METHOD AND APPARATUS FOR OPTI M ZI NG REFRI GERATI ON SYSTEMS RELATED :
APPLI CATI ONS The present application clains benefit of priority fromU. S
Provi sion Patent Application 5 Nos. 60/431,901, filed Decenber 9, 2002, and
60/ 434,847, filed Decenber 19, 2002, each of which is expréssly

i ncorporated herein by reference. FIELD OF THE | NVENTI ON The present

i nvention relates to the field of nethods and systens for optim zation of
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i ndustrial scale systens, efficiency may be a critical aspect of operations.

Even small RrRmpagwEEepr efaAgpigem ef ficiency can lead to significant cost
savings; |likew se, loss of 15 efficiency nay |lead to increased costs or
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capaci t whichhe expassslyringogparstyd béreimby hefaienee. refri gerati on systens operate
according to simlar, well known principles, enploying a closed-loop fluid
circuit through which refrigerant flows, with a 20 source of nechani cal
ener gy, typi ERIYOR THEMNEBNTION provi di ng the notive forces for punping heat
froman evapgrator tp a condenser a.chiller, water or Qrine is_cooled in.
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i N nor e réfEb@bliordSkeM opbR@ogvaporator is forned as a set of parallel tubes,
formng .a tube bundle, wthin a housing. The tubes end on either side in a
separator plate. The water or brine flows through the tubes, and the
refrigerant B cKEZSREER® 6Fait Prawpes on the outside of the tubes, within
the housing. The condenser receives hot refrigerant gas fromthe conpressor,
where it is boletesdndustial scelsrtigens effipigpeamern bhagiticaligsct ofpperhtianse Evéor
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20 ‘source of mechanical energy, typically a compressor, providing the motive forces for pumping

heat from an evaperator to a condenser. In a chiller, water or brine is cooled ;ln the evaporator
forusein a process. In a common type of system, discussed in more detail bélow, th;z evaporator
is formed as a set of parallel tubes, forming a tube bundle, within & housing, lT he tubes end on
either side: in a separator plate. The watet or brine flows through the tubes, and the refrigerant is
25 Separatelyg provided on the outside of the tubes, within the housing.

The condenser receives hot refrigerant gas from the compressor, where it is cooled. The

condenser may also have tubes, which are, for example, filled with water which flowsto a
cooling ‘to;wer. T}fie cooled refrigerant condenses as a .quuid, and flows by gravity to the bottom
of the condenser, where it is fed through a valve or orifice to the evaporator.

30 Tﬁe comp ressor therefore provides the motive force for active heat pumping ffrom the
evaporatdr to the condenser. The compressor typically requires a lubricant, m order to provide
extended life and _Jpérrnit operation with close mechauical tolerances. The lul:Jricant is an oil

which mis_cible W’ith the refrigerant, Thus, an oil sump is provided to feed 011 1o the compressor,

and a separator is/provided after the compressor to capture and recycle the oijl. Normally, the



gaseous refrigerant and liquid lubricant are separated by gravity, so that
the condenser remains relatively oil free. However, over tinme, lubricating
oil mgrates out of the conpressor and its Ilubricating oil recycling
system into the condenser. Once in the condenser, the lubricating oi
becones mixed with the liquefied refrigerant and is carried to the
evaporator. Since the 5 evaporator evapprates the refrigerant, the

| ubricating oil accunul ates at the bottom of the evaporator. The oil in the
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contro var i ich are allegedly used to determ ne
t he opti ﬁ%ﬂ“n})}%&&ﬁl §ﬁgﬁ7tﬁfigp@e§@?’r%§$€) ‘expansi on valve, to optinize system
performance, Ahefiperef@l sydiemGE 8ihaalls chfiolleddt a\é?été&ﬁ levlih dnB & f BRPWER bt e
refrigerant charge See al sq, US Paten 141, 980, expressl
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20  system increases, the equlhbnum within the evaporator changes. Higher heat Ioad will i mcrease

