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and out | ef %f er éﬁ/pl cg{‘ﬁm&; at %E&Ii%r? g%?ﬁéﬁ% nt's %?%ﬁcgdgﬁmﬁuﬁﬂé fibre

i ncl uddngerergytfod thesanw@'ﬁﬂ coolmg Bailey, Margaret B., “System Performance.‘ Characteristics of
a Helical Rotary Serew Air-Cooled Chiller Operating Over a Range of Refrigerant Charge
Conditions”, ASHRAE Trans. 1998 104(2), expressly incorporated herein by feference.
Therefore, by correctly selecting the “size” (e.g., cooling capacity) of the clSi]l:?r, efficiency is




pressure gage, gages for the pressure and tenperature of evaporator
and condenser. A data- 25 acquisition system processor is also
typically provided to calculate the efficiency, in BTUkKW. U.S.
Patent Nos. 4, 437,322; 4,858,681; 5,653,282; 4,539, 940; 4,972, 805;
4,382,467; 4,365,487; 5,479,783; 4,244,749; 4,750,547; 4,645,542;
5,031, 410; 5,692,381; 4,071,078; 4,033,407; 5,190, 664; and 4,747, 449,
expressly incorporated here| n by refereﬁn'ce relate to heat exchangers

and the like. 30There g: nunber , of kna nmet hods and apparatus for
separatin eq%m%ls@e%me%yfh%%ﬂmmgewwgn load,

S, 089, 033andFhuk X6} adP diverddebiFd 1848 2the guadfify of kigehnPihargd 43
5, 347, szgmd %%% 38%“ %g%g’ 63“4?1% I?#He 446%16”?103%%81 B

5! 270, as i S, BqEeEtopag AP Yétg@ﬁ@ﬁcme:e A @P%gaoﬁmdeiaﬁorby
r ef er encerecrhftmafd i doiphived lih @hih ah€odnore offa plur ab&ibsetents @@M&lectwelg
5. 167 % pgrivasirpgis dneng oo st dsign oBesh %ubéﬁ%m% e
5, 226, 3004igiDev2ll,s§sék load capacity with all subsystems operational. See, Trane “Engineer’s
Newsletter” December 1996, 25(5):1-5. Another known technique seeks to alter‘the rotational
speed of the cdmpr:essor. See, U.S. Patent No. 5,651,264, expressly incorporated herein by |
reference. It is also possible to contro} compressor speed using an electronic motor cohtrol? or
(0 system capacity, by restricting refrigerant flow into the compressor. ‘
Chiller efﬁ'c_liency generally increases with chiller load. Thus, an optimal system seeks to
. operate systen;i near its rated design. Higher refrigerant charge level than the nominal full level,
however, results m deceased efficiency. Further, chiller load capacity sefs a Iumt on the
minimum refrigerant charge level. Therefore, it is seen that there exists an optimum refrigerant
15 charge level for maximum efficiency. As stated above, as oil level increases in 1;'113 evaporator, it
both displaces reﬁ'igcrant and has an independent effect on system efficiency.

Systems are available for measuring the efficiency of a chiller, i.e., a refrigeration system
which cools wafer. or a water solution, such as brine. In these systems, the efficiency is
calculated basecfi on Watt-hours of energy consumed (Volts x Amps x hours) per cooling unit,

20  typically tons ot Bti;tish Thermal Unit (BTU) (the amount of energy required to change the -
temperature of bné British ton of water 1° C). Thus, a minimal measurement of efficiency
reguires a power ﬁéter (timebase, voltmeter, amineter), and thermometers and flowmeters for
the inlet and ouflet water. Typically, further instruments are provided, including a chiller water
Dressure gage, gages for the pressure and temperahire of evaporator and condenser. A data

.25  acquisition sysferﬁ érocessor is also typically provided to calculate the cfﬁciencﬁr, in BTU/KWH.

U.S. Patent Nos. 4,437,322; 4,858,681; 5,653,282, 4,539,940; 4,972,805; 4,382,467,
4,365,487; 5 479 783 4,244,749, 4,750,547, 4,645,542; 5,031,410; 5,652,381; 4 071,078;
4,033,407, 5 ,190,664, and 4,747,449, expressly incorporated herein by referencs, relate to heat ‘
exchangers and the like. |

30 There are a number of known methods and apparatus for separating refrigerants,
including U.8. 2,951,349; 4,939,905; 5,089,033; 5,110,364; 5,199,962; 5,200,431, 5,205,843:
5,269,155; 5,347,82_2; 5,374,300, 5,425,242, 5,444,171; 5,446,216; 5,456,841; 5,470,442,
5,534,151; and 5 ,749,245, expressly incorporated herein by reference. In addition, there are a



5,243, 831; 5, 245, 840; 5, 263, 331; 5,272,882; 5,277,032, 5, 313, 808;
5,327,735; 5,347,822; 5,353,603; 5,359,859; 5,363,662, 5,371,019,
5,379, 607; 5,390,503; 5,442,930; 5,456, 841; 5,470,442, 5

~7-

number of known refrigerant recovery systems, including 1.8, 5,032,148; 5,044,166; 5,167,126;
5,176,008; 5,189,889; 5,195,333, 5,205,843; 5,222,369; 5,226,300; 5,231,980; 5,243,831; .
5,245,840; 5,263,331, 5,272,882, 5,277,032; 5,313,808; 5,327,735; 5,347,822; 5,353,603;
5,359,859; 5,363,662; 5,371,019; 5,379,607; 5,390,503; 5,442,930; 5,456,841; 5470,442;

5 5,497,627, 5,502,974, 5,514,595; and 5,934,091, expressly incorporated herein by reference.
Also known are refrigerant property analyzing systems, as shown in U.S. 5,371,019; 5,469,714;
and 5,514,595, expi'ess]y incorpoi‘ated herein by reference.



5,497, 627; 5,502,974; 5,514,595; and 5,934, 091, expressly

I ncorporated herein by reference. Al so known are refrigerant

property anal yzi ng systenms, as shown in U S. 5,371,019; 5, 469, 714;

and 5,514,595, expressly incorporated herein by reference.. - 8
SUMVARY OF THE | NVENTI ON The present invention prOV|des a system
and nethod for optim zing operation of a refrigeration system .

I n nmost known refrigeration systens, congrol is exerted principally
to assure that liquid 5 refrigerant is not returned to the

conpressor, andyiemy 8¢ Ttk AN EoNhat the level of refrigerant in
t he evaporator is presuned to be_at a predeterm ned set |evel.

