WD 2005/ 081003 PCT/ US2005/ 003796 1 TI TLE: DUAL FEEDBACK CONTROL SYSTEM FOR
MAI NTAI NI NG THE TEMPERATURE OF AN | C-CH P NEAR A SET- PO NT BACKGROUND OF
THE | NVENTI ON: Conpl ex 1 C-chips (integrated circuit chips) are subjected to

several tes s they are manufactured to both deternine their
functi onaﬁ‘iipogﬁf’do%’o insure their 5 future reliabili ty?cwg?f%?’@r”%t est is

usual ly perforned first. During this test, individual |CGchips in the

waf er are probed. This is a quick testgin which only certain types of
defects in the I Cchips are detected. Thermal control during the wafer test
is typically 10 achieved sinply with a cold plate that contacts the wafer.
The next test, which takes place after the I1C chips are packaged, is called
"burn-in". The burn-in test thermally and electrically stresses the

| C-chips to 15 accelerate "infant nortality"” failures. The stressing WO
2005/ 081003 PCT/ US2005/ 003796 2 causes inmedi ate failures that otherw se
woul d occur during the first 10%of the I1Cchips' life in the field,
thereby insuring a nore reliable product for the custonmer. The burs-in test
can take many hours to 5 perform and the tenperature of the ICchip
typically is held in the 100C to 140C range. Because the ICchips are also
subj ected to higher than nornmal voltages, the power dissipation in the

| C-chip can be significantly higher than in normal operation. This extra
power 10 dissipation makes the task of controlling the tenperature
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BACKGROUND OF THE INVENTION:

Complex IC-chips (integrated circuit chips) are
subjected to several tests as they are manufactured to
both determine their functionality and to insure their

5 future reliability. A “wafer” test is usually performed
first. During this test, individual IC-chips in the
wafer are probed. This is a quick test in which only
certain types of defects in the IC-chips are detected.
Thermal control during the wafer test 1is typically

10 achieved simply with a cold plate that contacts the
wafer.

The next test, which takes place after the IC-
chips are packaged, is called “burn-in”. The burn-in
test thermally and electrically stresses the IC-chips to

15 accelerate “infant mortality” £failures. The stressing



of the 1Gchip very difficult. Further, in order to mnimze the tine
required for burn-in, it is also desirable to keep the tenperature of the
| C-chip as high as possible without danmaging the I Cchip. 15 A "class" test

usual Iy folbhowssdsitgsburn-in test. Here, the |G chips apEreesmhososted and
the basic function of each IGchip is verified. During this test, power

dissipation in the 1CGchip can vary wildly as the 1Cchip is sent a stream
of test signals. Because the 20 operati @n of an |G chip sl ows down as the
tenperature of the ICchip increases, very tight tenperature control of
the 1Gchip is required throughout the class test. This insures that the
speed at whicsnsds: |iomgdiatepefatidures bthaturatherwiseclwoudid aogeusi fied

t enper at ur e. - chi enpe uLe_LesL9p hkgh, <th per.ati.on of the
1 ey p w T S AR SC Bk BECHRS 'SGrERbRD hOE; A eRRPERIACT O 1 "
| ower pri cedtlpsrdby | nihsder g or aar imoriehe ywldadle | nyEsduwets héoe ahecady

di scl osed a systemwhich will_rmaintain the 30 tgrrgerature f an I C-chip at
a set-point & ‘E‘ﬁ'éeq'c-ch?gleunhgfﬁbé’é tHRELp5FR JEBER HRAPY h FIPEH" SPest and

"class” WO Z06bEdi,00en®Eh&/SERARLORIEIS of tRet TCTBhipPiypicalllyshstemis
disclosed in US patent 5,812,505 which is entitled "TEMPERATURE CONTRCL

SYSTEM FOR kel &L EcTRBE G O0EQ dP M CA AGMIRVES BeCansk REHSP@QSEhiB\B
dotails of HEY BAPENCURIERAELI FO PASBPporieey 5Tt Y EAERIPr Ll . cven
though the syswern dispipationS0in dhes IC-dkiy <am rbe tdigdigianily e of an
| Cchip Veryﬁigher than in normal operation. This extra power

10 dissipation makes the task of controlling the temperature
of the IC-chip very difficult. Further, in order to
minimize the time required for burn-in, it is also
desirable to keep the temperature of the IC-chip as high
as possible without damaging the IC-chip.

15 A “class” test usually follows the burn-in
test. Here, the IC-chips are speed sorted and the basic
function of each IC-chip is verified. During this test,
power dissipation in the IC-chip can vary wildly as the
IC-chip is sent a stream of test signals. Because the

20 operation of an IC-chip slows down as the temperature of
the IC-chip increases, very tight temperature control of
the IC-chip is required throughout the class test. This
insures that the sﬁeed at which the IC-chip operates is
measured precisely at a specified temperature. If the

25 IC-chip temperature is too high, the operation of the IC-
chip will get a slower speed rating. Then the IC-chip
will be sold as a lower priced part.

In the prior art, the present inventors have
already disclosed a system which will maintain the

30 temperature of an IC-chip at a set-point as the IC-chip

undergoes the above described “burn-~-in” test and “class”



accurately, the present inventors have now di scovered one 20 particul ar
techni cal drawback with that system This drawback has nothing to do with
the accuracy at which the tenperature of the ICchip is maintained, and it

is explaiggdoinsRis N the Detailed Description in coyranabispos7e th Figs.
5-10. 15 Accordingly, the primary object of the present invention is to

provi de a novel tenperature control systemfor an |IC chip which addresses
and solves a technical drawback in sys®em of patent '505. WO 2005/ 091003
PCT/ US2005/ 003796 4 BRI EF SUMVARY OF THE | NVENTI ON: The present invention
is a dual feedback control systemfor maintaining the tenperature of an I G
chi p near atest.poiPhimhpréorhantC-aystemitsi ghsetosed dar \Ishgpatemht of

el ectrical pRo . i t e, i ncl a r | i Gyl

Ferri ger ant Saed2308) JAREH T eitiza MsuFRRRioRe cdipebr St |
evapor at or F0OR AN BLROTRONIC DEVICE WHICH\GXCHIEVES: A QYuiCKH. RESBONSE hi S

system i ncl ydes ) tor ntroller coup e 1 vapoy. r, and a
heat er cont% I IWtﬁ tqcél BR ¢ ?Me%ﬁgr%%{#ﬁe&gt%e ’Hgéfer
control | gr igrmkudes aa1figst thecdhaedd xd r 68 tthidt ChabeRES atlecChet&ph power

to the electric heater with a variable magni tude that conpensates for
changes in fmecorpeEBEp@aPYpERERTRAFEh the 15 | C-chip dissipates. In

addition, the evaporahgge},g??ft Vel §i3ut %e% Fyie G4 eﬁglp%;é Espgui t

whi ch passes the |iqui igerant 1n evaporator wt vari abl e
flow rate tidmes dduckack| contredl thewdempexgture ofh@rhci€echipeverne power

usage mhiCha%EQ&EW%i?,OgﬁgrirELent inventors have now discovered omne

10 particular technical drawback with that system. This
drawback has nothing to do with the accuracy at which the
temperature of the IC-chip is maintained, and it 1is
explained herein in the Detailed Description in
conjunction with Figs. 5-10.

15 Accordingly, the primary object of the present
invention is to provide a novel temperature control
system for an IC-chip which addresses and solves a

technical drawback in system of patent “505.



20 the flowrate of the refrigerant is fixed. Two nunerical exanples, which
Illustrate the magnitude of the power savings that is achieved with the
second feedback circuit, are provided herein in Figs. 5- 10. In the exanple

of Figs. Syénaofdlosfobsi Cal power usage 25 in the heater igeyRdbaResy 61% In
t he exanpl e o? Figs. 8-10, electrical power usage in the heater i1s reduced

by 66% This power savings is in conparison to the above referenced prior
art tenperature control systemof U S. 4patent 5,821,505. 30 In one
particul ar enbodi nent, the second feedback circuit senses the instantaneous
power to the WO 2005/081003 PCT/ US2005/003796 5 electric heater. Then the
second feedBRTEFCSVMMARY sQIfJBHE tINVBNTYONG refrigerant to the evaporator with
a flowrate that -a) decreases if the average of the sensed power to the
el ectric heater over a certain time interval is above 5 an upper power

limt, and b) increaseheifpk8seater dgeention t he tiare dudler vieedlsadie!l ow a

| ower power |imt, In another particuyl enpodi.nent, the second feedback

;
circuit senSEREFAL FXHﬁ@PaF&FemﬁﬁnﬁﬁénigganBFaFﬁPPefﬁéﬁth8 FHMLT eedback

circuit sendpjphenddr | mqusdtipbingermillet Othée aitAt aislipatast low rate
that -a) decreases if the set-point mnus the tenperature of the_evaporator
i s nore ¥ havagyingi puanatfeEr eheatrienl powemcr cTRES FYSEeR LRelydesit ninus

s omonSei e O S Yyhad SERRBN AT LR L ptee. VO
heater which has one face connected to the evaporator amnd
an opposite face for contacting the IC-chip. Also, this
system includes an evaporator controller coupled to the

10 evaporator, and a heater controller coupled to the
electric heater. Further, the heater controller includes
a first feedback circuit which sends electrical power to
the electric heater with a variable magnitude that
compensates for changes in the electrical power which the

15 IC-chip dissipates. In addition, the evaporator
controller includes a second feedback circuit which
passes the liquid refrigerant into the evaporator with a
variable flow rate that reduces electrical power usage in
the heater over the power usage which otherwise occurs if

20 the flow rate of the refrigerant is fixed.

Two numerical examples, which illustrate the
magnitude of the power savings that is achieved with the
second feedback circuit, are provided herein in Figs. 5-
10. In the example of Figs. 5-7, electrical power usage

25 1in the heater is reduced by 61%. In the example of Figs.
8-10, electrical power usage in the heater is reduced by
66%. This power savings is in comparison to the above
referenced prior art temperature control system of U.S.
patent 5,821,505.