temperatures in the headspace. Likewise, higher load will boil more refmgerant per unit tlme
.and lead to lower ligquid levels.
For example, US 6,318,101, expressly incorporated herein by reference, relates to a .
method for conirolling an electric expansion valve based on cooler pinch and discharge o
25  superheat. This system seeks to infer the level of refrigerant in the evaporatoi and control the
system based thereon, while preventing liquid slugging. A conirolled momtors ccrtam vanables
which are allegedly used to determine the optimal position of the electronic expansmn valve to
optimize system performance, the proper discharge supetheat value, and the appropnate .
refrigerant charge. See also, US Patent No. 6,141,980, expressly incorporated herein by
30  reference.
US Patent No. 5,782,131, expressly incorporated herein by reference, relates to é

refrigeration system having a flooded cooler with a liquid level sensor, -



_3 Each of these strategies provides a single fixed setpoint which is
presuned to be the normal and desired setpoint for operation. Based on this
control variable, one or nore paranmeters of operation are varied.
Typically, a conpressor will either have a variable speed drive or a set of
vari abl e angl e vanes whi ch defl ect gaseous refrigerant fromthe evaporator
to the 5 conpressor. These nobdul ate theg_conpressor output. Additionally,
sonme designs have a controllabl e expansion val ve between the condenser and
evaporatof . Ehi A sRatt bVl i Bred SHbAP bR ABlued'ifBe BRI NI NG

el ements are controlled together as an inner | oop to maintain the . control
var i abl eomral pivbdesiedesipaint foyencessionr Bisef gbihineantrat waripblssonerarasore hat have a

boi l'i ng | ral:l re I l'ing

t erper afh sl & opkafoP B ALl S W fihprostds B Bkt B R0 08
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Ref r i geraiitfdlablespaabinaralvd dafveu the evaiensod bhddvaporaior. OSiacather idnsnseinest it
via condensation into another area. In gg&)é tg/%es of systens, ,a desirable
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si nul t aRgRLS: hiviabhe AURARE:. Pressure as |ow as possible. H gh evaporator

pressures m&l y high vapor densities, and thus; a greater system heat
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transfer. The heat trapnsfer inpedance generally increases as a,result of
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25 Refrigerants nust satisfy a nu r.of ot her,,regnui enments as bei{e as
possi bl @opsifle-Udishgvera@fpiesBies FERLY Mshrapgiensiiies ofnd thii g EEHESSYSIRG effe
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envi ronnent al gffects, cost availability, and safety. uid refrigerants

conmonl yowseespedielyastiprandensyr prersiigapprzihetba stiben arvesuppeithardesntogenat ed
e il chasl i shadbens AR TG e e
( PFQY) . cefiiniehtsof tie resphaiverhedtrekgmngans. sHigher thicrnelimtpedanse msbhigindewgrane and
f1uorocarbon, et Dol Sem oMl SQUIBRb £ hBRIANR Aot ARRbIHI-EGeRRntial must
be maini#ﬁ;ed to achieve the same heat transfer. The heat transfer impedance genérally increases
asa res@l’é of deposits on the walls of the heat exchangers, although, in some ch_ses, heat transfer
may be improvéd by various surface freatments and/or an oil film.
25 Réfrig_erants must satisfy a number of other requirements as best as possible including:
compati;Bility with compressor lubricants and the materials of construction of refrigerating
equipmé_fjlt, toﬁi’city, environmental effects, cost availability, and safety. The ﬂuid._reﬁ’igerants
commoﬁljy used today typicaily include halogenated and partially halogenated alkanes, including
clﬂorofiufc)focari)ons (CFCs), hydrochlorofluorocarbons (HFCFs), and less commonly
30 hydroﬂ}:.u'f)focai‘cjaons (HFCs) and perfluorocarbons (PFCs), A number of other refrigerants are
known,; ihbludihg ﬁz'opane and fluorocarbon ethers. Some common refrigerants are identified as
R11, R'lé, R22, R500, and R502, each refrigerant having characteristics tﬁat make:-thcm suitable
for diffelfent tyﬁ,es of applications.