According to tHeeprss vertingRevides 2 systian @ methomiptaopmizing cmahplg@fraa nt

and oi I i niefifiRr@¥RBRfeat Or s not predeterm ned. Rather, it is
understood that, over tinme, the systemcharacteristics nmay change, as
wel | as the | odBXOpdmave seTigestion sysians, sotiel ingrered pineioallyin asere the liquid

requires REfeGAPhérbinted ld hO¥IrSRessbrl add%ﬂiéﬂﬂ%t@ b Q0R i@l 1l §&tfrigerant
measurenents. of the effective |evels of rel eve&nt paranmeters nay not

be neasur aﬁlt@evmat?ﬂﬁgregﬁ?‘?dﬁﬁé?%‘saﬂ%{%%@ﬁ% According to the

present inventiQRerdigRdihe pkerf SiveiitRh, hOSRSunflBvd] th%fnée%@arﬁrbﬂ ifithe
outer | oop, are rOV|ded The_inner |oop. controls th npr essor,

than is, tWéP?rﬂB’EIFP%t prsictemmingd. Rathas: ihig updessoodihat OiVFFﬁB?e> @EW@? | oop
recei ves achsiabighigtick MRYkhahgd) B3 WhBasahd 105d dha@terishiog] aﬁxpmhmnzoggm&ﬁmhm

conpr essor eration I n accordance .t herew exanpl e co essor
speed, 1 qutsfiw@g?&m@re qompﬂeiﬂ% eSS it Wiersig %ﬂlﬁfﬁ{éwﬁwur?mew fectiye

cont r ol | abb@icofRaRahOfrareketEmby NaRibe elohyirabRCa @hs surro gates may be provided.
According to the present invention, a pair of control loops, an mner Ioop and an outer

loop, are provided. The inner loop conirols the compressor, than is, the ; ;noj:_we force for
pumping heat. This inner control loop receives a single input from the o:u'tér} 16'033, and optimizes
15  the compressor operation in accordance therewith, for example compressm speed duty cycle,
inlet vane position, and the like. If present, a controllable expansion valve (typmally located
between the condenser and evaporator) is also encompassed within this I mner conirol loop.
Thus, the inner control loop controls the rate of supply of liquid refnge1an1: to the evaporator.
The outer control loop controls the partitioning of refrigerant between thc evaporator and
20  arefrigerant accumulator element within the system. The accunulator i 1s typma]ly nota
“functional” system element, in that the amount of refrigerant in the accu.mulator is not critical,
simply that this element allows a variation in the amount of refrigerant els Where in the system.
“The accumulator may be a lower portion of the condenser, a separate accumﬂator, or evena
reserve portion of the evaporator which does pot significanily partlculate m the coo]mg process.
25 During steady state operation, the feed of liquid refrigerant from the conde:nser will equal
the rate of gaseous intake to the compressor. Thus, the rate of heat absorptlon in the evaporator
will sﬁ’echvely control the inner control loop for the compressor, Typmally, this heat absorption
may be measured or estimated from a variety of system sensors, mcludmg evaporator discharge
temperature and pressure, evaporator water/brine inlet and outlet temperature and pressure, and
30  possibly condenser headspace temperature and pressure. R
The outer control loop determines an optimal level of refrigerant in the evaporator. A
direct measurement of refrigerant level in the evaporator is difficult for two reasons: First, the

evaporator is filled with refrigerant and oil, and a direct sampling of the eﬁapéfatbr_ contents,



bet ween the condenser and evaporator) is al so enconpassed within this
i nner control |oop. ; Thus, the inner control |oop controls the rate
of supply of liquid refrigerantro the evaporator. The outer control

| oop controls the partitioning of refrigerant between the evaporator
and 20 a reftigerant accunul ator elenment within the system The
accunmul ator is typically not a "functional" systemelenment, in that

t he amount of refrigerant in the accinngtfiator is not critical,
sinply that this elenment allows a variation in the anount of
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condltlonsﬂ]p{lgt gally allow a repartitioning of refrigerant within the
vari ous system conponents. Second, during operation, the refrigerant
and oil5 bubbl eOQlcuhrder hete areEoﬂmdnemtséme:h@smrghecﬂclﬂamgd:hesammphteaftm@kantm
be determyne h re r f LN he nt of
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In a refrigeration system, efficiency is calculated in terms of energy per unit heat transfer.

-

Energy may be supplied as electricity, gas, coal, steam, or other source, and may be directly
measured, Surrogate measurements may also be employed, as known in the art. Heat transfer
may also be calculated in known manner, For example, the heat transfer to the cooled process

25  water is calculated by measuring or estimating the flow rate and the inlet and outlet
temperatures.

While it is possible to map the control algorithm in terms of desired partitioning of
refrigerant under a variety of load circumstances, a preferred embodiment of the invention
provides an adaptive control. This adaptiw}e control detefmines, during system transients, which

30 may be normally dccun-ing or induced, the charge in system efficiency with changes in
refrigerant partitioning at a given operating point. For example, if the process changes, requiring
a different heat load dissipation, this will be represented by a change in inlet water temperature
and/or flow rate. This change will result in a different rate of refrigerant evaporation in the



10 system conponents include principally refrigerant gas, a

measur enent of the condenser or accunul ator refrigerant |level wll
provi de useful information for neasuring changes in evaporator
refrigerant level. If the starting | evels of both the accumul ator or
condenser and evaporator are known (even during a shutdown state),
than an absol ute neasurenent may be cal cul ated. 15Of course, there
are other neans for measuring or cal cumting the anmount of
refrigerant in the evaporator, and broad enbodi nents of the invention
are not | leﬂ%ﬁoﬁﬁbﬂa@d&ﬁ?ﬁ aptagfiet tieegd @ phatomhs. @ﬂ&ebﬁﬁ&eﬁm&b@wﬁﬁe&%{m
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25 evaporat01) reﬁlgerant is the only effective and available control variable. ' Over longer periods,

-an oil eductor miay be controlled based on inferred or measured oil concentratlon to return the oil
level in the evaporator to an optimal level. Over extended intervals, maintenance may be
performéd to coﬁect heat transfer impairments and purify the refrigerant. Such maintenance
requlrements may be indicated as an output from the control system. For example, the control

30  system operates automatically to immediately tune the control variable to an optimur state.
This ttmmg is mggered by a change in process conditions or some adaptive auto-tuming process.
In addmon overtlme, the optimization control surface will vary. As this surface varies to reduce

overall efﬁclenqy, secondary correction controls may be invoked, such as oil eductor, non-



may be acconmmodated in known manner. Over tinme, oil mgrates
fromthe oil sunp of the conpressor to the evaporator. One aspect of
the invention provides a control system which neasures oil
consunption, in order to estimate oil level in the evaporator. This
control systemtherefore neasures oil replenishnent 15 into the sunp,
oil return fromthe outlet of the conpressor, and oil return fromthe
eductor. It is noted that the oil in thesunp may be mxed wth
refrigerant, and therefore a sinple level gage will likely require
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may be nerged, and i ndeed hybridi 7ed, the general strategy renains
the sane. At any operating point the partitioning of refrigerant is
controlled to achieve a maxi mum efficiency. The system senses or
tests efficiency as a function of the control variable, in order to
conpensate for changes in systemresponse. 25A nore detailed analysis
of the basis for refrigerant partitioning as a control strategy is
provided. Chiller efficiency depends ony,several factors, including
subcool i ng tenperature and condensi ng pressure, which, in. turn,
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30 resulting in an upward shift of the curve connecting states 4 and
1. As the evaporating tenperature increases, the specific volune of
the refrigerant entering the comiressor also increases, resulting in
i ncreased power input to the conpressor. Therefore, increased |evels
of - 13 - refrigerant charge and decreased chiller |oad conditions
result in increased subcooling, which |eads to increased conpressor
power input. Superheat level is represemted by the slight increase in
tenperature after the refrigerant | eaves the saturation curve, as
shown at gsefigerait cibargEiamyj debiBasel alitieri 1 ondifians g@nla hi intreavdibtdoding which
chiller's ev /Apor at or % d enters the {conpressor as a super heat ed

vapor . Acc g to ? én%?%g%%ﬁWWW@ehtlon t he anobunt of superheat is
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heat si nk npewéﬁwgéssewhﬂgmgfr@ﬁmbe tampmlu élgueﬁfy t Fredigypiied refrigemnt
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chilled Wat er ore, increasing heat sink tenperatures
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ef fect of higher 30 refrigerant maﬁ flow rate_ through the evaporator
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r’rpn:u.tst mcrease:rﬁor er to remove the proper amount ?'heat fror the chilled: water loop.