30 In one particular embodiment, the second

feedback circuit senses the instantaneous power to the



Fig. 1 shows a dual feedback control systemfor maintaining the tenperature
of an I C-chip near a set- point, which is one preferred enbodi nent of the
present 5 invention. Fig. 2 is a schematic diagramthat shows where

el ectri cal wpQWRlesidsl t hermal power flow through the sywi©mR0dsobids 1- Fig.
3 is the sanme as the schematic diagramof 10 Fig. 2 except that various
items in Fig. 3 are assigned nunerical values. Fig. 4 shows a set of
equations which deternmine the power toS5the heater in the schematic di agram
of Fig. 3. 15 Fig. 5 is the same as the schematic diagramof Fig. 3 except
that the power which the I1Cchip dissipates in Fig. 5 is decreased from 150
watts to 70edgetyicrihpater.s fThen e ceecondnfeedback deivenihesends powver
to the beat t agram,. of 0 8
PCT/U82005/8%573&4%;dgggﬁq§bggagksg% gbgeagg Eﬁggﬁhw%gﬂhétg?é?néggghe power
to the heat ehhaltn ~td)e da’d:&raﬁesc if acheanavdrdgey.of Sthedeengdd powert ton V\/nere

t he evaporatQr ntroI |r uit in Fig. 1 .chan ges t he terrgﬁﬁatugg of the
evapor at or f govsTi & FﬁEtgéﬁe ive fRterKakai P 2BPEGr am of
Fig. 3 _escemnt ihgoﬁe&— pﬂ.ﬂtfoén&h%)l Grdbdadss & Sk f aoBYage t 0o 40C.
Fig. 9 is a set equations which determne _ 10 the power to the heater in
t he schenat iQvVed g@ed gpgerval is below a lower power limit.

In another particular embodiment, the second
feedback circuit senses the temperature of the
evaporator. Then the second feedback circuit sends the

10 1liquid- refriéerant to the evaporator with a flow rate
that -a) decreases if the set-point minus the temperature
of the evaporator is more than a maximum difference, and
b) increases if the set-point minus the temperature of

the evaporator is less than a minimum difference.



8. Fig. 10 in a set of equations which determne the power to the heater in
the schematic diagramof Fig. 8 under the condition where the evaporator
control 15 circuit of Fig. 1 changes the tenperature of. the evaporator

from-5C tv?%id'ogﬁiloﬁ g. 11 is a diagram which shows hov"_pk?@s%@/?&ﬁ% control
ig. Ig.

circuit in and the evaporator control circuit in operate over
time. 20 Fig. 12 shows one preferred enbodi nent of the internal structure
of the evaporator control circuit in ®Bg. 1. WO 2005/081003

PCT/ US20051003796 8 DETAI LED DESCRI PTI ON: A dual feedback control system
for maintaining the tenperature of an |G chip near a set-point, which is
one pref er IBRIERTIDEECRIBETION (dFe THEcDRAWINGSention, will 5 now be descri bed
in conjunction with Fig. 1. Inthat figure, item10 is the ICchip whose
tenperature is being maintained, and item 11 is a substrate on which the

|G- chip is attached.rij§) Dfishdwes rerdrial MecdbaekSontriol syisteml £o@Npri se
the dual feedback control system and 10 these_conponents are identified
bel ow in TM’E"&#WEer CAmRATATITBe RF | B ofCopRip near a 8% tponent 20
is athin, pdim, ehkRELAl sl preiftrreld dpsidimedit N68 ehe fdralsehdce which

contacts the 1C-chip 10, and it has an opposite
5 1invention.

Fig. 2 is a schematic diagram that shows where
electrical power and thermal power £flow through the

system of Fig. 1.

Pig. 3 is the same as the schematic diagfam of
10 Fig. 2 except that various items in Fig. 3 are assigned

nunmerical values.

Fig. 4 shows a set of equations which determine
the power to the heater in the schematic diagram of Fig.
3.

15 Fig. 5 is the same as the schematic diagram of
Fig. 3 except that the power which the IC-chip dissipates
in Fig. 5 is decreased from 150 watts to 70 watts.

Fig. 6 is a set of equations which determine
the power to the heater in the schematic diagram of Fig.
20 5,



flat face which is connected directly to 20 conmponent 21. Electrical power
Pe is sent to the heater 20 on conductors 20a. The tenperature of the
heater 20 is detected 25 by a sensor 20b in the heater 20. This

t enper at urQolgosiodflosat ed by a signal STE on conduct or Speiz00506379§051081003
PCTI US2005/003796 9 21 . . . . . . Conponent 21 is an evaporator for a

refrigerant. The refrigerant enters the 5 evaporator 21 in a liquid state
through a conduit 21a, and the refrigefant exits the evaporator 21 in a
gas state through a 10 conduit 21b. The tenperature of the evaporator 21
Is detected by a sensor 21c on the exterior of the evaporator. 15 This
temperature is indi cRigd By dssagrest T8 equatdpngciwhizlp idetermine

the power to the heater in the schematic diagram of Fig.
5 wunder the condition where the evaporator control

circuit in PFig. 1 changes the temperature of the

5 evaporator from -5°C to +7°C.

Fig. 8 is the same as the schematic diagram of
Fig. 3 except that the set-point for the IC-chip is

raised from 25°C to 40°C.

Fig. 9 is a set of equations which determine
10 the power to the heater in the schematic diagram of Fig.
8.

Fig. 10 is a set of equations which determine
the power to the heater in the schematic diagram of Fig.
8 under the condition where the evaporator control

15 circuit of Fig. 1 changes the temperature of. the

evaporator from -5°C to +10°C.

Fig. 11 is a diagram which shows how the heater
control circuit in Fig. 1 and the evaporator control

circuit in Fig. 1 operate over time.

20 Fig. 12 shows one preferred embodiment of the
internal structure of the evaporator control circuit in

Fig. 1.



22 .

Conponent 22 is a valve which receives the 20 refrigerant

in a I|qU|d state froma conduit 22a, and which passes that refrigerant at

a sel ectabl e

flowrate to the conduit 25 2la. The flow rate through the

val ve 22 iwgoSesRsloss by a control signal SFv on condygi@Arsseedshsied N one

enbodi nent ,

the signal SFv 30 is a pulse nodul ated signal, and the valve 22

WO 20051081003 PCT/ US2005/ 003796 10 opens for the duration of each pul se.

I n another enbodinent, the signal SFv8 is an anplitude nodul ated 5 anal og
signal, and the valve 22 opens to a degree that is proportional to the
anplitude of the signal. 23". . . . . . Conponent 23 is a 10

conpr essor - REPAIGER (DEGORIPTIN: an i nput that is connected to conduit 21b,

and an out put that

23

is connected to conduit 22a. 15 The conpressor-condenser

A dual feedback control system for maintaining

the temperature of an IC-chip near a set-point, which is

one preferred embodiment of the present invention, will

5 now be described in conjunction with Fig. 1. In that

figure,

item 10 is the IC-chip whose temperature is being

maintained, and item 11 is a substrate on which the IC-

chip is attached. All of the remaining components in

Fig.

1 comprise the dual feedback control system, and

10 these components are identified below in TABLE 1.

15

20

25

TABLE 1
Component Description

20 . . . . . . Component 20 is a thin,
flat electric heater. The
heater 20 has one flat face
which contacts the IC-chip
10, and it has an opposite

flat face which is
connected directly to
component 21. Electrical

power Py is sent to the
heater 20 on conductors
20a. The temperature of
the heater 20 is detected
by ‘a sensor 20b in the
heater 20. This
temperature is indicated by
a signal STy on conductors

20c.



receives the refrigerant in the gas state, and then conpresses and
condenses that refrigerant to the 20 liquid state. 24 . .

Conmponent 24 is a socket which holds the substrate 11. El ectrical

conduct or swold@nspgP and 24c pass 25 through the socketpdigydabifdinodsee Chi p 10.
The conductors 24a carry test signals to and fromthe I1Cchip 10. The
conductors 24b carry 30 electrical power P$ to the [Cchip 10. The
conductors WO 20051081003 PCTI US20051008796 11 24c, carry signals STc which
indicate the tenperature of the ICchip 10. These signals STc are
generated by 5 a tenperature sensor 10a that is integrated into the
|Cchip 10. 25 . . ... . 21Conponent. 25 iCompopentr s2iply wid ch sends the
10 power P8 to the electric heater 20 mnth a se%gctable gagnitude. The
amount of ‘power that is sent at any vapora ° a

refrigerant. The
refrigerant - enters the
5 evaporator 21 in a 1ligquid

state through a conduit
2la, and the refrigerant
exits the evaporator 21 in
a gas . state through a
10 conduit 21b. The
temperature of the
evaporator 21 is detected
by a sensor 21c on the
exterior of the evaporator.
15 This temperature is
indicated by a signal STz on

conductors 214d.

22 . . . + «. «+ Component 22 is a valve
which receives the
20 refrigerant in a 1liquid

state from a conduit 22a,
and which passes that
refrigerant at a selectable
flow rate to the conduit
25 2la. The flow rate through
the valve 22 is selected by
a control signal SFy on
conductors 22b. In one
embodiment, the signal S8Fy
30 is a pulse modulated
signal, and the valve 22



instant is selected by a 15 signal SP8 on conductors 25a. 26 . . . . . .
Conponent 26 is a control circuit for the heater power supply 25. This 20
control circuit 26 generates the signal Spit on the conductors 25a in

response t@obb@ngieenNal s STE, STH, STc, and SP which i tpcdBydr6fsRbiss ONn the
conductors 21d, 20c, 24c and 26a. The signal SP indicates a set- point

tenperature at which the ICchip 10 is to be 30 nai ntai ned. The contr ol
circuit 26, together with WO 2005/ 081008 PCT/ US2005/ 003796 12 the power
supply 25 and the electric heater 20, forma. first feedback loop in the
Fig. 1 control system 5 This first feedback |oop quickly conpensates for
changes in power dis- sipation in the | Copéhp Hor asHet h@urdbyidsmi ofai ns t he
10 tenperature of the ICGchip 10 near the set-&oj nt.

each pulse. In another

embodiment, the signal SFy

is an amplitude modulated

5 analog signal, and the
valve 22 opens to a degree
that is proportional to the

amplitude.of the signal.

23’. ... . . Component 23 is a
10 compressor-condenser which
has an input that is
connected to conduit 21D,
and an output that |is
connected to conduit 22a.
15 The compressor-condenser 23
" receives the refrigerant in
the gas state, and then
compresses and condenses
that refrigerant to the
20 1iqﬁid state.

24 . . ... . Component 24 is a socket

which holds the substrate

11. Electrical conductors

24a, 24¢b and 24c pass

25 through the socket to the
IC~chip 10. The conductors

24a carry test signals to

and from the 1IC-chip 10.

The conductors 24b carry

30 electrical power Pr to the

IC-chip 10. The conductors



27 . . . . . . Conmponent 27 is a control «circuit for the valve 22. This
control circuit 27 15 generates the signal SFv on the conductors 22b in
response to the signals SPe, STg, and SP which it receives on the

conduct or Sy@%edadions21d, and 26a. The control circuit 2érysh@gsdshsr W th the
valve 22 and the evaporator 21, form a second feedback |oop in 25 the Fig.