R 1, R12, R22, R500, and R502, each refrigerant having characteristics that
make them suitable for different types of applications. -4 1In an

i ndustrial chiller, the evaporator heat exchanger is a |arge structure,
containing a plurality of parallel tubes in a bundle, within a | arger vessel
conprising a shell. The liquid refrigerant and oil forma pool in the
bottom of the evaporator, boiling and %ooling the tubes and their contents.
| nsi de the tubes, an aqueous nedium $such as brine, circulates and is

cooled, 5 ich.is then.punped to an on where the brine cools the
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evaporatlon of the refrlgerant is a necessary art of the process, the
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and pot ent i aTII‘ey"l}r;mﬁE%?"aE%‘ﬁ% fenflgyto a&ﬁbeﬁ?tseﬂw thedaic design Bpsqoitrhersns ga

ref b gerRMnulnthoSROS! & Be 5iip. OFdr-ambigs &f &lclss of EHe)bpﬁm%ﬁﬂﬂere £E QRREAIyON

reduced system efficiencies resulting from increasing oil concentration in the evaporator. Thus,

buildup of large quantities of refrigerant oil within an evaporator will reduce efficiency of the
gystem. -
In-line devices may be provided to continuously remove refrigerant oil from the
25  refrigerant entering the evaporator. These devices include so-called oil eductors, which remove
oil and refrigerant from the evaporater, returning the oil fo the sump and evaporated fefrigerant
to the compressor. The inefficiency of these continuous removal devices is typically as a result
of the bjrpassihg of the evaporator by a portion of the refrigerant, and potentiaﬂy a heat source to
vaporize éorl partially distill the refrigerant to separate the oil. Therefore, only a s;'nalljproportion
30  ofthe refrigerant leaving the condenser may be subjected to this process, resultiﬂg 111 poor
control ef oil fIeve:l in the evaporator and efficiency loss. There is no adequate sjsterri for

controlling the eductor., Rather, the eductor may be relatively undersize and run centjnuously.



30 of the refrigerant |eaving the condenser nmay be subjected to this
process, resulting '"in poor <control of oil level in the evaporator and
efficiency loss. There is no adequate systemfor controlling the eductor.
Rat her, the eductor may be rel atively undersize and run continuously. -5- An
oversi ze eductor would be relatively inefficient, since the heat of
vaporization is not efficiently used i&.the process. Another way to renove
oil fromthe evaporator is to provide a shunt for a portion of mxed liquid
ref ri ger ARbvasdo Bhotdr Yot RUARNA1-Rlickdhr, 5fABe HRTRAT IRori MR the oIl 1
subject to 5 the normal recycling mechani sns. This shunt, however, may be

i nef fi ci eficientlioused infhebiosedst to control. Further, it is difficult to achieve
and maintain i ratd ' He) : :
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20  difficulty of measurement of the amount of refrigerant is compounded by the fact that, during

(D

opetation, the _eifapo;:ator is boiling and froths; measuring the amount during a sysfeni shutdown
must account __fbr any change in distribution of the refrigerant between the other sysftegin
componeﬁtgs. i |
”It 15 known that the charge conditions of a chiller may have a substantial effect on both
25  system capac1ty and system operating efficiency. Obviously, if the amount of liquid refrigerant
in the evaﬁéfatbr is insufficient, the system cannot meet its cooling needs, and this limits |
capacity. .Thus, in order to handle a larger heat load, a greater quantity of refrigerant,f-:at least in
the evapoi'gtt_jif, is required. However, in typical designs, by providing this large réfﬁéermt
charge,,tﬁeioﬁerating efficiency of the system at reduced loads is reduced, thus requlrmg more
30  energy for the same BTU cooling. Bailey, Margaret B., “System Performance Ch_a;itraf;:teristics of
a Helicaiﬁ Rotarjr Screw Air-Cooled Chiller Operating Over a Range of Refrigerant Cﬁnarge
Conditions”, ASHRAE Trans. 1998 104(2), expressly incorporated herein by refefenjce.