Therefore, increasing heat sink temperatures canse evaporating pressure to.mgrease which leads

to increased refiigerant mass flow rate through the evaporator. The combine:dgeffect of higher
30 refrigerant mass flow rate through the evaporator and reduced approach tami:erature causes a

decrease in superheat temperatures, Therefore, an inverse relationship exists tté’t;ﬁreen heat sink

temperature and superheat temperatures.



Wth decreasing refrigerant charge, the curve connecting states 2 and
3in Fig. 6B shifts downward and the subcooling | evel decreases or
state 3 on the T-s diagramin Fig. 6B noves to the right Bubbles
begin to appear in the liquid line |l eading to the expansi on device
due to an increased anpunt of gaseous refrigerant |eaving the
condenser. Wthout ‘the proper anount of 5 subcooling in t he
refrigerant entering the expansion devi.qg.(state 3 in Fig. 6B), the
devi ce does not operate optimallt. In addition, a decrease.in

refrigerant chavmd&edas:ﬁgremgéﬁ@f@afge th@m&b’eamaﬁ&wsgst@ésdinquilﬂmg 6B shifts
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evapor at orin exogssef tiat teighirel wbiéryll opematigtirasmsanpes; snddher@Bretiheillomnbe lhiting.
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sucti ofp prtbessfilreamdérmgg@nei eetfmgetdmeacamaﬂakgemucaemn, \phlbsmdwéleavydoa]ames
"“ZB*} ' g‘” G é}gnt cﬁérgé ﬁ%a{ﬂée%/ "I'PQ@énqr%I el co? #ﬁ}f\?eklﬁoﬁ%gy, or
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det er mi ni reguisg cbmpersde fve&us feetopis kaewi wanren dHewayed, mefe%Iypwégsﬂm eefiigerant

A system g t

capacity aﬁ%gg??’t]m elncéi tﬁgfaﬁg&ﬁéa?%mgg@%ﬁ%%ﬁ eg‘teﬁgg{%ﬁg c?r]{illﬁnﬁﬁ%elh%m
the refri gérmthioniigpantehates ivmiime tf@reﬁ/ameéwcgaybseﬁ@smﬂr\qaraemm@f
vari a Oe f coﬂ%ll [.Mje%;l on, and altering the process variable is
provi ET ocess variable may be varied during operation of the
refri ger at i on Yndarentrened neﬁlgg@ntrmd@ehamgoe@mné Kooty -20Heoherge), refrigerant n

an industrj [

apac, by, CaMblBfAGRRE xfiaBlht LSRR PRGN RN DRNR Lt plenl

i nsuf fici @measqsmthumeasmgurfpfggmel@g@ dmpg plhehargedeyls ebave S20%. Refrigerant
cat ast 1 oplyh gl el s sl AL el b SRAAE bRty Sldi6h 3 -
mar gi n_of rve, Is a critica reqw ement er:ef ore,

i s und@r smersere-hat where capacity is limting, deviations from
optimal syst emQpetalh g twfopﬁeésw%r %a%%:@ran@iﬁ@ﬂgﬂ%ﬂgrt@cabﬁbn?rag@r to
maintain the process within acceptable l'evels r the.long term
steps to é&Hkispey Qﬂﬂd@ﬁ%ﬁéﬁ@wﬁ@mbﬁﬁ@%@'@é}&ibé refEipRtion Yo 1ERIEE ent
oper ati on AR¥nAL sél&lﬁﬁg 8, pfoBfss @é&f’aﬂl&'f@n mAYSHAh, R Bitena 'ﬂﬁ%r&c@ss vanéole is
reduce tube buridie scalé or other heat transfer |r}pe i nent:,, cleanin
of refri g@raified, Eheprocepyvariahipipay bk vasisd demg)opegtien ¢ dhertpisigpration sypige while
heat tpansfehrinpbfRReS  hadst, Purgi ng of non-condensabl e gases may be

per f or med a?{)ne -of 1 n;conbi natiqn.
Inan 1ndustnal process, a refrigeration system must have sufficient capacity to cool the

targetto a desired l_ev_el. Tf the capacity is insufficient, the underlying process may fail,
sometimes catastro?hically. Thus, maintaining sufficient capacity, and ofte_:nf a margin of



Efficiency is also inportant, although an inefficient system does not
necessarily fail. Efficiency and system capacity are often

rel ated, since inefficiency typically reduces system 10capacity.
Accordi ng to anot her enbodi ment of the invention, a set of state
rneasurenents are taken of the refrigeration system which are then
anal yzed for self-consistency and to extract fundamental parameters,
such as efficiency. Self-consistency, fos.exanple, assesses
presunptions inherent in the systemnodel, and therefore may indicate
devi ati on miertebﬁ aditicd reqhifersyns t Eerefie,iei uaderfidod that hﬂeﬁ@dﬁlﬂ Hfn@tidgon.

As the act m devi at es fro t he so tog W t he actual
o acur caor L e B o ol O s Ao i i e
t heor et i cahe procst eithianteplbie lexanphe thelsndiend, sepch anges thiehd s@rﬁtemrme@
decllnes ue agple. ., 1' ta scal ccunul ati on t he .t ube
bundl 6. or HEete R LL B8 eEishtonriafet Par BRSNS SHEP Bydeh S o
due to 5’10rledlmad.ﬂbaBﬂiﬂl&scgl&&ﬁ&her&hﬁ&@mff&dﬁpﬂﬁmb‘ﬂt,l dleatmeg aﬁﬁﬂfgeﬂht (eg., &N
.adeclliate set of te of tem uc
ety eroEES TS tsn o B AR EE 1t e Shiery S Sing Yo FondEhie
refri ger atgasss mayps peformadalomd dr imeonfthetion.s whi ch | ead to i nefficiency
of the System ese used..t.o es erf.or man
i mprovenents %] g 1”%euﬁ%c TT%H} H%‘ q:grﬁe%ﬁy °esn tmcﬁf@%@'ﬁﬁng
it to an fficiemly asd mmm capedity are pied mramdasumeatefﬁneenej typmdha’e&s:essystam
f avor ﬁH asﬁmsych efforts.

According to another emi:)odiment of the invention, a set of state measurements are taken
of the reﬂigeratioﬁ system, which are then analyzed for self-consistency and .'to e;itract '
fundamental parameters, such as efficiency. Self-consistency, for example, assesses :
presumptions inherent in the system model, and ther cfore may indicate dev1at10n of the actual

15 system oPeratLon from the mode] operation, As the actual system deviates from the model, so
too will the actual measurements of system parameters deviate from their thennodynarmc
theoretical counterparts For example, as beat exchanger performance declmes due for example

to scale accumulatlon on the tube bundle, or as compressor superheat temperatule increases, for

example due fo non-condensable gases, these factors will be apparent in an ade

20 measurements of a state of the system. Such measirements may be used to' 'stJ

Ilna‘ﬁe the capacity

of the reﬁ'xgerahon system, as well as factors which lead to inefficiency of the <ystem These, in

turn, can be used: to estimate performance improvements which can be made m the system by
returning it to an optlmal state, and to perform a cost-benefit analysis in favm of any such
efforts, ‘ .