1 control system This second feedback |oop passes the liquid refrigerant
through the evaporator with a variabl @30 flow rate that reduces the WO
2005/ 081003 PCTI US200S/ 003796 13 overall usage of electrical power in the
Fig. 1 system Next, with reference to Figs. 2-11, additional details wll
be described on how the first and second24%® faazhyacdansit $Pherwhich To

begin, reference should be nmade to Fig'f%d@@gggiéiéiﬁ?ﬁyﬂg?€¢$é“€§ra”‘that
ugh the

shows where electrical power and thernmal power flow thr 1g. 1
systemin the steady state. Several synbdhe arkC-alslgd i hOFi g. ZTheswl t hose
synbol s are defined belowin 10 TABLE 2.
signals ST. are generated by
5 a temperature sensoxr 10a
that is integrated into the

25 . . . . . . Component 25 1is a power

supply which sends the

10 power Py to the electric

heater 20 with a selectable

magnitude. The amount of

power that is sent at any

instant is selected by a

15 signal 8Py on conductors
25a.

26 . . « . . « Component 26 is a control
circuit for the heater
power supply 25. This

20 control circuit 26
generates the signal SPg on
the conductors 25a in
response to the signals STg,
8Ty, 8T, and SP which it

25 receives on the conductors
21d, 20c, 24c and 26a. The
signal SP indicates a set-
point temperature at which
the IC-chip 10 1is to be

30 maintained. The control

circuit 26, together with



TABLE 2 Synbol

that is
response

proportionw@®a2086s16%3 Vol tage | evel
vol tage | eve

in order to catch certain
2005/ 081003 PCTI US2005/ 003796 14 PS8 .

el ectri cal

i NSt ant aneous
i nst ant aneous
i NSt ant aneous

10

15

20

25

30

Meani ng PC
to the TEST signals in Fig.

can be
power that is

tenperature of the

27 . . . .

PC is the instantaneous
15 sent to the IGchip 10. This power varies in a

types of failures in the
12,

sent to the heater
5 tenperature of the 1Gchip 10. T8 . . .7 . .
tenperature of the heater the. pd®e¥ssupply 25. andTBhes t he

el ectri cal

POV g R5005/003748E

25 | evel,
| CGchip 10. WO

20. TC . TCis
Tg is

electric heater 20, form a.
first feedback loop in the
Fig. 1 control
This first
quickly compensates for
changes in dis-
sipation in the IC-chip 10

the

system.

feedback loop

power

and thereby maintains
temperature of the IC-chip

10 near the set-point.

Component 27 is a control
circuit for the valve 22,
This control <circuit 27
generates the signal SFy on
the 22b
response to the signals SPy,

STk, Sp

conductors in

and which it
receives on the conductors
25a, 214, and 26a. The
27,

together with the valve 22

control circuit

and the evaporator 21, form
a second feedback loop in
the Fig.
This

1 control system.
second feedback 1loop

the liquid
the

passes
refrigerant through
evaporator with a wvariable

flow rate that reduces the

power

random manner
1. This power also varies 20 in

at which the
i ncreased above a nor mal

DC

Pa is the instantaneous

t he
t he

in

uring sone tests,



evaporator 21. 9(C8) . . . . 9(CH) is the thermal resistance between the
|G 15 chip 10 and the heater 20. 9(H8) . . . . 9(H8) is the thernal

resi stance between the heater 20 and the evaporator 21. 20 In the

st eady- st is showmn in Fig. 2) Tc is at the nperat ure,
and the tg‘trrpe?g@&ﬁgs Tv and Tx are progressively col dgr@}m%hgg&)lsiﬁt he st eady
state, thermal power flows fromthe I1Cchip 10 to the refrigerant along the
path 31, and thermal power flows 25 frdnthe heater 20 to the refrigerant
along the path 32. Further in the steady-state, the thermal power on path
31 equals the electrical power Pc that is sent to the ICchip 10, and the
t hermal power on path 32 equals the el coverahl psage PK teﬂ&tctiricgént to the
heat er 20. WD 2005/ 081003 PCT/U82005/003796 n t Pc
i ncreases to a higher Ievel Pc(+). Then? |nr3%%§(%)ﬁr)£g§fq"eo*\;\\; a‘i €Ehd to rise

above the set-point, Byt to, GO sat e fo t effe t control
circuit 26 will decr& 'P#“'rc‘hn?%gi%?{écee gﬁ? Ea%p q‘?ﬁ&t‘ will keep
the | C chi pddaidls t W13 elbeP0dBbcrithéd Cont HiwsSthat Eiriste am@helecbadel of
power PC(+). Conversely, suppose that Pc¢ dgcr eases to a | ower_power |evel

Pc(-). Phenfeefiasi, oheers TORGRAte-ondTPo RegdP . FATRFIIRE sBhopldnPe Byt to

compensal e de ' 83! reh 0%  whifn! 18 RCUGHerNld CAiLF M EnLE Whiohsl NCT Case
PH. In response, THwIl!l rise, and that wll keep the ICchip 10
where electrical power and thermal power flow through the

Fig. 1 system in the steady state. Several symbols are
used in Fig. 2, and those symbols are defined below in
10 TABLE 2.

TABLE 2
Symbol Meaning
Pe o ¢ ¢ o o & P 1is the instantaneous

electrical power that is

15 gsent to the IC-chip 10.
This power varies in a
random manner in response
to the TEST signals in Fig.
1. This power also varies

20 "in proportion to the DC
voltage level at which the
power is sent. The DC
voltage level can’ be
increased above a normal

25 level, during some tests,
in order to catch certain
types of failures in the
IC-chip 10.



at the set-point while it dissipates the decreased |evel of power Pc(-). A
nuneri cal exanple of howto determne the 15 particular heater power PH
which will keep Tc at the set- point, under steady-state conditions, is
shown in Fiyg§agodosiasd 4- In Fig. 3, the 1Gchip 10 is atpcg/xsfosaphiyt Of

25C, and the tenperature of the evaporator is -5C. Also in Fig. 3, the
thermal resistances QQCGH) and QHE) are 20 0.1CW and 0.05C W
respectively. The particul ar heater powdt PH which will keep the ICchip 10
at the set-point in Fig. 3 is calculated by equations 1-4 in Fig. 4.
Equation 1 says that the tenperature drop fromTc to THis equal to Pc
tinmes all of 25 the therBwal- resistanee i nPpat #5831, theus imstantanesus of the

thermal resistance is path 32. Then equatgggigr%éa%oEEg&F?gnQ§aiub§%;tuting

nunerical values fromFig. 3 into equation X i's t ai ned
by adding and subtracting the various nuseatctb theukeatéat2occur 30 in
equation 2. Then equation 4 is obtained by sol ving WO 20051081003

PCT/ US2005/ 003796 16 edmation.3.for.the lreat ds potke P.idstentemeniuson 4,
the heater power PH is calculated to be 150 watts. Nov# ngpoJ[s‘g at the

| C-chip power Pc decreases from 150 watt SSHRSEAGHR® P §Re3 1G5 Rwatts as
showmn in 5 Fig. 5. Wen that occurs, theipower PH to the electric heater
must increase in order to keep the tenperature of the ICchip 10 at the
set-point. The particul afg heater , poywer Peg,whiigh kergs tigstdntdtidould at the
set-point in the steady-state is calculated by equations 10-12 in Fig. 10

6. temperature of the heater
20.

10 , TE o o o o o o T is the instantaneous

temperature of the

evaporator 21.

6 (C-H) « o = b(Cc-H) is the thermal
resistance between the IC-
15 , chip 10 and the heater 20.

’ resistance between the
heater 20 and the

evaporator 21.

20 In the steady-state (which is shown in Fig. 2)
T is at the ‘set-po:l.nt' temperature, and the temperatures
Ty and Ty are progressively colder. Also in the steady-
state, thermal power flowsr from the IC-chip 10 to the
refrigerant along the i:ath 31, and thermal power £flows
25 from the heater 20 to the refrigerant along the path 32.
Further in the steady-state, the thermal power on path 31
equals the electrical power P; that is sent to the IC-chip
10, and the thermal power on path 32 equals the

electrical power Py that is sent to the heater 20.



Equation 10 says that the tenperature drop from Tc to T$ is equal to
tinmes the thernmal resistance in path 31, plus PHtines the thernal
resistance in path 32. Then equation 11 is obtained by adding and

subtractin 012':005/@?0“61“ ous nurnerical values that occur bﬁr/ﬁ%ﬁ%o@ﬂelo-
: PH

equation 1

I's obtained by solving equation 11 for the heater power

From equation 12, the heater power Pg is calculated to be 390 watts.
above drop in I CGchip power from 150 2B watts to 70 watts is just a
transient that occurs as part of the randomchanges in Pc due to the
signals, then the evaporator control circuit 27 does nothing in response.

Conversely,

if t he avéupposef nowe thaikt e?rc pumeudar tagaahjgbewt deneded

Pc

Then
It t he

TEST

i nterval AT 0 tts,. 25 the % agQr _cont r ol uit 27
responds byl’S hrh%?h W%l \Aev'spgtngedf Fhe ]r'gf rélglgérgﬁt gget ﬁ‘govév;;ﬁgr at or
21, which rasaeq)dﬂaﬂ: termﬂ:( ad/rcomplenaiatieh €orethptr affect]. thei shieagefH makes
the oper at | on of the Fi 1 3(‘)‘@’ st.em nore effl cient. A nuner] cal_ ixarrpl e

of this is
PCT/ US20@5/

diti s 18°6FSRPg. Fy- XRBPED0=E ¥

QPEJ&G aﬂi 188 L D1 113e(§j§‘)/€hé hﬂé-&'ﬁip S10aktenk’ @@t-poine
0]

The evaporator control circuit 27

es this generating the signal

+7C.
SFo in

Fig. 1 such whigke tife disgipatesc the hpghesf 193%*&?@ oW e (e valve 22 is

reduced. 5 As that fl qy
| ess refrigerant changes

Equation 14

10

15

20

25

30

to a gas In the evaporator
pewer tkeuel (R (rérpefhenr éndreppénsen Tc will tend to drop

below the set-point. But to compensate for that effect,
the heater control circuit 26 will increase Py. In
response, Ty will rise, and that will keep the IC-chip 10
at the set-point while it dissipates the decreased level
of power Pq.(-).