Therefore, by correctly selecting the “size” (e.g., cooling capacity) of the chiller, eﬂi?ciency is



charge, the operating efficiency of the systemat reduced | oads is reduced,
thus requiring nore 30 energy for the sanme BTU cooling. Bailey, Margaret B.,
"System Perfornmance Characteristics of a Helical Rotary Screw Air-Cool ed
Chiller Qperating Over a Range of Refrigerant Charge Conditions", ASHRAE
Trans. 1998 104(2), expressly incorporated herein by reference.  Therefore,
by correctly selecting the "size" (e.g.6- cooling capacity) of the chiller,
efficiency is -6- enhanced. Typically the chiller capacity is determ ned by
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quantity refrigerant, ¢ jn a typi.cal design is ictated., Therefore,
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chiller load capacity sets a_|imt on the., mni mj,m refrigerant charge |evel.
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llevel f of, rRxiyRiem REf i'ts%@a%igﬁsx{%hatr@@igala@mm-ga&v@l thah B¥QomkiRE RAASRS, 1 N the
evaporator, it Dboth displaces refrigerant and has an i ndependent effect on
syst em didiertieresylls ingeteases ehficdensyaFpdisr.chillsy load sapgeitshipts b eeiths ency of a
chiller, l.:'ﬁ refrigeratl m; Lah : L8 Lrani

sol ution. "SUch rgﬁsié%frallﬁtlncgglg??\ t E é@éé&g‘%s’tueﬁrrg&t ’ﬁ%%‘??%?%%%oyi-_l s&n\gglgtﬁ%t ed
basetb onchafgetlevebior sragimuen effigiencio ndustated §bdot.tas oll lovspiicreases in the epaporat@olti ng

unit, 20 typically t.ons . or . Briti.sh Ther uni TU) .(t he anount of energy
requir egth%&@ﬁ%eﬁieﬁlﬁ%amtag %Sraé'tlﬁgeéj clgcfenge?%eecﬁﬁ {}’Ftéﬁl e‘%‘ﬂg% ‘water 1 C). Thus,
a mni mal negBueaRartavallabdd fok Gieaneiie theadiivicres ofa pdliat .64 efridetdtion basen

vol tneter, ter), and thernoneters and flowreters for ..the i.nlet and

out | ot vishieh COOR LTt P T4 B A (L RS QY B O BB PRSIt ng- a
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evapor at or. and condenser. A qui sition systemprocessor. is also

t ypi el | fypisplbitones Eriiiseé%elmaif}@%t(ﬁ%ﬁ&m Eneme gt encreypryiedip chaggesthe pat ent
Nos. 4, 43 fndature &5 die B8 tondrORRr 18€), FmrPmAdfal ,ﬂea%&%m%ﬁééféefé&%cﬂmi

requires a power meter (timebase, voltmeter, ammeter), and thermometers and flowmeters for

the inlet and outlet water. Typically, further instruments are provided, including a chiller firvater
pressure gage, gages for the pressure and temperature of evaporator and condenéér. A dat;a

25  acquisition system processor is also typically provided to calculate the efﬁciefncy,f‘; in BTUEkWH.

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;07 1 ,078$
4,033,407, 5,190,664; and 4,747,449, expressly incorporated herein by referéncie,-: relate té heat
exchangers and the like. |

30 There are a number of known methods and apparatus for separating refrigerants,
including U.S. 2,951,349; 4,939,905; 5,089,033; 5,110,364; 5,199,962; 5,200,431; 5,205,843;
5,269,155; 5,347,822; 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 ére a



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
herein by reference, relate to heat exchangers and the like. 30 There are a
nunber of known net hods and apparatus for separating refrigerants,

including U S. 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, 347,822; 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 i : [ I 1 hid Dfb. hee.al 7
munber ol ERES ARG FApELE oty s e B 3CP0M. Pl 51008 3Bz

