai d predefined interval
r epg,esentsnlfig Qid ss@bitl €AbEare wikCd 18ad dmpethtereidnes of
claim1l wherein said predefined interval represents

teropreatet reprensing § sdneperEire easured fer adoadthat iymaeshregengy Magsure;
cycle. 5 B feomhi@h isfid SethShringad
repkgsen$§ggﬁ§trugﬁgfgcgispaggéﬁﬁﬂﬁggglgsﬂ%&%r%cessing
chadber . updating saiH dutye tle dorernand vaingn2 Sumpat i dytyyplg error after

ste g?ucture represents a substrate being processed in
ai’d pl asma processing chanber. 7. The net hod of

cl aem 1 guaetiziigraidalny csele cenmpns tp 8 SVEY s WidduMpdiasion)

. .C . LEd
s S GRS o i el oror
pubtori ng conput er readabl e code configured for

conty ol l ein’ggo g sgidwlgli S g%Lll tg ??ég@xg a} éoﬂd &atd lré?%r@SR) circuit, thereby

processin em the arti manuf act’ur e
energizingissill migetric heater responsive to said PWM signal;

g) interrupting said SSR circuit in accordance with a predefined interval that is

less than a 60Hz AC cycle; and

h) accumulating a duty cycle error into said cumulative duty cycle error after step
d), said duty cycle error being a difference between said duty cycle command after said

updating and an ideal duty cycle command,

wherein said steps a) through h) are repetitively performed.

2. The method of claim 1 further comprising adding a value representative of said PWM

signal to said cumulative cycle error prior to performing another set of steps a) through h).

3. The method of claim 1 wherein said predefined interval represents ¥z of said 60Hz AC

cycle.

4. The method of claim 1 wherein said predefined interval represents one of 1/3 of said AC

cycle and a 1/6 of said 60 Hz AC cycle.

5. The method of claim 1 wherein said load represents a structure disposed in a plasma

processing chamber.
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conput er readabl e code for receiving a setpoint
tenperature; conputer readable code for conparing said
setpoint tenperature with a |oad tenperature, said

| oad tenperature representing a tenperature neasured
for a load that is nost recently neasured; conputer
readabl e code for generating a duty cycle conmmand
responsive to said conmparing; conputer readable code
for updating said duty cycle command using a

6. TRl Xﬁclgglta%ﬁwﬁ:ey&h € PlifRfurkbiBdent AlstbsBRO BEiAf prdkssed in

conputer rea e code for accunulating a duty cycle
saxdrptasmgpwt:@smatfdm‘tbmml ative duty cycle error after said
updating, said duty cycle error being a difference
bet ween said duty cycle command after said updati ng
7. amg m?ma dechimduyieraiy sdidstuioirraRpreseats ;i oBRNCRi g plasma
code r guantizing said duty cycle command to a PWM
P’?%ﬁf“%ecgwb_{'h Mbdul ation) signal after said updating,
said PWM signal conprising a plurality of on pul ses

nd a plural ity of f. | ;S84 '
5. P el ol o BiinEX bRy APRERDLRANF Y clbie!
reddiblble tode cotifipmredtiyr conterl i gzanretpctrmhlcheatbrin @ plasmp pPESFing system,
responsi ve .to sai d .P\WWM signal ; and conputer readable
the, e?éPmWﬁ?%F?ﬁg?Pﬁagsaid SSR circuit in accordance

Wi t BorBputer readable code for receiving a setpoint temperature;

computer readable code for comparing said setpoint temperature with a load
temperature, said load temperature representing a temperature measured for a load that is
most recently measured;

computer readable code for generating a duty cycle command responsive to said
comparing;

computer readable code for updating said duty cycle command using a cumulative
duty cycle error after said generating;

computer readable code for accumulating a duty cycle error into said cumulative duty
cycle error after said updating, said duty cycle error being a difference between said duty
cycle command after said updating and an ideal duty cycle command;
| computer readable code for quantizing said duty cycle command to a PWM (Pulse
Width Modulation) signal after said updating, said PWM signal comprising a plurality of on
pulses and a plurality of off pulses, wherein said PWM signal is employed to trigger a solid
state relay (SSR) circuit, thereby energizing said electric heater responsive to said PWM
signal; and

computer readable code for interrupting said SSR circuit in accordance with a

predefined interval that is less than a 60Hz AC cycle.

9. The article of manufacture of claim 8 further comprising computer readable code for

adding a value representative of said PWM signal to said cumulative cycle error prior.

10. The article of manufacture of claim 8 wherein said predefined interval represents 2 of

said 60Hz AC cycle.



predefined interval that is |ess than a 60Hz AC cycl e.
9. The article of manufacture of claim8 further
conprising conputer readable code for adding a value
representative of said PW signal to said cunulative
cycle error prior. 10. The article of manufacture of
claim8 wherein said predefined interval represents
1/ 2 of said 60Hz AC cycle. 11. The article of
nanufiéiure of claim8 wherein said predefined
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represents a conponent of said plasma processing

13 .gﬂgenb r?clrl% ofﬁnéagx fél’(retﬂrle?f gﬁ%rf P frerSi¥ $4i€ BdcRie epHRIchRalslibbera@ Being

ctric asma processing system the
proedseitin said plasyasprecesgmggbaibirng: | ogic for receiving a
setpoint tenperature; logic for conparing said
setpoint tenperature with a | oad tenperature, said
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andiogib fardempartiig tsyid eatedist tempenmunre with a load temperature, said load
temperature representing a temperature measured for a load that is most recently measured,;
logic for generating a duty cycle command responsive to said comparing;
logic for updating said duty cycle command using a cumulative duty cycle error after
said generating;
logic for accumulating a duty cycle error into said cumulative duty cycle error after
said updating, said duty cycle error being a difference between said duty cycle command
after said updating and an ideal duty cycle command;
logic for quantizing said duty cycle command to a PWM (Pulse Width Modulation)
signal after said updating, said PWM signal comprising a plurality of on pulses and a
plurality of off pulses, wherein said PWM signal is employed to trigger a solid state relay
(SSR) circuit, thereby energizing said electric heater responsive to said PWM signal;
logic for adding a value representative of said PWM signal to said cumulative cycle
error; and
logic for interrupting said SSR circuit in accordance with a predefined interval that is

less than a 60Hz AC cycle, wherein said steps a) through g) are repetitively performed.
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| ogic for quantizing said duty cycle command to a PWM
(Pul se Wdth Mdul ation) signal after said updating,
said PWM signal conprising a plurality of on pul ses
and a plurality of off pulses, wherein said PW si gnal
is enployed to trigger a solid state relay (S SR
circuit, thereby energizing said electric heater
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said 60Hz AC cycle. 17. The el ectronic system of
claim 15 wherein said predefined interval represents.
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structure represents a conponent Qf said plasma

processi ng chanber. '
20. The electronic system of claim 15 wherein said structure represents a component of said

plasma processing chamber.
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