A numerical example of how to determine the
particular heater power Py which will keep T, at the set-
point, under steady-state conditions, is shown in Figs. 3
and 4. In Fig. 3, the IC-chip 10 is at a set-point of
25°C, and the temperature ef the evaporator is -5°C. Also

in Fig. 3, the thermal resistances 0(C-H) and O(H-E) are

0.1°c/wW, and 0.05°C/W respectively.

The particular heater power Py which will keep
the IC-chip 10 at the set-point in Fig. 3 is calculated
by equatione 1-4 in Fig. 4. Equation 1 sgays that the
temperature drop from T. to Ty is equal to P. times all of
the thermal resistance in path‘31, plus Py times all of
the thermal resistance in path 32, Then equation 2 is
obtained by substituting numerical values from Fig. 3
into equation 1. ©Next equation 3 is obtalned by adding
and subtracting the various numerical values that occur

in equation 2. Then equation 4 is obtained by solving

A S Bup ! ERET B Wb 7SS



Tc to T1 is equal to Pc tines the thermal resistance in 10 path 31, plus Pa
tinmes the thernmal resistance in path 32. Then equation 15 is obtai ned by
addi ng and subtracting the various nunerical values that occur in equation

14. Tg.eniyg%%glgﬁ 16 is obtained by sol ving equation Pl?"iflfs?ﬁosm(gbﬁ heat er

power romequation 16, the heater power 15 Pe is calculated to be 150

watts. Conparing equation 16 with equation 12 indicates that 240 watts are
saved due to the operation of the evapérator control circuit 27. |In other

words, the second control loop in the Fig. 1' systemreduces 20 el ectrical
power consunption in the heater 20 from 390 watts to 150 watts, or 61%

Al so in theegugtidonsysfem thacheatprcpower Bondefrmmws €mation whbr khmar der as

the heater power_is__increased. ,Th dditjon po I s saved by the 25
conpr essor-cgﬁggﬁs PWRhel? t'te cf?é‘é’tu'.élrgtﬁgv\g? 1’3 g%?yw%ggs'watts, as conpared
to being 390 watts. |Rowheswppose atiatl alec IT-¢hdpC powee! Psydécreades U. S.

patent 5,812,505 gv\/ni ch is referenced herein in the BACKGRO{\ID), here is
no second cSRPRoF3PoBBELE2EHERIWR: BSFLG st 20k | THWRERR FBNBRIWWER t hr ough

a heatsigik gigd 5CONSHREM thay babera)difeCPoWedNp,l WS UsBectPils Wnen WO
2005/ 081003 PCT/ US20051003796 18 the I C-chip power drops from 150 watts to

70 watts inhepter BYStsyscaepsehdnelorderi ¢ Kok thei kemperatie (f the
e, “HEASIRI W CR0pBLEET e tlal G lled? 1 0
previously peweri Padwhiichdkeeps the IC-chip 10 at the_set-po:l.nt in
the steady-state is calculated by equations 10-12 in Fig.
10 6.
Equation 10 says that the temperature drop from
Te to Tz is equal to P¢ ‘times the thermal resistance in
path 31, plus Py times the thermal resistance in path 32.
Then equation 11 is obtained by adding and subtrécting
15 the various numerical values that occur in equation 10.
Then equation 12 is ‘obtained by solving equation 11 for
the heater power Pz. From equation 12, the heater power
Pz is calculated to be 390 watts.
If the above drop in IC-chip power £rom 150
20 watts to 70 watts is just a transient that occurs as part
of the random changes in P, due to the TEST signals, then
the evaporator control circuit 27 does nothing in

response. Conversely, 1f the average of the heater power

during a predetermined interval AT stays at 390 watts,

25 then the evaporator control circuit 27 responds by

lowering the £flow rate of the refrigerant to the

evaporator 21, which raises the temperature Tz of the
evaporator 21.

Raising Tz makes the operation of the Fig. 1

30 system more efficient. A numerical example of this is

shown by equations 13-16 of Fig. 7.



state conditions that are shown in Fig. 3. Then, consider what happens if
the set-point tenperature is increased from25C to 40C. Wen that change in
set 10 point occurs, the steady-state operation that is shown in Fig. 5

changes t b gady-state operation that is shown i @000t
parti cul a(rivée@tséél power PHin Fig. 8 which w Il keep the ICchip 10 at the

set-point in the steady- 15 state is calculated by equations 20-22 in Fig.
9. Equation 20 says that the tenperatudd drop fromTc to TH is equal to Pa
times the thermal resistance in path 31, plus PHtines the thernmal
resistance in path 32. Then equation 21 is obtai ned by addi ng and
subtracting the 20 vaEgoationn®3i saysvahaesTihis satsedi fremuast®nt&0. Then
equation 22 is obtained by solving equation 21 for the heater power PH.
From equati ¢@°22, tEBehEVaPOTPsREr qurtrel cairoprited@?t odoes 45BigatPE. The

above 1ise ganBeatihgP MR L{MMAISRRYALL Spagd i Figh Fnhe 45 v@iLy in Fig.

8 is not juSt a tranSient occurs as part “of ran anges in Pc
due to the raE8Tofi ¢hited srefitigerand chxomglt dthecordlvel 22 risii te@icedesponds

by raisipg the }éﬁﬂgerﬁtfure Ts_of, t he evglgor tor 21 to ai n_nake the
operatioh oft® hEBEt g £1pv, X2R%, S5PRss0 i CIEERETAKYAEets cAPCERARBP e of
this i s shopecansecQds OFefrigeant dlighgeld. £2¥m 20034¢8140%0c a gas

PCT/ US2005/ Q03796 19 Equation 23 says that T, is raised from-5Cto +10C
The evapor afidr tBEneVEPOZALLEi 127 does this by generating the signal SFv in

Fi g 1dsuch that the EheWtibat €40bayBethat’ tHE" RBhpbPaLEPE 4RSpVRLMR 22 1S
reauced.

Tc to Tz is equal to P times the thermal resistance in
10 path 31, plus Py times the thermal resistance in path 32.

Then equation 15 is obtained by adding and subtracting

the various numerical values that occur in equation 14.

Then, equation 16 is obtained by solving equation 15 for

the heater power Pg. From equation 16, the heater power
15 Py is calculated to be 150 watts.

Comparing equation 16 with equation 12
indicates that 240 watts are saved due to the operation
of the evaporator control circuit 27. In other words,
the second control loop in the Fig. 1 system reduces

20 electrical power consumption in the heater 20 from 390
watts to 150 watts, or 61%.

Also in the Fig. 1 system, the compressor-
condenser 23 must work harder as the heater power is
increased. Thus, additional power is saved by the

25 compressor-condenser when the heater power is only 150
watts, as compared to being 390 watts.

In the prior art temperature control system of
U.S. patent 5,812,505 (which is referenced herein in the
BACKGROUND), there is no second control loop. In the

30 °"505 system, liquid coolant f£lows through a heatsink at a

constant flow rate and a constant temperature. Thus when



5 Equation 24 says that the tenperature drop fromTC to Ta is equal to PC
tinmes the thernmal resistance in path 31, plus Ps tinmes the thernal
resistance in path 32. Next equation 25 is obtained by adding and

subt racti ngd Resosydisi 0us numerical val ues that occur inpegysder9svsnd. Then 10
equation 26 1s obtalined by solving equation 25 for the heater power P. From

equation 26, the heater power PHis <calculated to be 150 watts. Conpari ng
equation 26 with equation 22 indicatesiBhat 300 watts are saved due to the
operation 15 of the evaporator control circuit 27. Thus, the second control
loop in the Fig. 1 systemreduced electrical power consunption in the
heater 20 frbthe4E0-¢hip spewersdropgtfxom cksGasatie ko dHhiwattaidin itheal power

is also save y 0 SQf = gggﬁse S| i ty doO ot .2 ve to
wor k as hard %gnsﬁgeﬁéﬁrépgﬁgel S onléoﬁgﬁ ~"\i/%/g't(éfls %Bﬁsge%g ?):lp %eﬂlgrjllg 450
watts. By cohpatesontoi rcdnpenmater fotr (thegler stvope ieondetérmimedmbyf U. S

patent 5,812,505, .11 quj ola fl ows through a heatsink at a constant
flowrate anaqga'é%"%%n‘{s?é ’f? %‘é%’e‘%m‘ﬂre. Thus when the set-point rises from
25C to 4C in the '505Neys) ersupposec! Ehati Gle peyBtemWMBEh Fig.sebt i t he

heater to conpepsate for that rise .is determned by equatiqns 20-22 in Fig.
9. Next, ref gB@ﬂEe aperatdng. nader: fbe g?riﬁlme]c% dgﬁg’%'l’ri? HYPANE heat er

control circhthtéb @olditfonsV Mt QreCOBhbWn CLACURLgZ7 Pperatehayer tine.
In Fig. WD 20051081003 PCT1US20051003796 20 11, tinme 1ncreases fromleft to

ri ght on thecRBfident whatyxhappansgo 3y thg. aet-peink ctemperatnreysts ates

the increased from 25°C to 40°C. When that change in set-

10 point occurs, the steady-state operation that is shown in

Fig. 5 changes to the steady-state operation that is

shown in Fig. 8. .

The particular heater power Py in Fig. 8 which

will keep the IC-chip 10 at the set-point in the steady-

15 state 1s calculated by equations 20-22 in Fig. 9.

Equation 20 says that the temperature drop from T, to T

is equal to P times the thermal resistance in path 31,

plus Py times the thermal resistance in path 32. Then

equation 21 is obtained by adding and subtracting the

20 various numerical values that occur in equation 20. Then

equation 22 is obtained by solving equation 21 for the

heater power Py. From equation 22, the heater power Py is
calculated to be 450 watts.