5, 044, 166,176,00873, 18%889; 5,195,833 0305843,80,28869; H2AR)033331,98@ 3248431,

5,222,369 ,,2,986 1219 25 44 e 02U, 4 7.
s 272, 062280 By 018 STk s v s S Al S St g dbs,
g, 2?8 2295:,35@,89;25,@@%667255,371],0@];8;734’175,667;%%0?8255,3%(1 35;)08?55,831%3,%9&42,5, I456, 841;
, ; ; : : y ;..an , ,, expressly
i ncor por ge”éﬁ»ﬁ%& gg(hl%ﬂ » ?g?‘gg @1 @gd s ’9%}@%1’ E’Fmﬁﬁﬁlyé?@@@f“ieéb@fe%y rﬁ‘ﬁgf?ﬁ'é‘?‘t y
anal yzi non1sy/®dofifFare RS ipBrifhnalyzingdfstersl 85 stowhGA 178.4,371aN9; §481A4995,
expressly incorporate he?g?ﬁ b rggg?eice. -8- SUMVARY OF ?ﬁg IN%E&#ION The
present iaﬁ@éﬁtli’fé?ﬁ:QWTWS&B@@“&'P%VéﬂéﬁﬁemTﬁ@fﬁﬁ% for optimzing operation of a
refrigeration system In nost known refrigeration systens, control is
exerted principally to assure that liquid 5 refrigerant is not returned to
t he conpressor, and otherwi se to assure that the level of refrigerant in
the evaporator is presuned to be at a predeterm ned set |evel. According to
the present invention, the optimum/level of refrigerant and oil in the
evaporator is not predeterm ned. Rather, it is understood that, over tineg,
the system characteristics may change, as well as the |oad characteristics,
and that an optinmal control 10 requires nore conplexity. Likewse, it is
understood that direct neasurenents of the effective |evels of relevant
paranmeters may not be nmeasurable, and thus surrogates may be provided.
According to the present invention, a pair of control |oops, an inner |oop
and an outer | oop, are provided. The inner | oop controls the conpressor,"
than is, the notive force for punping heat. This inner control |oop
receives a single input fromthe outer |oop, and optim zes 15 the
conpressor operation in accordance therewith, for exanple conpressor speed,
duty cycle, inlet vane position, and the like. If present, a controllable
expansion valve (typically | ocated



bet ween the condenser and evaporator) is also enconpassed within this inner
control loop. Thus, the inner control |oop controls the rate of supply of
liquid refrigerant to the evaporator. The outer control |oop controls the
partitioning of refrigerant between the evaporator and 20 a refrigerant
accurul ator elenment wthin the system The accunulator is typically not a
"functional" systemelenent, in that the amount of refrigerant in the

accurul ator is not critical, sirrplyt'f'f?a‘t this elenent allows a variation in
the amount of refrigerant el sewhere in the system The accunul ator may be a
| ower portior® Y G BEEINVENTIG¥par at e accunul ator, or even a reserve

portion of thg GyaRpnalal x‘("gf G{edQ SRteMPindShEMd fof BH 11321'%4:] lof] in the
cool i ng processefij %5 [l)uri na toeagg state operati gn, t]['"le1 eggfag?ﬂﬁifegui d
ref ri ger wfrigefationsystem.condenser will equal the rate of gaseous intake to the

conpressor. Thu r . b i I | Qrator . .wl
effectively c%rﬁdrs%m%ﬁlg%%ﬁ%&m% %%%ern% ! ?q%grg%s g gerr{e? I?%mgiggﬂlr e<eore tﬁl"Nlpquédal ly,

t hi s $heatefrigegmt Btoobreturnato e corasessegdardrotlestiserat asdurt tieatle lval ofxefigefansyst em
sensors,. incl udi ng evaporator. di. schayge .t rafure and pressure,

evapor at ’Ei'rtﬂ?/\%‘iaB?rP%F ?Srpégsiumeégo e a@ﬁ?a#%fm’tngﬁﬁr%%ﬂ%{]r e and pressure, and 30
possi bl y condeaselindieabispagat ieemphathe betirmi 1dveEaTdfigeratt Whd@uttig thecONt 1 Ol

| oop determ nes, an optimal, |evel of refrigerant in the evaporator. A direct
measur enBIPOBIOT iSd1of Pigdetenmingds, Ratheryt wéf‘é%afpfﬁfgafe BYeritEeRERmt for two

r easons: cHakdofekistids Ry BUBROAAKEL asi tBe fohd EiRehowdbiics! @{Jﬂnmh%gﬁnﬁr&n&bﬂ , and a

direct sanpling of the evaporator contents, -9- such as by using an optical
sensH? fsAugsImMEe prBplexibt i ldkewisr dds witersiqpdithad dirgot ypeapuernents of the aifestive