25 Typically, before extensive and expensive system maintenance is perforimed, it is
preferable to instrument the systern for real time performance monitoring, rather than simple
state analysis. Such real time performance modeling is typically expensi\}ef and not a part of
normal system operanon whereas adequate information for a state analys1s may :be generally
available from system controls. By employing a real time monitoring system, ana1y51s of

30  operational charactenstxcs in a fluctuating environment may be assessed

This seheme may also be used in other types of systems, and is not lmnted to
reftigeration systems, Thus, a set of sensor measurements are obtained and analyzed with

respect to system i model The analysis may then be used to tune system operanonal parameters,



25Typi cal |y, before extensive and expensive system nmai ntenance is
perfornmed, it is preferable to instrunment the systemfor real tine
performance nonitoring, rather than sinple state analysis. Such real
time performance nodeling is typically expensive;. ani.:1 not a part
of normal system operation; whereas adequate information for a state
anal Ysis Maybe ‘generally |l r. available fromsystemcontrols. By
enploying a real time nonitoring systethg.analysis of 30 operational
characteristics - in. a fluctuatlng envi ronnment nay be assessed.

Thi s schei pgy 1Adisen A6 poQe rbr% T?ﬁf ofta B8 DeRs SHRM Byst@Rcto hhidhhis

limted to reftrigeratign syste a set of sensor neasurenents

are obt ai n@gthadaERbrANpLekinglpden apeng nihers, ipraa) crapsiraRmes, THRomRAShINGE;

may then beydus86addprbtifRicsysidLdn oper ati onal paraneters, .. - 16 -
instigate a maintenance proceduyre, or as part of a_cost-benefit
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pneumatic systemns, Preferably, e efficiency is recorded in
conj unctloW°W%Wﬂéo%@Yd@é‘se§5‘Vﬁjrl abl es. Thus, for 5 each system the

actual sensiti VAdedR 1@4 furGbreigsas ofdRd B6dna6h, dibﬁﬁﬁetsé MelBbd RprShden ggat e
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t han the typi cal cost of service or flat fee basis. According to this

aspect 1&f PHBRIERS TR foriades eyt g2 fwelﬂwgeogﬁamzwswm Bt g sterm

syst em f OrpegfofrR@cdRSES. E&eﬁaxﬂplé th{asdhﬁﬁysﬁeﬂ@eﬁ&inanwmm Q‘ﬁelbﬁer a

based on a system perfornan ric, For exanple, a ba stem
per f or man BT EEHy @geor Fé}%@%?dltf@’rdth%tsyﬁﬁe%‘ F@WFE‘?&S

gef I ned, adia;frénbﬁ o8 ke &gﬂﬁﬁﬁbﬂpﬁe@mﬁﬁﬂ%a@@fbn&h&i tiohﬁbe&bﬂﬁffmloﬁ&éﬁqce with
iscretion,o 1. eserV|c anl zat re m VA

SRS R G T R R Sy TN e S
conpengat q:(ircfbﬁtﬁﬁbf@ﬁlst bdvings ysdrelia uaahha r AEORing 16 e pmsaimd ivemﬁm;w:ata from the
per cent age 0 cost sav] n Ver as Accor di
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conunumcatlon aver telephone lines, or computer network. This commumcanon may also permit
20  immediate notlﬁcaﬁon to the service organization of process shift, potentially in time to prevent
subsequent and consequent system failure.

In this caee, the system is performance monitored frequently or continuously, and if the
system capacity is sufficient, decisions are made whether, at any time, it wouldbo cost efficient
to perform certain maintenance services, such as refrigerant purification, evapfoirator descalitg or

25  cleaning, purging“'of non-condensing gasses, or the like. Typically, if system oepacity is
substantially dnmmshed below a prespecified reserve value (which may vary seasonally, or
based on other factors) service is required. However, even in this case, degradauon in system
capacity may be due to a variety of factors, and the most efficient 1erned1at1011 may then be
selected to cost-efﬁclenﬂy achieve adequate system performance.

30 After sysfem service or maintenance, the control system may be initialized or retuned to
ensure that pre-sefvice or pre-maintenance parameters do not erroneously govern system

operation,



performance data renotely to a service organi zation, such as through
radi o uplink, nodem communi cation over tel ephone |ines, or conputer
network. This comruni cation may al so permt 20 inunediate
notification to the service organi zati on of process shift,

potentially in time to prevent subsequent and consequent systen1
failure. In this case, the systemis perfornmance nonitored ,
frequently or continuously, and if the.gystemcapacity is sufficient,
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on the feedback 51gnal The maximum wait time is the maximum time the EXACT algorithm

25 will wait fof a second peak in the feedback signal after detecting a first peak. Further, before an
EXACT-based cont_roller is put into normal use, the operator may also speexﬁr'other parameters,
such as the ma}umum damping factor, the maximum overshoot, the para_jmeter e]iange limit, the
derivative fictor, and the step size. In fact, the provision of these paramefers by én expert
engineer is generally appropnate in the installation process for any control ofan mdustnal

30  chiller, and therefore such a manual definition of initial operating pomts is preferred over
techniques whlch conunence without a priori assumptions, since an unguided exploratlon of the

operating space may be inefficient or dangerous.
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control loops, which together efﬁc1ently control the entire system, as in the preferred

25  embodiment of the invention.
Alternately, a neural network or fuzzy-neural network control may be employed. In order
1o train a neural network, a number of options are available. One option is to provide a specific
training mode, in which the operating conditions are varied, generally methodically, over the
entire operating space, by imposing artificial or controlled loads and extrinsic parameters on the
30  system, with predefined desired system responses, o provide a training set. Ther:éafter, the
neural network is trained, for example by back propagation of errors, to produce an output that
moves the system toward an optimal operating point for the actnal load conditions. The
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Fuzzy controllers may be trained in nmuch the sanme way neural networks
are trained, using bacicpropagation techni ques, orthogonal | east
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entering, the evaporator, to remove oil, providing clean refrigerant to the evaporator in an auto-
tuning procedure. Over time, the oil content will approach zero. The system perfonnance is
30  monitored during this process. Through this method, the optimal oil content in jche evaporator
 and the sensitivity to changes in oil content can be determined. In atypical instéllation, the
optimura 0il concentration in the evaporator is near 0%, while when the system;is retrofitted

with a control system for controlling the oil content of the evaporator, it is well above optimum.
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refrigerant and a control loop to regulate level of refrigerant in
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reservoir, with the oil separately stored. Based on the control
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conpr essoThérafofe, the Autbisingefhe dohigol Gpdyiootimsiaivltareombewit &t ramediliyn bthe
mai nt ai negﬁﬁ)r respective refrigerant charge levels. It is noted that
this syst Y general ly asymmetric; withdrawal and parti al
distillation dhifagfthd gbroatetit dfﬁ:ereehmatmehay belumpenﬂbﬂﬂbreombalegioagomhﬂedm

o e har awar g Pk PRECREe eehas e ek oativEirss nifhte & om

may btes 1t5pxie&ﬁpd) Embdimeﬂimﬁ:h$ﬁﬂxdet-m\&uﬁmﬂaﬁ)¥mlbﬁﬁﬂ excdss reﬁtgef?:: fd a co:gtrol

i nportant, to, ne o obtain nost efficien
oper at i ngi°S& 'tfl%tggwgld%§%d%feaﬁfmt%€ %" ‘Bads It is noted that,
accordi ng to t!n:eo:slﬁgdmdneedmmlaﬂemmalfreseh&lrmf esiggtiant n\pﬁjﬁdeaneﬁhgérbnt is
refrigeran tio efrl erant, £ill ma e. pendent |