The above rise in heater power from 150 watts

25 4in Fig. 3 to 450 watts in PFig. 8 is not just a transient

that occurs as part of the random changes in Pr due to the

TEST signals. Thus the evaporator control circuit 27

responds by raising the temperature Tz of the evaporator

21 to again make the operation of the Fig. 1 system more

30 efficient. . A numerical example of this is shown by
equations 23-26 of Fig. 1o0.



runni ng average of the power that is sent to the heater 20. This average at
any tine t is taken during a time 5 interval AT that ends at tine t.
Further in Fig. 11, a waveform42 illustrates the instantaneous power that

is sent tQyYssspéd? This instantaneous power is rapir‘é‘rﬁls'b&%@s@)&ed by the

heater control circuit 26 when Te starts to fall below the set 10 point,
and it is rapidly decreased when Tc starts to rise above the set-point.
Consequently, Tc always stays at, or @®ar, the set-point. To sinplify Fig.
11, the instantaneous heater power as indicated by waveform 42 is shown
only fromtine 15 ti to tinme t21 whereas the average heater power as

i ndi cated by wavef or nEddat fosh@3nsay®Mthat®T{ iid ordided f£omli5ic g be
understood that the rapid changes in waveform 42 are superinposed on
wavef orm 41+10%w t i (Bhet 2evapoxater t pntosl kidkeuibey27ardoésorpbisndyt| to

time U 20 Further.in EFig. 11, referenge nergls 43 a 44 respectively
illustrate gﬁnﬁﬁﬁé}ngi ﬁ?‘g aﬁmq}v\e Yi tgygbrqth%u e?ﬁa& 5‘ e °p"6wer.
Si gnal s whi gatecpEcthel refiddesaniti Khirbugl 2he 4halatec 22 diedradidudl t he
evaporator _control circuit 27. 25 Wien the average heater power 41 rises

above the Egpekienneé £oys Hdipk Hde tERReRIUTSOAFR EFoRuTe t27Txecr eases

the flowrajg ERuah W BETEiKEL APhe | BnbPRal C¥aBoERRREe 2in QRtECIFE! V. When
t he average heat'er power 41 drops below the lower limt 44, then the

evapor at or BdugoRur diimes cthe fhermal cxsedstance| 3 reath FR2of tNext
cj Tl appl\ 55Q404¢ 88 W8 2005 TR £ GAY VSl v/ 02d &6 subtracting the

various numerical values that occur in equation 24. Then

10 equation 26 is obtained by solving equation 25 for the
heater power Py. From equation 26, the heater power Py is
calculated to be 150 watts.

Comparing equation 26 with equation 22
indicates that 300 watts are saved due to the operation

15 of the evaporator control circuit 27. Thus.ﬂthe second
control loop in the Fig. '1 system reduced electrical
power consumption in the heater 20 from 450 watts to 150
watts, or 66%. Here again, additional power is also
saved by the compressor-condenser 23 since it does not

20 have to work as hard when the heater power is only 150
watts instead of being 450 watts.

By comparison, in the prior art temperature
control system of U.S. patent 5,812,505, liquid coolant
flows through a heatsink at a constant flow rate and a

25 constant temperature. Thus when the set-point rises from
25°C to 40°C in the °505 system, the electrical power
which is sent to the heater to compensate for that rise
is determined by equations 20-22 in Fig. 9.

Next, reference should be made to Fig. 11 which

30 shows how the heater control circuit 26 and the

evaporator control circuit 27 operate over time. 1In Fig.



refrigerant to the evaporator 21. The flowrate Fa is shown by waveform 45
in Fig. 11. Fromtinme tl to tine t2 in Fig. 11, the average heater power 41
stays within the limts 43 and 44. Thus 5 the evaporator control circuit 27
makes no cRgng@okfbes he flow rate F. Then at tine t2, &ﬁﬁﬁﬂoyoﬂﬁé‘?ase
occurs in the set-point tenperature. Thus a large dlfference occurs

between the set-point tenperature and the tenperature Tc 10 of the 1 Gchip
10. in response, the heater control c#Pcuit 26 increases the average power
41 to the heater 20. Also, the evaporator control circuit 27 reacts to
step changes in the set-point tenperature. 15 Specifically, the evaporator
control cirtmittiﬁesdn¢$aﬂm9diinﬁmj1&#&ig@ruhghtoonh¢haﬁ#nntﬁqntﬁm.thh a

flowrate creas eset 1 (WIS enmper at & of the
evapor at or st eps ij%ovg a LﬁDpe;Jﬂfl R tw Il#lné?‘g'é'stgsg?' 8 t Set - poi nt
m nus the teamimg uaeephgehe £2 G Ha apswent ouha?.:l E4 epenbeltow thd cuﬁtér mt. One

suitable u t is 50C, anpd one suitabl I rI|m s 30 InF|
11, the evag r at #T@orﬁ‘ﬁﬁa%?rﬁﬁl poy7t @&33 el'I'I Bfe arpbd J

refrigergnty ggeﬁgy\mpyﬂ#\@v&wg MRé S fdop tinme t2 totime t3. As the flow

rate F$ 25 decreases e tenperature T$ of the evaporator increases. Thus
a decrease occurs in ¥ucthexr dge Hgat ekl.poacwatefowni A2 |sllwuambto keep

(1 LCoTPeA8 hobSaShanR b inel Beble AL ARE. TR S

occurs, theid@canPaidéiH0powet @0&%@63179&ncreased by the heater

control circult 26 when T, starts to fall below the set-

10 point, and it is rapidly decreased when T, starts to rise

above the set-point. cOngequently, Tc. always stays at, or
near, the set-point.

To simplify Fig. 11, the instantaneous heater

power as indicated by waveform 42 is shown only from time

15 tl1 to time t2; whereas the average heater power as

indicated by waveform 41 is shown from time tl to time

t9. It is to be understood that the rapid changes in

waveform 42 are superimposed on waveform 41 from time t2

to time t9, just like they are from time tl1 to time t2.

290 Further in Fig. 11, reference numerals 43 and

44 respectively illustrate an upper limit aﬁd lower limit

for the average heater power. Signals which represent

the two limits 43 and 44 are stored within the evaporator
control circuit 27.

25 When the average heater power 41 rises above

the upper l1limit 43, then the evaporator control circuit

27 decreases the flow-rate Fp; of the refrigerant to the

evaporator 21. Conversely, when 'the average heater power

41 drops below the lower limit 44, then the evaporator

30 control circult 27 increases the flow rate Fy; of the

cj£\appl\550707.doc



22 evaporator control circuit 27 stops changing the flow rate Fp of the
refrigerant. Fromtinme t3 to tinme t4, the average heater power 41 slowy
drops fromthe upper limt 43 to the 5 lower limt 44. This indicates that
the flow RgdokBsibéat Was set at time t3 is too | ow. Powaskoosmostssne t4 to
time t5, the evaporator control circuit 27 reacts by increasing the flow
rate F$ as shown by waveform 45. This |lowers the tenperature T8 10 of the
evaporator 21. In response, the heater 2dontrol circuit 26 increases the
average heater power 41 in order to keep the IC-chip 10 at the set-point SE
in the steady- state. At tine t5, the average heater power 41 rises 15
above the | 50EFigerant 150 \hen eYAROTAYAFR s21¢ he ThY opbo%t SAtEoFr 8 circuit

27 stops chgﬁgwg%}%‘u% rgg q‘E@i@‘. tjRe refrigerant. Thereafter, from
, e

time t5 to tine t average heat’er power 41 stays within the two limts
43 20 and 44. Thus riremarime otluts time R fimWigdt 6l tlextagvextage ne t6, a

step decreagse_pccurs in e_,avera 0 Pe.to. the .l C.chip 10...This can be
caused by a§e§€%5 E%"é?ré'aég FﬁaYﬁew%ghSBY\ﬁgaei&%u\%i %H £ 6%Ker “I‘l%u sent to
the |1 G- @&i pth@. evAporatep eentbolcealsediby2n makebange chaneortd thgience of

TEST si gnalg to anot her sequence of TEST signals which sw tches fewer
transi storsTlQFtFrRetFe 1 G chip 10. In response to the above power decrease,

the tenperature of tiwedC-&Hi 0idd €4 Ard Sstdd kbl vdditrs Ah Sais POI Nt .
That tenperature drop is sensed by the heater
set-point temperature. Thus a large difference occurs
between the set-point temperature and the temperature T.
10 of the IC-chip 10. In response,: the heater control
circuit 26 increases the average power 41 to the heater
20.
Algso, the evaporator control circuit 27 reacts
to step changes in the set-point temperature.
15 Specifically, the evaporator control circuit 27 sends the
liquid refrigerant to the evaporator 21 with a flow rate
that -a) decreases if the set-point minus the temperature
of the evaporator 21 steps above an upper limit, and b)

increases if the set-point minus the temperature of the

20 evaporator 21 steps below a lower limit. One suitable

upper limit is 50°C, and one suitable lower limit is 30°C.

In Fig. 11, the evaporator control circuit 27

decreases the flow rate F,_- of refrigerant as shown by

waveform 45 from time t2 to time t3. As the flow rate Fy

25 decreases, the temperature Tz of the evaporator increases.

Thus a decrease occurs in the average heater power 41

which is required to keep the IC-chip 10 at the set-
point, in the steady-state.

At time t3, the average heater power 41 falls

30 below the upper 1limit 43, When that occurs, the



control circuit 26 which reacts by quickly increasing the average heater
power 41. WD 20051081003 PCT1US2005/ 003796 23 When the average heater power
41 rises above the upper limt 43, the evaporator control circuit 27

responds byodgssigaes N9 the flowrate Fit of the refri 1%005@93 6| S Shown
by waveform45 fromtinme t6 5 to tinme t7. Due to that decreased flow rate,

the tenperature of the evaporator 21 increases. This increased evaporator
tenperature allows the average heater Z®wer 41 to be |owered and still
maintain the 1CG chip 10 at the set-point in the steady-state. 10 Between
time t7 and time t8, the average heater power 41 slowy drops fromthe
upper |imt ed3poxatbe dcantarol i kilircddt TiT Ssitogsc atlengivig tthe f Ebowrate F1
was set too | ow_at gi t7._Thus fromtinme t8 to tinme t9, the evaporator
15 control &&t&ufe 9 %%c’f%f%iﬂﬂ?‘fﬂﬁ%asi ng the flowrate F$ as shown by

waveform 45. In respopgém ttineVRBOIES Obimb ErHASI athé € akferiffe €AE&Eer Thus the
heater control circuit_ 26 increases the average heater power. 41 in order

to keep th®owerchtp sAowlyt HAraRs - S5PRt §he ( HBPSF cddpiht af2. &0 Ehetine 9,
the avergge jRaken R9¢eR44]l Th$ESindDOYEed Nehd O WEle 184 Alte \ﬁgeehwat

occurs, the evaporator control circurt 27 stops changing the flow rate FR
Ther eaft er, wase s@tcafgtimeatdr igpotee Mdwstays within the two limits 43 and

50,0 evaport o shReS W ciuk Uyl AT FHES 0 R00Bllohipof] o T
internal stroontrod afidcdwdte\zparedats by increasing the flow rate Fy
as shown by waveform 45. This lowers the temperature T
10 of the evaporator 21. In response, the heater control
circuit 26 increases the average heater power 41 in order
to keep the IC-chip 10 at the set-point SP in the steady-
state.
At time t5, the average heater power 41 rises
15 above the lower 1limit 44. When that occurs, the
evaporator control circuit 27 stops changing the flow
rate F; of the refrigerant.
Thereafter, from time t5 to time ¢t6, the
average heater power 41 stays within the two limits 43
20 and 44. Thus no change occurs in the flow rate Fy.
Next, at time t6, a step decrease occurs in the
average power P to the IC-chip 10. This can be caused by
a step decrease in the DC voltage at which the power is
sent to the IC-chip 10. This also can be caused by a
25 change from one sequence of TEST signals to another
sequence of TEST signals which switches fewer transistors
within the IC-chip 10.
In response to the abbve power decrease, the
temperature of the IC-chip 10 starts to drop below the
30 set-point. That temperature drop is sensed by the heater
control circuit 26 which reacts by quickly increasing the

average heater power 41.



control circuit 27 wll be described. This Fig. 12 enbodi nent includes all
of the conponents 51-66, and 30 those conponents are identified belowin
TABLE 3. WD 2005/ 081003 PCT/ US2005/ 003796 24 TABLE 3 Conponent Description
51 . . . .wozooskgponent 51 is a register which hol ds pdiisb@kodhanal s 5
that speciftfy the upper Iimt for the average heater power. Suitably, this
upper Ilimt is 250 watts as one exanple, as 10 shown in Fig. 12.