during s glggre I Eﬁifpmg L tion may
be accurpaé?éelgghgfr%g%ar@%re ,te&&@hgg%%xgﬁﬁﬂrom con IS§I 0 saf%t‘s;{?g‘fggﬁﬁ&}dg 1ow a
repartitioni ngycoofdingtorthepresemt inwentiona paircof contral denpssansinegnlouprgndaenttsr  Second,
during operation,..t efri Qj I frot. 5 d therefore
there is n& %Y ?‘Fﬁ?’l&e(ﬁg&%ﬁ m{‘éorq%;é)atgﬁéﬂf@? %enc‘elﬁl.ppeg{go?htg?ﬁagg%? éll?ﬂ’ ¢ £°d°e?ié’f hod f or

i nf er ri ngumpihgheanOTint irekr corkrol hep antivesn dipde Byagfesn theroutee $qecaml dpyindfanges
over relatively short period of _ti is to nitor the leyel o

et Fer Breonierte SERTamR Aganig PRI (3 ep B R s Rt P of ¢ he
condensepml@kadSpeitibatad th k. TheckondensellablSeansibhivalve GlpitaB T adted S
relatively pure, and held under condensi ng_ﬁco ditions, the level is

rel ati veP§fWeRIsYe sondpregiaidesvarqriien 1§ HE SISHRPHPHGVAIGN 458 N8R CBHPIJR®ML s i ncl ude
princi pairhys, ﬂl@ﬁﬁdeﬁé‘cfrﬁ‘lai 10%%@11@1%@?4& @r@%@m of 1 e rERBIRN I8 The Rbapoiitsumul at or
|

refrigerant 'l evel wll provide useful ormation for neasuring changes in

evapor at or r eFheiqyésr apntral deap confrels thypasitigning pfrafiégesins beepibthn cyansraieraaul at or
or ¢ @deg ?eglrl%cgﬂlg acc%&?&r%&&ﬁ%igmggqg%\%}s 121\(; Gie qwlﬂrrﬂlgatér 8 %ﬁcgﬁy\ﬂotsat ate), than

an absol u asurenent may at _
“fiunctional” system element, in that the amount of refrigerant in the accumulator is not critical,

simply that this 'gflement allows a variation in the amount of refrigerant elsewhere in the system.
The accumulator may be a lower portion of the condenser, a separate accumulator, or even a
- reserve po_rt'ioﬁ of the evaporator which does not signiﬁcantly particulate in the cooling process.

25 During sfc:eady state operation, the feed of liquid refrigerant from the condenser will equal

fhe rate of gaSeoﬁs intake to the compressor. Thus, the rate of heat absorption in the evaporator

will effectively 'éontrol the inner control loop for the compressor. Typically, this heat absorption

may be measulie':cl or estimated from a variety of system sensors, including evaporator discharge

temperature afr:;df?pressuxe, evaporator water/brine infet and outlet temperature and pressure, and
30 possibly cbndénéer headspace temperature and pressure,

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 evaporator contents,



15 O course, there are other nmeans for neasuring or calculating the anount
of refrigerant in the evaporator, and broad enbodi nents of the invention
are not limted to the preferred nethod of neasurenment. The present

i nvention provides, however, that there is a partitioning of refrigerant,
with variabl-e control over the anmbunt within the evaporator. The outer | oop
controls this level to 20 achieve an gptinumstate. In a refrigeration
system efficiency is calculated in teriis of energy per unit heat transfer.
Energy may be supplied as electricity, gas, coal, steam _or other source,
and may ®ehas prasimgan gptisa gensar fosgi penssRtEntinp.iogs Botdrnicalivaield sl pesulinp| oyed,
as Knowngjotieerdbbera A During 35di8h shll@v iR QuRBnsakatAhefbd Rckapyn Mmanner .
For exarrﬁJ e,g ﬁee heei';{f't1 trans'fngr?to tSlh_e cool edlprgce.ss_ 25 \;\Egter clﬁg ngl cul at ed
by nmeasumgasgredsbug suchushetidegn comalitians wypicatlpallavia rapertitionisg of redrigenartt stithin the