Cont r o1 1 oGPt R e PR histibon B AR D P

be nodul abiesbpax’ataly seoraBasedon t(h;mmﬁoﬂ dptlﬂ]@(aﬁonl; mﬁgmsmﬂmﬂrm separately dih
conpr sor npr essok. du ul se se W
oy of0 byt the SR 2 R vt e oo s B FRY ponfesS S

like. thlsWayJ the otimimmid conatreratidif naey hrmgmtaﬁed fmereq:mwmrraﬁ-xgermm;aaﬂge

thor of or ettt AR g Ml ST RYh R asfthb il 8- RUP R 908 g fllep of
oi | phas ereﬁrxgyraatih salaively stohvewhﬂeaqbargatgdhe {ystom with|rbfsigerByt ahd ihvime gelativelyn

refriger |

| onger t| c%(rgiﬁls#&g%&lpﬁyﬁr/@P isc{ealteﬁ fﬂ&ﬁ:ﬁﬁ%@ﬁn si%?m%% %Focess
of th¥ bukkporesdilyibgeassedt Howsver,éﬂ;wén it igwomimperanie Imept nwyk lmdbe:{quly thine
evapor at o oBRfh AP bdidlch it %‘?Jr{}&%é@ﬁéh‘?to YooV ng Lthe ol |
phasefromt ere e t SI of e evapor ub walls, a scale
or ot her depodiis n@nd tgnht.e awandmgi@ﬂvd gecghd @m‘@odmomhet prewaylnb@nsm both
estimate i Folhe

ef f ect o%%%%?%ﬁgf%&ar&ﬁé%ﬁggﬁa %g Hgg?ég\%ﬁ%n |ﬁl§lg% (%P

deci si on @psratign.when an expensi ve and ti rre consum ng descal i ng of the
t ube ndl es

From The t ube gal TUEPimey ek BRR S g, EERE R ot St omle il afD
for desczIOMmBEESsor spepd, compressor ctqiyecb@ (Pwiea frqqemcmgeisamdtbmv‘g ybidel may
be subj € Ghodufiti¥R, &cﬂﬁﬂr&.@or%le@ﬂ&?i@sﬂﬁho& b} #uk fike. | 0ad and pl ant
tenperature, whife rel ependent) variables include efficiency
(KWton), sup®¥hiledhei ewy gii%@;e*@pmﬁ@rm@x&b@neasw@assmﬁamg@

pressure coﬁl&i&%ﬁélﬁ HithinNPSLG ML andHGEoR khBY BR:S HEISy ﬁ?ﬁnﬁﬁg lid;©h s Rh&r
supply tenpérature percent error. Direct efficiency 5 neaeurenent of

ki | ovés t -thes gn sil phase may adhase to Bhe geanprsicragbe vils. By Bowing cleangritigerathrough

vari abl espe REE5:EHARYoiPHASE $/fich BANELALY Fi8iS-caMMhnf fopwera&t@oﬁn the walls than a
Conpl ex interdependencies of the variables, as well asithe preferred

use of sURIKBGRIosess &f thabrikachipgmidsitesoved Hsaniageprdy, i apdelinedhe sgpHor

in favor Qfind |sysiR perRMERE, HYQEMOV ukgtﬁ@@@%hasé Bbm SRk Grastisielofthet O

t he nodel enployed 1n Baile MaJ gar, et m Per f.or mance
evaprtr)?ator%ub walls, a scale o¥ other de%os:t on the water-s:de of the tube wall may be

30  estimated, This, it turns out, is a usefil method for determining an effect og efficiency of such
deposits, and may allow an intelligent decision as to when an expensive and time consuming
descaling of the tube bundles is required. Likewise, by removing the excess oil film from the
tube wall, efficiency may be maintained, delaying the need for descaling,



10 Characteristics of a Helical Rotary Screw Air-Cooled Chiller
Operating Over a Range of Refrigerant Charge Conditions", ASHRAE
Trans. 1998 104(2). In this case, the ntidel has an input |ayer, two
hi dden | ayers, and an out put |ayer. The output l|ayer typically has
one node for each controlled variable, while the input |ayer contains
one node for each signal. The Bailey neural network includes five
nodes in the first hidden |ayer and twggnodes for each output node 15
in the secOnd hidden |layer. Preferably, the sensor data is processed

prior to inputTﬁwpammﬁg&%@m@@kwm 70 dtfject foQkrifea WithSomtida &fier load
processi ngﬂ f sensor out dat.a nor rral ization, statistica

pi terppetatyse F%%"‘Fije@‘?ﬁeédﬁiﬂ@d’%@l?ﬁéﬁ%‘@e HicpeH& Witon),

processin
appropri aEﬁ:eﬂﬁﬁt&e fhre MiabdodlingRef@atinRedibchh@P Ple@ticC ftperBbat temperature,
conput atlonal eXIt}\F/JHC{ t he n ural networ Faul f. detection Nay
2l S0 be  SictphpEEHEEAC VrlergaR %pr@ﬁwwsv ey Lfrect efficinray

el emenss  @eadufiheRBIMAbwAEhNRS fer foRmad bS BRITALE oD RHRE R dtﬁérw&*iés)es
by anal ysi s _ of the sensor datgrgf) ot her means. Feedback

opti ni zat P@#@MIP'@FS@’E“P%%F f&y be applied to transient and

dynami ¢ sit uatC@nsex iieedepdridenias wmawrm%atas %Hwthapﬁﬁiwu@é FRHirt s,
whi ch intent onallgdq;ntrod e s f"‘) I;Furbatlon of th
i ndependefft2LlohinFEHd SfPasHIcIeney %ﬁﬁlg of aueH- “%“%}W]Bﬁ}”@éftmﬂél

function, for exampld’lﬁﬁﬁﬂélﬁo iR aedel chptdyty mlBéﬁley, Mﬁgﬁt@Ce‘Sﬁstdni p&fdrmbibef act ,
opt 1 ni0at FBRRGRterER SEReR RORTSared Cooled oficg SEergfaB et RindRgt
61496, _761Reﬁ@erbmrchajge Ryndigdre?, QBERAE Trags/ 199&%@@ dians E&e,&ﬂ@m@deﬂfﬁﬁ%

|t or depolE IR AP S HateB o g oo PFiE o e HEEL T VDY be e Befedhy
conpl ex pek menecbvaﬁmhe vl ﬂiedﬁgglt Iab!é‘f&oﬁtﬁlﬁ§br&lﬁo&e ﬂ)ﬁéacwlsighald TH¢ Baikgnce
ol oyeq T po BRSO SRUEDY o PG b B e F b Bput noce
dynanifs. 1n511eTslaamk1)hhidmdla§érg Bfef&ihmss &&rsalsgﬁciaﬁ 1abioyesmalr;ﬁloﬁmmlﬁ imaﬂnd neural
Feadback TP aIoeh Aok b Rat ekt ern o, o SR iy et
achi eve opbeessihg, pﬂcamy hmq:effmmedmmdﬁkﬁmoﬁdlpmndempmmmetmmm @efdutdt&e
o oo anfil o SEkAle R Aol R Bha R SRR el A0SR T BRL B

integrated in the system, elther by way of further elements of the neural network (01 a separate

20 meural network) or by analysis of the sensor data by other means. : _
Feedback optimization control strategies are may be applied to transwnt and dynamlc
situations. Evolutmnary optimization or genetic algorithms, which mteu‘n_onally i