Preferably, the upper |limt is at |ea88 twice the lower Ilimt. 52 . . . .
. . Component 52 is a register 15 which holds digital signals that specify
the lower |limt for the average heater power. Preferably, this |ower

limt is not 20 | ess Wwhem BHewaiverages hédbet) powkrg.412rib&s. abave . .

Componert Seub® iprned: Rl 4. SIS drdhiital Sl | Lhebupegly v the
responds by decreasing the flow zrate ¥Fz of the
refrigerant. This is shown by waveform 45 from time t6

5 to time t7. Due to that decreased flow rate, the
temperature of the evaporator 21 increases. This
increased evaporator temperature allows the average
heater power 41 to be lowered and still maintain the IC-
chip 10 at the set-point in the steady-state.

10 ' Between time t7 and time t8, the average heater
power 41 slowly drops from the upper 1limit 43 to the
lower limit 44. This indicates that the flow rate F; was
set too low at time t7. '

Thus from time t8 to time t9, the evaporator

15 control circuit 27 reacts by increasing the flow rate F;
as shown by waveform 45. In response, the evaporator
temperature Tz decreases. Thus the heater control circuit
26 increases the average heater power 41 in order to keep
the IC-chip 10 at the set-point in the steady-state.

20 At time t9, the average heater power 41 rises
above the 1lower 1limit 44. When that occurs, the
evaporator control circuit 27 stops changing the flow
rate F;. Thereafter, the average heater power 41 stays
within the two 1limits 43 and 44, so the evaporator

25 control circuit 27 makes -no change in the flow rate F;.

Next, with reference to Fig. 12, one preferred
embodiment of the internal structure of the evaporator
control circuit 27 will be described. This Fig. 12
embodiment includes all of the components 51-66, and

30 those components are identified below in TABLE 3.



heater power is determned. Preferably, this time period is in the range
of. 30 0.5 to 10 seconds. WD 2005/081003 PCT/ US2005/ 003796 25 54 . .
. Conponent 54 is a circuit which determnes the running average of the
heat er powgp-20dsfdl PUt 5 signal Si fromcircuit 54 i ngig@d6dsobibé aver age.
One particular enbodiment of circuit 54 is a digital |ow pass filter which
10 sanpl es the instantaneous heater power during the tine interval AT. 55
: : Conponent 55 is as arithm®4c circuit which 15 subtracts its
negatlve input fromits positive input. An output signal S2 fromcircuit
55 indicates this difference. 20 56a,56b. . . . Conponents 56a and 56b
respectively are a diode and a resistor ®BABBE 3toget her generate a signal

S3. The signal 03 equglg..a3akhe signal S5, yhelhiflg

5L . . ¢ ¢« & . Component 51 is a register
which holds digital signals
5 that specify the upper

limit for the average
heater power. Suitably,
this upper 1limit is 250
watts as one example, as
10 shown in Fig. 12.
Preferably, the upper limit

is at least twice the lower

limit.
52 . . . v . . Component 52 is a register

15 which holds digital signals
' that specify the lower

linit for the average

heater power.' Preferably,

this 1lower 1limit is not

20 less than 50 watts, as

shown in Fig. 12.

53 . . . . . . Component 53 is a register
which holds digital signals
that specify the time

25 period AT during which the
running average of the
heater power is determined.
Preferably, this time
period is in the range of .

30 0.5 to 10 seconds.



signal S2 is greater than zero. Oherw se, signal S3 equals zero. WO
2005/ 081003 PCT/ US2005/ 003796 26 57 . . . . . . Conponent 57 is an
arithnmetic circuit which subtracts its negative input fromits positive 5
i nput. An @Hgm@gﬁbgnal S4 fromcircuit 57 indicates gddinss26bsiobssence.

58a, 58b. . . . nponent 58a and 5Bb respectively are a diode 10 and a
resi stor which together generate a signal - 85. The signal 85 equals the
signal 84 when the signal 84 is great@® than 15 zero. Qtherwi se, signal 85
equal s zero. 59 . . . .. Component 59 is a register which holds digita
signals that specify the upper 20 linmt for the set-point tenperature
mnus the tenperature 8% the -evaporat oiComponmnds eP4blis at hedrember |imt
does not 25 exceed 50C, as shown in Fi J-whieh determines the

running average of the

heater power. An output
5 signal 81 from circuit 54
indicates this average.

One particular embodiment
of circuit 54 is a digital-
low pass Eilter which
10 samples the instantaneous

heater power during the

time interval AT.

55 . ¢« . . . Component 55 is an

arithmetic circuit which

15 ' subtracts its negative
input from its positive

input. An output signal 82

from circuit 55 indicates

this difference.

240 56a,56b. . . . Components 56a and 56b
respectively are a diode
and a resistor which
together generate a signal
83. The signal 53 equals

25 the signal €2 when the
signal 82 1s greater than
zero. Otherwise, signal 83

equals zero.



60 . . . . . Conponent 60 is a register which holds digital signals that
specify the lower 30 limt for the set-point tenperature mnus the WO
2005/ 081003 PCTNS2005/ 003796 27 tenperature of the evaporator 21.
Pr ef er abl y&oioﬁ&/&&{m@"’er limt is at least 30C, as showpctiisivb&eosroe 12. 61 .
61 is an arithnmetic circuit which subtracts its
negatlve I nput fromits positive 10 input. An output signal S6 from
circuit 61 indicates this difference. @8 . . . . . . Conponent 62 is an
arithmetic circuit which 15 subtracts its negative input fromits positive
i nput. An output signal S7 fromcircuit 62 indicates this difference. 20

63a, 63b. . . . Conponen%763a. and 63b reSomponesty aré&7a didé#e amba
resi stor which together generate a S|gnakri§§mezgg S'gfrcu Eﬁﬂﬁﬂéi
subtracts its negative

input from its positive
5 input. An output signal S4
from circuit 57 indicates

this difference.

58a,58b. . . . Component 58a and 58b

' respectively are a diode

10 ’ and a resistor which
together generate a signal

S5. The signal S5 equals

the signal 84 when the

signal S84 is greater than

15 zero. Otherwise, signal S5

equals zero.

59 . . « . . « - Component 59 is a register
which holds digital sigmals
that specify the  upper

20 limit for the set-point
temperature minus the
temperature of the

evaporator 21. Preferably,
this upper 1limit does not

25 exceed 50°C, as shown in
Fig. 12.
60 . . . . . . Component 60 1is a register

which holds digital signals
that specify the lower
30 limit for the set-point

temperature minus the



25 the signal S7 when the signal 87 is greater than zero. O herw se,
signal S8 equals zero. WD 20051081003 PCTI US2005/ 003796 28 64 . Co
Conmponent 64 is an arithnetic circuit which subtracts its negative input

fromits p\?ﬁizBds)ﬁglé)gs i nput. An output signal 59 from Ciﬂ&%ézo&ﬂmh?&“ cates
y

this difference. a, 65b. . . . Conponent 65a and 65b respective are a
diode 10 and a resistor which together generate a signal 510. The signal
S10 equals the signal 09 when the sid@Yal S9 is greater than 15 zero.

Gt herwi se, signal $10 equals zero. 66 . . . . . . Conponent 66 is a circuit
whi ch generates the signal SFv in response to the 20 signals S3, S5, S8 and
$10. How this is done is described bel cvenpEratyre ati onoff t he €heg. 12

circuit begins by loading all of the registers .5 , 5 60 with
25 their paraneters. To do this, the regiges‘faé’rqszsﬁ,jr 5%‘2 53?“?2“%1&(;'

this lower 1limit is at

least 30°C, as shown in Fig.
5 12.

61 . . . . . . Component 61 is an
arithmetic circuit which
subtracts its negative
input from its positive

10 input. An output signal S6
from circuit 61 indicates
this difference.

62 . . . .+ . & Component 62 is an
arithmetic circuit which
15 subtracts its negative
input from its ©positive
input. An output signal 87
from circuit 62 indicates
this difference.

20 63a, 63b. . . . Component 63a and 63b
respectively are a diode
and a resistor which
together generate a signal
s8. The signal S8 equals

25 the signal S7 when the
signal 87 is greater than
zero. Otherwise, signal S8

equals zero.



59, and 60 are sequentially sent their paraneters via a tinme-shared data
bus DB. The particul ar paraneter values are selected by an operator and
sent fromthe operator's termnal (not shown). 30 Thereafter, the signals

SPA, SP, S¥éaésmsiogPntinually received by conmponents 54cafifkfddnosisien i n WO
2005/ 081003 PCT1US2005/ 003796 29 response, those signals are continually

processed by conponents 54, 55, 56a, 56b, 57, SBa, 58b, 61, 62, 63a, 63b,
64, 65a, and 65b. in that nmanner, the &Bgnals $3, S5, SB and 910 are
continually.generated. 5 Signal $3 indicates the degree to which the flow
rate through valve 22 shoul d be decreased when heater power is too high
Conversely, signal 85 @4di catees t-he degfompounenti ch f#e fl| d® rat @nt hr ough

valve 22 should be increased when heater r.is too,lo 10 _Si,gnal Be
i ndi cates the degree to which the f|0m1?5?gﬂ$ﬁF%ﬁgh é%ﬁi%&%Z gﬁ%%ﬁh be
decreased when the evaporator tenperatuesabtgatesd faritel owrdgatdaie poi nt.