t enper at yr Lle it | | pblie . ; ' i erms of
desired ‘lﬁhﬁlﬁﬁ‘? ?’lg}g{r% cﬁglpégérﬁ?'g%%%&éflgrrﬁg%f%&ﬁ’gﬁ%%%?%#a%8‘?&ﬁ%ggd_%%rgﬁlgl?rr?% *ances,
a pr ef eraddhaebedhere it nadimpledesichtodrtdetermingt. oRéthies melfcadhmeiheé fadnEnms. Thi s
adaptive,control .determne during syst ransients,, whi.ch 30 may be

nor mal | ythSEIE‘ﬂ‘ImB ioﬁbe% erz?“ﬁ&fh@%&f’aptoﬁé‘%t?%?cbagfﬂchawg %%aéf?lﬁ%ﬁl%ﬂ?y Rﬂ“?%o%hanges
in ref rigghsmtmandtot iheilerl ﬂﬂeﬁfjge??gih\ﬂﬁnc&ﬁﬁﬁlaﬁoi'ﬁéﬁﬁgﬁs pteferbly adosddipbtioni f t he
process changes, requirin a different at | oad_dissipation, this wll be
repr esenf® 3%113&%_%?@@0%_ divHiteipe Grrdgnser ‘&rtgfﬁ?@geféﬁ‘dg B?tlaﬁf"F@\_H“%E‘a_ L This
change vadld uﬂcﬁﬁ&ﬂnﬂeﬂsﬂlgﬂwﬁ&ﬁiﬁﬁ{, eitleveRis@clRfivalyedas Gk aRtred SARE iRl b@Rinidy t he
-10- evaporator, and thus a_transient change in partitioning, Before or in
conj Uhct sysismgormporsstsiaelndnprincinelly relfigerad gam e msasurenems of Hig copdeases 6nt r ol

TON! €T Sy Gt AR L PO e L RISk DA £ rh rol to
devel op aa&sylsﬂt%%m nodel , lele‘(?ﬁ l%r?lel_n aIeFmgws ﬁaltgf%nt%é\%nﬁ%&agﬁgg{)ti mum
control evwporhiacefiigerant tayek If the sisrtinghesetsiof bothghe dnsumplatar gecendenseoamsichi eve
opti mum e ' : , [ ffiCil ' ically
consi dor SPrEE e Kot (ven SRS, uldih sl oy L R Mo B e

substi t utaballarédt hout materially altering the control strategy. For exanple,

instead of optimzing the refrigeration.systemitself, the industrial
rockes may B GoHBPles o oibe et a meatisi R St ERatRE e amellradiigegptin
economn Ce efapbfatorindtess] s diiteneadfend iateton k@ npt BimiteetoahéPreferred Rl
optimzatjon. 10 In a global optim zation, other systens may al so require
control YfrmesgirEents I nputs. These nay be accommobdated in known manner. Over

t0i1 me, oi | M grRtRSehiRBBE pRkdes hEReRE, thitthSORRIRBERId: O dTRg@MAPRTIRL OF .
e

variable control over the amount within the evaporator. The outer loop controls this level to
20  achieve an optimum state.
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. Swrrogate 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 adaptive contro] determines, during system transients, which
30 méy be normally occurring or induced, the charge in system efficiency with changes in
refrigerant partitioning at a given operating point. For example, if the process chaﬁges, requiring
a different heat load dissipation, this will be represented by a change in inlet water ’Eemperature

and/or flow rate. ' This change will result in a different rate of refrigerant evaporation in the



aspect of the invention provides a control system which neasures oi
consunption, in order to estimate oil level in the evaporator. This control
systemtherefore nmeasures oil replenishment 15 into the sunp, oil return
fromthe outlet of the conpressor, and oil return fromthe eductor: It is
noted that the oil in the sunp may be mxed with refrigerant, and therefore
a sinple level gage wll likely FGQUIF% conpensatlon such as by boiling a
sanple of oil to renove refrlgerant u5|ng an oil concentration

sensor, such as a opti cal e/ sensor Thus is possihble to estimte
Che ampuRYAPBFELGS: a0 SR teansian] cheeecih BT s Befbre of vubap EHo0en HB SAESERE L | ng