) _:c;i_uée small
i

perturbations of the independent control variable, to compare the result to a.n obJ cC
may be made du'ecﬂy upon the process itself, In fact, the entire theory of geneu g o tghms may
25  beapplied to the optnmzatlon of refrigeration systems. Ses, e.g., US Patent Nos 64967761,
6,493,686; 6,492,905; 6,463,371; 6,446,055; 6,418,356; 6,415,272; 6,411 944 6 4@8'227
6,405, 548 6,405,122; 6,397,113, 6,349,293; 6,336,050; 6,324,530; 6,324, 529 6 314 A12;
6,304,862; 6,301, 910 6,300,872; 6,278,986; 6,278,962; 6,272,479; 6,260, 362 6 250 560,
6,246,972; 6,230, 49’7 6,216,083; 6,212,466; 6,186,397, 6,181,984; 6,151 548 6 110 214;
30 6,064,996; 6,055 820 6,032,139; 6,021,369; 5,963,929, 5,921,099; 5,946, 673 5 912 821;
5,871,954; 5,848,402; 5,778,688, 5,775,124; 5,774,761; 5,745,361; 5,729, 623 5 727 130;
5,727,127, 5,649, 065 5,581,657, 5,524,175; 5,511,158, each of which is expressly 1ncorporated

herein by reference.
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other inpurities. For exanple, as the oil level of the refrigerant is
reduced, oil deposits on the refrigerant side of the heat exchanger
tubes will also be reduced, since the oil deposit is generally

soluble in the pure refrigerant The heat exchanger may then be

anal yzed in at least two different ways. First, if the -
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30 Thus, after the measurements are taken to a limit (e.g., near zero oil or beyond the
expected operating regime), the system is restored, if necessary, to achieve a desired initial
efficiency, allowing for gradual variations, e.g., accumulation of oil in the evaporator, while still

maintaining appfépriate operation for a suitable period.



25 distillation chanmber controlled to be at a tenperature belowits
boiling point, and therefore condenses into a bulk of liquid
refrigerant remaining within the vessel. Relatively pure refrigerant
is present in the gas phase, while less volatile inpurities remain in
the liquid phase. The pure refrigerant is used to establish the
chanber tenperature, thus providing a sensitive and stable system
The fractionally distilled purified |igg.d refrigerant is available
fromone port, 30 while inpurities are renopved through another port.
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refrigerant may be p}J_nﬁed on site, rather than requiring, in each instance, tr_ans;zor!:mg of the

=

refiigerant to a recyéiing facility. U.S. 5,709,091, expressly incorporated ilérein by reference,
also discloses a reﬁ-lgelant recycling method and apparatus. A
In the ofl sepa:raimg device, advantageously, the refngerant is fed mto a fractional
25  distillation chambel controlled to be at a temperature below its boiling pomt, and therefore
condenses into a bulk of liquid refrigerant remaining within the vessel. Relatlvely pure
refrigerant is present m the gas phase, while less volatile impurities remain in the liquid phase.
The pure refri gerant 1s used to establish. the chamber temperature, thus prowdmg a sensitive and
stable system. The fracuonally digtilled purified liquid refrigerant is avaﬂable from one poxt,
30 while unpuntles are removed through another port. The purification process may be manual or
automated, continuous or batch.
One aspset of the invention derives from & relatively new understanding that the

optimum oil level in‘the evaporator of a refrigeration system may vary by manufacturer, model



efficiency drops, it is possible that the chiller is unable to

mai ntain the procoss paraneter within the desired range. During

ext ended operation, for exanple, it is possible for the oil 1.2 ;
concentration in the evaporator to increase above 10% and the
overal | capaeitSlof the systemto drop bel ow 1500 tons. This can
result in process deviations or failure, which May require | 25

i mmedi ate or *pensive renmedi ation. Proper namintenance, to achieve a
hi gh Opti num efficiency, may:be-quite cost effective. - 32 - BRI EF

DESCRI PT! 2 pericillisyRBAVNES: thESS/atifbiatd Phifdal in HR\WHEnPShihd HEcksYbddh
reference to the acq%ﬁgaﬂylg%@g%ﬂﬂn gm inwhich; Fig. 1is a

schemat i cigy BAPESOVE e eibreed RRide zean dREFTgERledy Bp 615t or ;
SFig. 2 Sé\@ﬁﬁraﬁ@ tﬁ@ﬁlpt&m@\m Qbfvel%e{y%%eﬂle@:t Iis%sﬁ’:%dll%é SELULBRE Md fhrms a
synnetrlc arra nt of tubes qQf a tuybe each -t ube extendi ng

axi al |y aflBHg BHEGES: ’BFICQW @M@(Gﬂe’ﬁﬂ@t D ahsther frod, so-callegt ¢

- 3 shows %@ﬁmimg%a%ﬂgermeahmmsm{anﬁwmdnbéraﬁ»ﬁxﬁa oB%ehR-dtoh,
renoving oil froma refrlil?erant flow stream 10Fig. 4 shows a

schemat i cy@jrally lespfhen aboub{%i cj ency measurement system Fig. 5

shows a styl i zeskifgapuRafih aDimsl c@ﬁéehﬁatﬁﬂﬁiéyﬁté@ﬁ% iMdfEi et SBRRE Ee AIO
changes in evaporator .oil_ conceptrat.ion; 6A and 6B show,

respect i VEIRgYal Brogesp B Feapirg ¢XPandits S cResiAnd é&eaaw%&fea%%dan operating
t enper at Wyterd Ei'&sreﬁlbw bkt @@tiAdHl level of leakage. Further, the oil level in the condenser may also

10  impact system efﬁc1ency, in a manner inconsistent with the changes in efﬁmency of the

evaporator. '

Thus, thls aspect of the invention does not presume an optimum Jlevel qf a particular
process varia’éie parameter. Rather, a method according to the invention exploi'es the optimum
value, and thereafter allows the system to be set near the optimum. kaemse, the method

15 permits penodlc “tune-ups” of the systen1, rather than requiring continuous t1ght maintenance of -
a control parameter although the invention also provides a system and methodlfor achieving
continuous momtmmg and/or control.

- The 1cﬁ'1gcrat1011 systems or chillers may be large industrial dewces, for example 3500
ton devices w}uch draw 4160V at 500A max (2 MW). Therefore, even small changes in

20 efficiency may produce substantial savings in energy costs. Possibly more nnpoﬂantly, when
efficiency dlops itis possible that the chiller is unable to maintain the process parameter within
the desired 1ange Durmg extended operation, for example, it'is possible for the oil

conceniration i m the evaporator to increase above 10%, and the overall capaeﬂ:y of the system to
it

drop below 15 OO tons This can result in process deviations or failure, whlc; may require
25  immediate ox expenswe remediation. Proper maintenance, fo achieve a h1gh ptlmum

efficiency, may’ be qulte cost effective.



15Figs 7A, 7B and 7C show, respectively, different bl ock diagrans of

a control according to the present invention; Fig, 8 shows a
sem -schematic diagram of a refrigeration systemcontrolled according
to the present invention; and Fig. 9 shows a schematic

di agram of ‘a control for a refrigeration systemaccording to the 20
present invention. - 33 - DETAI LED DESCRI PTI ON OF THE PREFERRED'
EVMBODI MENTS The foregoing and otd4er objects, features and
advant ages of the present invention will becone nore readily apparent
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Figs. s1-2, a zstﬁsttaﬁfe@d Vibw ﬁfv@dube ﬁl%tsh@%ﬁﬁﬁﬁ%:ﬁalﬂv smﬂl%trﬁta&msgemam%@t
-of parall el 10 t @dé ext endi ng t é?qléﬁ a generall % i ndrl cal
shel | 3. fﬁ’fﬁ%o’fi% y &Ch Bbg extrhdgig apiallp plong the legeth ghibe Beag exchangepne - o
whi ch |sep-,\spaﬂtd§ed at each end 5 of the tubes 2. The tube plate 4
separates a first: 6, caqontinuous with the interior of the tubes 7,
froma second Jgpéilpwsasel%s’ma fidravise of 4 prrtig] distllatiop systemyfor yemoving|od from a
Typi cal I Yefrifer@i@ Mo strb@y di stributor 9 is provided et each end of the

shel | , beyond, the tuhe sheet 4 di stributing fl ow of the first
medi ulr(?lfroth o (e mi‘%c?fﬁ(?%]ﬁr%@e’icﬁﬂ?és‘@me& SRence back to a
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provi des teé’??efﬂﬁi%f“nt’fﬂ%faﬁamr ecei vi ng

15 Figs 7A, 7B and 7C show, respectively, different block diagrams of a control according
to the present invention,
Fig. 8 shows a semi-schematic diagram of a refrigeration system controlled according to
the present invention; and '
Fig. 9 shows a schematic diagram of a control for a refrigeration system according to the

20  present invention.