Conversely, signal S10 indicates the degree to which the flow,rate through
val ve 22 shoul d be increased when the 1538P¥bor %A t B8 aRAHELYE 00 cl 0se

to the set-point. A flowrate increase tRabutsS imgjgakggtbkiggggngg S5 is
offset by a flowrate decrease that is indicated bx signal Be. Likew se, a
flow rate increase that is indicated byfsPBnafiBgeits f dndigates | ow rate
20 decrease that is indicated by signal §gssMeesblREnngt of all of the
signals S3, 85, S8, and S10 indicates thatsthe F%om?rate t hrough val ve 22

i's too low then circggl & changes the3pgRAlbnerY 68a2 and  65b

respectively are a diode
10 ' and a resistor which
together generate a signal
810. The signal S10 equals
the signal 89 when the
signal 89 is greéter than
15 zZero. Otherwise, signal

810 equals zero.

66 . . . . . . Component 66 1is a circuit

which generétes the signal

SFy in response to the

20 signals S3, S5, 88 and S10.
How this is done is

described below.

The operation of the Fig. 12 circuit begins by

loading all of the registers 51, 52, 53, 59, and 60 with

25 their parameters. To do this, the registers 51, 52, 53,

59, and 60 are sequentially sent their parameters via a

time-shared data bus DB. The particular parameter values

are selected by an operator and sent from the operator’s
terminal (not shown).

30 Thereafter, the signals SPy, SP, 8T are

continually received by components 54 and 61. Then in



manner which increases that flow rate. Likew se, when 25 the net of all of
the signals 'S3, 85, SS, and S10 indicates that the flow rate through val ve
22 is too high, then circuit 66 changes the signal SFv in a manner which
decreases {yaboddspesrate. At all other times, when thepSiedabsiod8s SO, S8,
and S10 are zero, then circuit 66 30 nmakes no change to the signal SFv.
Suitably, the signal SFv is generated as a pul se nodul ated signal which
opens val ve 22 conpletely for the WO 28&%/ 081003 PCT/ US2005/ 003796 30 tinme
duration of each pulse in the signal. Alternatively, the signal SFv is
generated as an anplitude nodul ated signal which opens valve 22 to a degree
that is pragesponseal thosee abghdlsdeand tdentdingedlly Speocepsefler brd

enbodi ment qf l,. f b tr syste f or I ntaj ni t
terrperature(2!5’1”'%'(%1’%'%%&3-s ?ﬁﬂpq%%thQQSeS%%biE%{nﬁgg’nOM/ eéﬁiﬂeggTi gﬁ’in
detail. Now3kseet,al 65@di ahdasbbns W thataméaxmemdetie sbghalendsdi nent,

w t hout departing fromthe scope % thf 10 inventjon, wll be described. As
one nodi fi c&Prof® BRE PEORFE FEREABRRLLY FERETRYRY: i s being maintai ned near
the set-point can be gignaly $¥PEndficatleP-O8&kAeYree Ntsi Grhikh t BRe! C Chip
10 is shown as being packaged Oﬂ{LBt the substrate 11. 15 Alternatively,
the | C chip Hewakate "thpardhgctrlvend22nhephouide e y dpFrepdedockBen14. Al so
alternativelpeateh® ddwedli Pid0 €86t NRigHIDSt r agnddrsdily P sPGRAL! €5Y
enclosed wth a cover. Thus, the heater 20 in Fig. 1 can contact an

| C-chi p di r dexdiradesc hveacdtegresoter wihtichh theclfdows rake thgoughcmppve

22 should be increased when heater power is too low.

10 Signal 88 indicates the degree to which the
flow rate through valve 22 should be decreased when the
evaporator temperature is too far below the set-point.
Conversely, signal S10 indicates the degree to which the
flow rate through valve 22 should be increased when the

15 evaporator temperature is too close to the set-point.

A flow rate increase that is indicated by
signal S5 is offset by a flow rate decrease that is
indicated by signal s88. Likewise, a flow rate increase
that is indicated by signal S10 is offset by a flow rate

20 decrease that is indicated by signal S3.

When the net of all of the signals 83, S5, S8,
and 810 indicates that the flow rate through valve 22 is
too low, then circuit 66 changes the signal SFy, in a
manner which increases that £low rate. Likewise, when

25 the net of all of the signals 83, 85, 88, and 810

'~ indicates that the flow rate through valve 22 is too
high, then circuit 66 changes the signal SFy in a manner
which decreases that flow rate. At all other times, when
the signals S3, S5, S8, and S10 are zero, then circuit 66

30 makes no change to the signal SFy.

Suitably, the signal SFy is generated as a pulse
modulated signal which opens valve 22 completely for the



As anot her nodification, the ICchip 10 whose tenperature is being
mai nt ai ned near the set-point, can either include or not include its own
tenperature sensor. In Fig. 1, the I1Cchip 10 is shown as including its own

25 tenper agghespsiesd’ 10a. However, if the ICGchip 10 degsys:0B8lodIsy/e such a
tenperature sensor, then the heater <control circuit 26 can estimte the

tenperature Tc of the I1Cchip 10 by nonitoring the tenperature of the
heater 20 via signal STg and the tempé&@ture of the evaporator via 30
signal STB. How this estimation is perforned is disclosed by the present
inventors in U S patent 5,844,208 which is entitled "TEMPERATURE CONTROL
SYSTEM FOR AMELECﬂReﬁltéom 2005/ 0FBESI3 PEBLE00500378e  315HMATE | N

T oA Rl ERBREALIY, | Enedi ol Bi U g@EéIEBeIENEEBﬁTHEElMPdEEAT SINK

TEMPERATURE" ication, the system can be
expanded sumbduhated phgnaﬂ.l wyigh dpexs valve p22 lﬁosandéwaqeotlhﬂy have their

respective ture e ecti,ve set-point. In this
expanded ? Eg aPpe 85 ﬁ"f;%ﬂ qdeafbgé% ar?&'g?f 7 are replicated N
times. Tée conpressor onendpﬂeﬁérﬂéﬂ mMayboddimentonet ora mdualt i feadbaskdesi r ed.
The refri geran&} i z sent 10 fromt

REERSe

liquid s
conpr essor - €8 FYEFeda 1“'8"' H‘F%‘ag%‘:‘?hﬁgrﬁbﬁ Eﬁ’f‘%ﬁ%‘é‘i‘%?%z‘n ah8-t he

refrigerant chip melad EGsdt-poids, Ha hdw Medn | d@sciived ephi aatas .
evaporators 21 to t he conpressor-caondense bé % 23. Further, as another

nodi fi cati offowshesevexrahr mediticationg, a¥ orfato| bgj made *p (BBEti s shown
N FI9. 12 £8RalfeStIP! ikGiut Oioshihid | o™ tis MBlEpRY ofi XLag Al of

the paraneters that are
10 invention, will be described.

As one modification, the IC-chip 10 whose
temperature is being maintained near the set-point can be
in any type of “chip-package”. 1In Fig. 1, the IC-chip 10
is shown as being packaged on 3just the substrate 11.

15 Alternatively, the IC-chip 10 can be "unpackaged” and
held directly by the socket 14. Also alternatively, the
IC-chip 10 on the substrate 11 can be completely enclosed
with a cover. Thus, the heater 20 in Fig. 1 can contact
an IC-chip directly or contact a cover which encloses the

20 IC-chip.

As another modification, the IC-chip 10 whose
temperature is being maintained near the set-point, can
either include or not include its own temperature sensor.
In Fig. 1, the IC-chip 10 is shown as including its own

25 temperature sensor 1l0a. However, if the IC-chip 10 does
not have such a temperature sensor, then the heater
control circuit 26 can estimate the temperature T of the
IC-chip 10 by monitoring the temperature of the heater 20
via signal STy and the temperature of the evaporator via

30 signal STz. How this estimation is performed is disclosed
by the present inventors in U.S. patent 5,844,208 which
is entitled “TEMPERATURE CONTROL SYSTEM FOR AN ELECTRONIC



regi sters 51, 52, 53, 59, and 60. Those fixed paranmeters are then built
I nto, conponents 54, 55, 57, 62, and 64. 20 This enables all of the
regi sters 51, 52, 53, 59, and 60, as well as the data bus DH, to be

el i m nat edyoAycRs@s sinplification to the evaporator peafishévsogdrsecui t of
Fig. 12 is made by elimnating all of the conponents that generate the

signals SS and 510. 25 These are conponents 59, 60, 61, 62, 63a, 63b, 64,
65a, and 65b. Wth this nodification, 3he electrical power which is used
by the heater 20 is still reduced in conparison to a system where the

flowrate througg the valve 22 is fixed. However, the power savings nmay not
be 30 as | aPB¥IGE (¥t WHRCGH DPEVICE TEMPERATIREc I&on?‘-ﬁé’ﬂmgﬁpcuﬁ'ﬁoﬂ)f Fig.

12. WD 2005 3ip ?h§%gg§ Y/ ?gﬁﬁg h|rd sinplification
to the evaggrﬁg?gr gg%- rol ci rgﬁ?t% %2'“& 'S elimnating all of
t he conponents that gbaersitill henothgnamdafiandtiéﬁ, Ttimsesms&emonqabnents
51, 52, 53, _54, 55. 56a, -56b, 57 58 d 58b ain th.this

modi fi cat i oﬁ?gt' h?‘ Fan; P F %éerd V\ﬂf us@d %yef%'e 1flze}ﬁ4 Ts still

reduced sn eaipar nsoraihmetame&henry Mbeéethéfrfi‘éﬂpéatfvéhtéﬂﬂbrihﬁ:dal ve 22
Is fixed. However, the power savings not pe as Iarge as that .10 which
i s achi eved”W'-Pﬁ‘ilﬁ&chﬁPFoP EeFREF 115? grpabnta Lo Ehig; apaRdediion 1o

the evaporarsgrsteﬁont heh CbrfCU‘l:heOfc ?oné@tés iblaizth&nappﬂ PPVehre i M t
which is held in register 51 and the Tower power limt which is held in

regi ster 52repAigatefeNsidmes|.n Thnapomsreaser ¢erdenger 523 CHAY bRCERY i nat ed,
and the OUtQHE %& more times, as desired. The refrigerant is sent

10 in a liquid state from the compressor-condenser(s) 23 to
all of the replicated valves 22, and the refrigerant is
returned in a gas -state from all of the replicated
evaporators 21 to the compreésor~condenser(s) 23,

Further, as another modification, the

15 particular evaporator control circuit 27 that is shown in
Fig. 12 can be simplified. One simplification is made by
fixing all of the parameters that are held in the
registers 51, 52, 53, 59, and 60. Those fixed parameters
are then built into components 54, 55, 57, 62, and 64.