20 refrigerant fromthe condenser, a purification systemenploying a
controlled distillation process, and an.Qutbt 150 for returning,
purified refrigerant. This portion of the systemis simlar to the
system described in U S 5,377,499, expressly incorporated herein by
reference. The conpressor 100 conpresses the refrigerant, while
condenser 107, Sheds the heat in the gas.. A small anount of-
conpressor oil is carried with the hot§9as to the condenser 107, 25
where it cools and condenses into a mxed liquid with the

refrigerant, sol ation
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25  where 1t cools and condenses into a mixed liquid with the refrigerant, and exﬂ:s f
and ﬁthng 14. Isolatton valves 102, 109 are provided to selectively allow msertton of a partial
dlstﬂlatmn apparams 105 within the refrigerant flow path. The refrigerant from T.he partial
d.tstlllamn apparatus 105 is received by the evaporator 103 through the 1solat10n valve 102.

The parl:lal dtstﬂlatton apparatus 105 is capable of boiling contammated Iefngerant ina
30 dlstﬂla:hon chambel 130, with the distillation is controlled by throtiling the refngerant Vapor.
Conta.mlnated reﬁ‘lgerant liguid 120 is fed, representsd by directional arrow 110 through an inlet
112 and 2 pressure regulatmg valve 114, into distillation chamber 116, to estabhsh liquid level
118. A contammated liquid drain 121 is also provided, with valve 123. A h1g}1 surface area



condenser 146 is controlled by an additional tenperature control
unit, controlled by the condenser output tenperature. Thus, oil from
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20 Fig. 4 shows an instrumented chiller system, allowing periodic or batch reoptimization,
or allowing continuous closed loop feedback control of operating parameters. Compressor 100
is connected to a power meter 101, which accurately measures power consumption by measuring
Vol’jc's and.Amps drawn. The compressor 100 produces hot dense refrigerant vapor in line 106,
which is fed to condenser 107, where latent hieat of vaporization and the ];geat a&ded by the

25 conipmss_or 100 is shed. The refrigerant carries a small amount of compressor lubricant oil. The
conélenser 107 is subjected to measurements of temperature and pressure by temperamre gage
155 and pressure gage 156. The liquefied, cooled refriperant, including a?-portiofn of mixed oil, if
fed ihrough line 108 to an optional partial distillation apparatus 105, and hence to evaporator
103. In fhe absence of the partial distillation apparatus 105, the oil from ﬂle condenser 107

30  accumulates in the evaporator 103. The evaporator 103 is subjected to measurements of
refrigerant temperature and pressure by temperature gage 155 and pressure gage 156, The
chilled water in inlet line 152 and outlet line 154 of the evaporator 103 are also subject to



As shown in Fig. 5 the efficiency of the chiller varies with the oi
concentration in the evaporator 103. Line 162 shows a non-nonotonic
rel ati onship. After the relationship is determned by plotting the
efficiency with respect to oil concentration, an operating regi me nay
thereafter be defined. Wile typically, after oil is renoved fromthe
evaporator "103, it is not 15 voluntarily replenished, a I'ower limt
160 of the operating regime defines, inRsa s-ubsequent renoval -
operation, a boundary beyond which it is not useful to extend.
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25 EXAMPLE 2

Fig. 7A shows a block diagram of a first embodiment of a control system. according to

" the present invention, In this system, refrigerant charge is controlled using an adaptive control
200, with the control receiving refrigerant charge level 216 (from a level transmitter, e.g., Henry -
Valve Co., Melrose Park IL. LCA series Liquid Level Column with E-9400 series Liquid Level

30  Swiiches, digital output, or K-Tek Magnetostrictive Level Transmitters AT200 or AT600,
analog ouiput), optionally system power consumption (kWatt-hours), as well as thermodynamic
parameters, including condenser and evaporator water temperature in and out, condenser and

evaporator water flow rates and pressure, in and out, compressor RPM, suction and discharge -



10 account the "error”. A further output 206 of the system froma
di agnostic portion 205, which may be integrated with the neural
network or separate, indicates a |likely error in either the sensors

and network itself, or the plant being controlled. The
controlled variable is, for exanple, the refrigerant charge in the
system In order-to'remove refrigerant, liquid refrigerant fromthe

evaporator 211 is transferred to a storgge vessel 15 212 through a
val ve 210.. In order to a,dd refrigerant, gaseous refrigerant nmay he
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in inputs 235 is adaptively determ ned by the control during
operation, in order to optim ze 15 energy efficiency. Data is

al so stored in the database 234 as to the filling density of the
operational space; when the set of input paraneters identifies a well
popul ated regi on of the oPerational space, a rapid transitiaon is
effected to achieve the cal cul ated nost efficient output conditions.
On the other hand, if the region of theyaperational space is poorly
popul ated, the cOntrol 230 provides a 20 slow, searching alteration
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t he opti %eg t set. This searching procedure also serves to
popul at e 5‘%?; so that the control 230 wll avoid the naive

S':]I ategy aft erTl& ﬁlﬁmfvmws afeCi$his case, sinklar RCBdsE HOPxan{ply 2, %ﬁ:ﬁ‘aﬁ:ﬂg@%ﬁ&mﬁf
t he operat

pace, atistical vari i.S de ned
the stati éﬁ%ﬁ pvel, SpToHsHY Fx%ﬁlﬁ ROWERGLSYIpRLLg ?‘ﬁb\& thé%@r 55 F‘%’i}”éﬁﬁmi’ s
deened 5ac gutiters, mﬂddﬁ@ c&ﬁéﬂseﬂm& EV@&@IOE ’ﬂmﬂﬂteﬁlbelﬁﬂi]& ih @ﬂcaéut re@fidefsbr hil
reduced. On the ot he{]] é t eHvar abl I |t ﬁl}é/g thgﬁjgtﬁvérol
230 anal yZERYEIE VP ?Waeé?sén Bl'teSSP‘c'S”’&é"F ESE‘B PSSR #ge

any avai | @ﬁbﬁdaﬂ@t&np%ﬁz’ﬁn@ﬁﬂdﬁﬁﬁeﬁyﬁs@ﬁé&ﬁﬁélﬁpeﬁiﬂ&y, seeking to inprove
t he nodel L&%E§QPE§ |on stored in the database 234. This
correlation t'ected by searching the region through
sensitivity teSsddhognaf Fighec, arnmtiol S;,efeniMS'OliB greﬁmmmcoﬁﬁam fiSpekdnt CHakpe
3. Fot

o Toafl, lestiastRomBishr fiet 4 P e g eotstogon pEE e P FsGad

t he opti ﬁpﬂovﬁimg[alsingh&bm@hkamde]/&fﬂﬂrsm|ayl;mheﬂcﬂ‘kmipﬂ1ﬁ&i gelaﬁbﬁﬁhipe are

non- | i near r. neur al .. net

e operaiEi i Spat Bah Sy S R SheBiohu ¢ P SRR Bt
into regi egvnse|pdmat Med:)gn ofsopfnpuisf mmnﬂimwmﬁﬂmgmﬁoemtem‘ﬁnmarﬁﬁ%
to +20% of d nt ent eyapor a by 0,5%fre % t.0.10%
and conpr €< s-”o?‘*'%g% aptfwg’ i 'mg%tr’?{ 80&3x%8rruﬂ%g¥ﬁmi n’lff?ﬁmﬁ’ Bt s
I't i slal seneppysffichiney.t o provi de non-unifornly spaced regi ons, or even
adaptively 5 el I 0ns the utsto
Mpat var ] ati o B eg SoRa%: BE8AAN IS ARP R Kty Bl B RbAR ik
control swhemeha i siinpit pwadetsrsadepficsafwellpepulaikd rcgnbasf fhe ppaxytitainpace, a

startu p Ejﬁ%{aﬁﬁtgo%%eﬁc Pzﬁ%(? adce ﬂm%&lhﬂ%&d 15:5& ghif 5t ou?%u%éndﬁp { alSrll e al

d
21(; nglS der amtlmlhamﬁ,l rfﬁlnegeglha stthe z?gmomi@;;g 1sa3ndthbpmpalmé the bmxtrokﬂiﬂtpnmrﬁdes a
720 "R SSRGSk SR ADke DISABIRRR0R0 MR i
It is notibeloptinzal putgutrsc’e Thissearelug yrecdunpdiso eertfasrt@pcfpmlatettheslsp@ setlmt the
[ at i vl sorhed WML AEHE Q&VQ%&%E@&%&%@L&M may be i npl ement ed

g., an Intel PentiumlV or
At hl on XP pr oétwklmonr@nmmgemhrcd’dmpm@ﬁl swagepa btatisticad veriabiliy is dgtermined.

syst em m?&%@?&ﬁ@?@%‘ ﬁkx}%@ﬂmﬁ %&“lﬁéf@g%&ig'ﬁ%{; Jh%&r&tQ%:el ata

ach| Si tl on I n er neces 18 pre fred
that Zhe wotitebleasliog efﬁhpicmilr@moms mda@do%the Qihnrpend 3 mnah;mlshlgh,

"expl ai nsg, control 230 analyzes the input data set to determine a correlation between any available input

235 and the system efficiency, seeking to improve the model for that reg;on stored in the
database 234. This correlation may be detected by searching the region ﬂn‘ough sensitivity
testing of the input set with respect to changes in one or more of the outputs 231 232, 233. For
30 eachregion, preferably a linear model is constructed relating the set of i mput vanables and the
optimal output vanables Alternately, a relatively simple non-linear network stich as a neural

network, may be employed.



the actions of the control, for exanple identifying, for any given
control decision, the sensor inputs which had the greatest influence
on the output state. In neural network systens, however, 20 it is
often not possible to conpletely rationalize an output. Further,
where the system detects an abnornal state, either in:.the plant_bejng
controlled or the controller itself, it is preferred that information
be communi cated to an operator or serwvi38e engi neer. This may be by
way of a stored |log, visual or audible indicators, telephone or
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20 itis often not possible to completely rationalize an ontput. Further, where the system detects an
abnormal state, either in the plant being controlled or the controller itself, it is 'pr eferred that
information be communicated to an operator or service engineer. This may he by way of a
stored log, visual or audible indicators, telephone or Internet ’celecommumcatlons, cont:ol
network or local area network communications, radio frequency commumcatlon or the like. In

25  many instances, where a serious condition is detected and where the plant cannot be fully
deactivated, it is preferable to provide a “failsafe” operational mode untit ma41_1tenaz;1ce may be
performed.

The foregoing de;scription of the preferred embodiment of the invention has been
presented for purposes of illustration end description and is not intended io be exhaustive or to
30 limit the invention to the precise forms disclosed, since many modifications and vaﬁations are
possible in light of the above teaching. Some modifications have been described inéthe

specifications, and others may occur to those skilled in the art to which the invention pertains.
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ideal refrigeration and estimating a deviation of the refrigeration
system from the nodel of an ideal refrigeration system and using
said estimate of deviance to determne a need for refrigeration
system servi ce. 6. The nmethod according to claimb5, further
conprising the step of predicting a co®t - benefit of a service
operation on said refrigeration systemto correct at |east a portion
of the deviance fromsaid optimal s tAeI S 7. The nmethod according
to claimb5, further conprisingthe@ep&o determning a
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said estimate of Tikemetod acdondidgtosslaiin wheredd thegeedidtingrstepycomprisdsening a
transfer § 8 dY. 13. The method according to claim1,
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6. The method according to claim 5, further comprising the step of predicting a cost-
benefit of a service operation on said refrigeration system to correct at least a portion of the

deviance from said optimal state.

7. The method according to claim 5, further comprising the steps of:
determining a sensitivity of the refrigeration system to perturbations of at least one

operational parameter;



further conprising the steps of: altering a process variable of the

refrigeration system calculating a refrigeration system

characteristic based on an anal ysis of obtained physical paraneters
after said alteration; and optim zing a process variable |evel
in accordance with the determ ned syst®m characteristic. 15.
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refr!g%gg%hﬁg ystem 42 predicting a thernndynanic_effept of a
service pro uré on a nmachine with respect to efficiency; estinmating
a cost of the service procedure; and conducting a cost benefit

anal ysi s based op, the operation cost paraneters, usage paraneters,
pr edi ct ed tﬁer mﬁbﬁa}’%’ SpeQrding Lo, elaig 1 Wharen theperational parameter is oil

concentration of refrigerant in the evaporator.

10.  The methed according to claim 7, wherein the service comprises a purification of

the refrigerant.

11.  The method according to claim 7, wherein the at least one operational parameter

is estimated by measuring an energy efficiency of the refrigeration system.

12, The method according to claim 1, further comprising formulating a model of an
ideal refrigeration and estimating a deviation of the refrigeration system from the model of an
ideal refrigeration system, and using said estimate of deviance to determine a refrigeration

system heat transfer capacity.
13,  The method according to claim 1, wherein said thermodynamically modeling
comprises monitoring refrigeration system performance over a range of operating conditions to

determine operating-condition sensitive physical parameters.

14,  The method according to claim I,



41

wherein said thermodynamically modeling comprises estimating an efficiency of the
operating refrigeration system;

further comprising the steps of:

altering a process variable of the refrigeration system;

calculating a refrigeration system characteristic based on an analysis of obtained physical
parameters after said alteration; and |

optimizing a process variable level in accordance with the determined system

characteristic.

15.  The method according to claim 14, wherein the process variable relates to

compressor oil dissolved in the refrigerant in the evaporator.

16.  The method according to claim 14, wherein the process variable is refrigerant

charge condition.

17.  The method according to claim 14, wherein an optimum efficiency is determined

based on surrogate process variables.

18.  The method according to claim 14, wherein the operating point is maintained by

closed loop control based on the determined optimum efficiency process variable level.

19.  The method according to claim 14, wherein the process variable is compressor oil
dissolved in the refrigerant in the evaporator, and wherein the process variable is altered by

separating oil from refrigerant in the refrigeration system.

20.  The method according to claim 1, further comprising the step of predicting a

refrigeration capacity of the refrigeration system.

21.  The method according to claim 1, further comprising the steps of:
defining cost parameters of operation of the refrigeration system;

determining usage parameters of the refrigeration system;
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predicting a thermodynamic effect of a service procedure on a machine with respect to
efficiency; _

estimating a cost of the service procedure; and

conducting a cost benefit analysis based on the operation cost parameters, usage

parameters, predicted thermodynamic effect and estimated cost.