20 This enables all of the registers 51, 52, 53, 59, and 60,
as well as the data bus DB, to be eliminated.

A second simplification . to the evaporator
control circuit of Fig. 12 is made by eliminating all of
the components that generate the signals S8 and §10.

25 These are components 59, 60, 61, 62, 63a, 63b, 64, 65a,
and 65b. With this modification, the electrical power
which is used by the heater 20 is still reduced in
comparison to a system where the flow-rate through the
valve 22 is fixed. However, the power savings may not be

30 as large as that which is achieved with the control
circuit of Fig. 12.



register 51 is sent to the positive input of the arithnetic circuit 57, as
well as the negative input of the arithnmetic circuit 55. Simlarly, the
upper limt of the tenperature difference which is held in register 59 20

can be thewgps/@goshe lower limt of the temperature giffi@hsdfsolhat is
held in register 60. In that case, register 60 can be lgeitlf‘i mﬁ:\at ed, and the

output of register 59 is sent to the positive input of the arithnetic
circuit 64 as well as the negative inp#2 of the 25 arithnetic circuit 62.

Al so, each of the conponents 51-66 in the evaporator control circuit 27
that are shown in Fig. 12 can be inplenented in any desired fashion. For
exanpl e, each of thesSimiflamdyic & rcthisd55sispli6icadlonaridtt4 8Becan be a

digital arithnoetic,circuit hch subtracts . digital .gjgnals, ot an_anal og
arithnetic cﬁvlggﬁftat\?ﬁi cﬁ°nst\t¥l%f1r agtis?%g"r* Io&fsi s, Izs aﬁ%t H&?’éeexa l e, the
di ode WO 20@14im3 H@a@3ingCTalS2005/ Ofe Oconipbrettisst dhajtai genbeate6bthé8a- 58b,
63a- 63b, and ,65a-65b _can _ be irrp,l.ement ed as ang/ circuit which_passes the
signals 828igRalg; 83, ARSI o TRIRR LS FAPRODGRER) 3Ly 524 h3Pr 2810, and

otherw sg¢ Q&g 863, a58B] 059yt Bgla, AndSiseh. 5 HedlehgsRMkLtht BBis
arithmetic circuits 55, 57, 62, and , 64 can be m‘gl emented such that they
produce a z@odifdeatdon.ndrhe Rlectripal Rovepyrbich| dsgarsed, Mpghheude

than their RQaiddrveabnNiy » s8081! Haluddd® HhOdRmigati¥od! tH2id Ssphemth,
58a- 58b, 63a-63b, and 65a-65b can be 10 del eted. As another nodification,
t he refri gewhereshithie fdowszaten throygh. theysadmecaR2beianyfdupdt ance
whi ch However, the power savings may not be as large as that
10 which is achieved with the control circuit of Fig. 12.

A fourth simplification to the evaporator
control circuit of Fig. 12 is that the upper power limit
which is held in register 51 and the lower power limit
which is held in register 52 can be the same. In that

15 case, register 52 can be eliminated, and t?e output of
register 51 is sent to the positive input of the
arithmetic circuit 57. as well as the negative input of
the arithmetic circuit 55. Similarly, the upper limit of
the temperature difference which is held in register 59

20 can be the same as the lower limit of the temperature
difference that is held in register 60. In that case,
register 60 can be eliminated, and the output of register
59 1s sent to the positive input of the arithmetic
circuit 64 as well as the negative input of the

25 arithmetic circuit 62. ‘

Also, each of the components 51-66 in the
evaporator control circuit 27 that are shown in Fig. 12
can be implemented in any desired fashion. For example,
each of the arithmetic circuits 55, 57, 61, 62, and 64

30 can be a digital arithmetic circuit which subtracts
digital signals, or an analog arithmetic circuit which

subtracts analog signals. As another example, the diode-



changes froma liquid phase to a gas phase in the evaporator. For exanple,
these refrigerants can be 15 fl uorohydrocarbons such as fl uoronethane or
fluoroethane, or water, or liquid nitrogen, or any other liquid with

sui tabl e ey@aRgssakiose Properties. In view of the above, pdri$oedisRodBs
understood that the present invention is not limted to all of the 20
details of just one particular enbodinment, but is defined by the appended
claims. 34 WHAT IS CLAIMED IS: 1. A d33 feedback control system for

mai ntai ning the tenperature of an 1Cchip near a set- point while said

| C-chip dissipates a varying anount of electrical power; said system being
conpri sed okesigatevapsiusob6aob6h, | S8at58h of 63 areGIt  andid6 Sar- E@lecean ¢ heat er
whi ch has o fa () o] ct isrect o] i.d_evapor d an
opposite fagg flo&ﬁce})'{}gqtler?a ?% g%?d %céﬂﬁitp;w%yncévgggrhg or* §on€ir%+?€$ coupl ed
to said evapeyats#,, shd aned@derwhmont tidder signpledare gussatexd ethan C
heater; said heater onétr‘oller i ncl udi{]g a first feedback ci rcuiti ans for
sendi ng el eEFFPCaI‘“‘ﬁ’gV\% STYLES | GORPERTTF c &AWL vaRBanPEhhgni t ude
that conpenafbehetOexapless the Kiithimetibi Rirkeadks; 53)d,575ai 62 SVvapdr at or
controller including a second feedback circuit nmeans for_passing said

liquid refrf8ersn sdmplepspbrdt Fush t khaty othey PRAMES afe FOER

decreases agugbfe! Whedl MWES ne§adfvd Nisght BRALGrdeiC! fRSRRgn PBGWE NCT €ases
as electrical power usage I n said heater ‘decreases. 2. A dual feedback

control systbhapaddeis rgesibtive impubhepndn thend cthetdiedaenesistepnerates
heat with qui ch €8ehN Il e gy _coupari t algdy.ev r r
B\%&E‘s 864 §giéé TEERLEaKlE |y %S,tsig% ngP I

controll er ich rnclu a valve that” a owrate of said
liquid trefridgdesmd.with substantially slower changes in nagnitude. 3. A

dual feedback system gccordi t[cl)!g%é_'m wher ei.n sa%_éi econoLCf gbgck
circuit neans sensesgfh(?'“l%g‘% n %5‘3:3‘\?@( to%Sat %f%%’faﬁ ﬁﬁ f@&r, and
sends sai-d hisquiséd eifd | €6 apigl 01S By tefV 2RM Hedrany t fubstaye rehEchhat - a)
decreases if_the average of the sensed power to said electric
changes from a 1ligquid phase to a gas phase in the
evaporator. For example, these refrigerants can be
15 £luorohydrocarbons such as fluoromethane or fluorocethane,
or water, or liquid nitrogen, or any other liquid with
suitable evaporative properties.
In view of the above, it is to be understood
that the present invention is not limited to all of the
20 details.of just one particular embodiment, but is defined

by the appended ‘claims.



heater over a certain tine interval is above an upper power limt, and b)
increases if said average over said tinme interval is below a | ower power
limt. 4. A dual feedback system according to claim3 wherein said upper
power limt is at least twice said |lower power limt. 5 A dual feedback
system according to claim2 wherein said second feedback circuit neans
senses the instantaneous power to sai #electric heater, and sends said
liquid refrigerant to said evaporator with a flowrate that -a) decreases

i f the awgla99s f Al sensed power to said electric 35 heater over a
certain tine interval is above a particular power limt, and b) increases if
said average over said tine interval is below said partlcular power limt.
6. A dualy T eeoPREKrEMA Bhud ¥ohdiltop riflatidind t@mg‘%rgthx@o%amétﬁé Reabilel second
feedback circult neans senses tenperature sai d evaporator, and sends
sai d | i quiotht méfle |sgérlﬁwblptdyssa>aieﬁa vaygoreaual ofnglectrical powsr é/slemalneinga)
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3. A dual feedback system according to claim 2 wherein said second feedback circuit means
senses the instantaneous power to said electric heater, and sends said liquid refrigerant to said
evaporator with a flow rate that -a) decreases if the average of the sensed power to said electric
heater over a certain time interval is above an upper power limit, and b) increases if said average

over said time interval is below a lower power limit.

4. A dual feedback system according to claim 3 wherein said upper power limit is at least

twice said lower power limit.

5. A dual feedback system according to claim 2 wherein said second feedback circuit means
senses the instantaneous power to said electric heater, and sends said liquid refrigerant to said

evaporator with a flow rate that -a) decreases if the average of the sensed power to said electric
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temperature of said evaporator is less than said particular difference.

9. A dual feedback control system according to claim 2 wherein said first feedback circuit
means reads the temperature of said IC-chip from a sensor in said IC-chip, and sends electrical
power to said electric heater with a magnitude that -a) increases as the temperature of said IC-
chip decreases below said set-point and b) decreases as the temperature of said IC-chip increases

above said set-point.

10. A dual feedback control system according to claim 2 wherein said first feedback circuit
means estimates the temperature of said IC-chip as a function of the temperature from one sensor
on said evaporator and another sensor on said electric heater, and sends electrical power to said
electric heater with a magnitude that -a) increases as the temperature of said IC-chip decreases

below said set-point and b) decreases as the temperature of said IC-chip increases above said set-

point.

11. A dual feedback control system according to claim 2 wherein said evaporator controller
includes a programmable member which stores signals that set an upper power limit and a lower

power limit for said heater.



36

12. A dual feedback control system according to claim 2 wherein said second feedback
circuit means determines average heater power usage by sensing and filtering instantaneous

power sent to said electric heater.

13. A dual feedback control system according to claim 2 wherein the combination of said
evaporator, said electric heater, said heater controller, and said evaporator controller are
replicated in said system multiple times such that each combination maintains the respective

temperature of a respective IC-chip near a respective set-point.

14. A dual feedback control system according to claim 2 wherein said evaporator controller

opens and closes said valve with a pulse-modulated control signal.

15. A dual feedback control system according to claim 2 wherein said evaporator controller
opens and closes said valve to a degree that is selected with the amplitude of an analog control

signal.

16. A dual feedback control system for maintaining the temperature of an IC-chip near a set-
point while said IC-chip dissipates a varying amount of electrical power; said system being
comprised of:

a fluid cooled means, and an electric heater which has one face that is connected directly
to said fluid cooled means and an opposite face for coupling to said IC-chip;

a fluid controller coupled to said fluid cooled means, and a heater controller coupled to
said electric heater;

said heater controller including a first feedback circuit means for sending electrical power
to said electric heater with a variable magnitude that compensates for changes in said IC-chip
power; and,

said fluid controller including a second feedback circuit means for passing said fluid to
said fluid cooled means with a variable flow rate that decreases as electrical power usage in said

heater increases, and increases as electrical power usage in said heater decreases.