state or yfl6@BeS¥Sia@Mondly, fh@ cBthd] FRaford tHeQlyRtbmaRYEHcy O ThRikonitbihd fllows

measur ements of evaporator discharge tenpefature and™ pressure, as well as

wat er i nihketcontel i@ éwe&p & WhigETaedeh &V w%@% ko apticipage pyentiem pagil bl e t o
estimate Sﬁi‘lﬂnﬁiﬂuﬁ | nts

t her eof . %Erglrl ger arﬁ%ﬁﬁlhﬁﬂsgﬁ%l%ﬁe@{&?@aéﬁs I npal Fﬁn%%gg a@gs 1{0&%

pri nchpl ¢at, wmbéle sfficianay isdppieslywongderedoothe kNV/tdmeo‘rhélfmmsmmmpnts of cffficiency may

evapor at 9r . e short .t n th oil ks.n tentionally
atdba oot pled g RrAR e Al e BRI\ ey By Stamy iR o v | abl o
control vptimaligahe @ﬂgadtmngﬁtemﬁsalf;ﬂs mdua&mabpﬂocﬁdma!mé inehyded eInabinticasz) | ed
based on_inferred or neasured oil 9%(5:entrat|o&&to r rn the oil level in
the evaplieArAuchep DRTATBHESS O FCOPaRLT Of G @FOCB MY fFale N ROVIdRA MOBha nce
may be pRbAIQYpAREzatien.COrrect heat transfer inpairments and purify the
rrefrigerant uch mai ntenpance _requirenents may_be indicated as an out put

fromiPhe cont ot glabal paiuzeion, gtheniystems mes atsg ﬁ?‘?—‘BF COTY PEEEYR BpBPET ebhese

aut omat i %ymga&c@mm@gﬁqﬁ%gwﬁ%& he control variable to an optinmum state.
This tuning is triggered by a change in process conditions or sone adaptive
aut o- t uni ng pPuerdies, oilmigaérgifioroihe o venp phts cempresser forthe exdportaso e ol
surface LAGR f cy,
secondar ééﬂc&ro\r@%%ﬁ%%%g%ﬁ @HE %ﬂl nvo tan{suc eoals&\éﬁlﬁﬁté’nt%&&érﬁ%n -11-
condensabitenagasil puelge the eypparatbt. yTH:is mmtmkwstcmrt‘d@fn&m heasores b eepllenkﬁmam/ er a

oper 351 odeisiPp SRS ol e ARATLL L ARbhb BN @Sl AT by B BUHC Wi
requi r edpoteil tHathethﬁtl&&umben@y@trﬁmd mﬂi mﬁhgangxt amd tlﬁaméfsﬁeaarsﬁmplb level igage

|neff|C|e are, a&garent suc a r ed transfer hrough t he tube
bundl e. Y 3RaBpe satjoeSte ﬁ gr"’oﬁi"mf}l’ ‘%“st"éf'éﬂ%"ﬁaff: \geran 01 Bt ed
from di reasah B1E 6 st enttdion GARBE Bgchial mmbpmp e&aﬁalhqrhus smgassib&eto%vtaﬁaéat or
S generally outside of the inner control this control | oopi generally

does not ARt Gl RIERioR G 8 PRKATDY AR W@k EEB‘PW% stpitigg statsror gisAu system,
co ndgﬁs abl &uBRARAStl Qmé : omdassag heamnqélat@af%vaﬁasf U &gt ?e%i/pe{fa@urE Bher

based on a super heat and relatively easy to the i nner
control Ipospurey wellps water }ﬂltﬁp@ﬂ ailet epevatlirpgndimessarealt ﬁﬂ%ﬂb@f@mﬁlw@@ contr ol

strategy .,and. NeeH. N0l BErRARR ME bk biSdle, A itpdlrméhd tﬂ%ofmilhte 'ré{EﬁE ér@:ﬁte

oil and heat transfer impairments are the principle internal variables which control the efﬁmency

of the evaporator Over the short term (and assuming that oil is not mtentlonally added to the
25 evaporatm), refrigerant is the only effective and available control varlable Over longer penods
-an oil eductor may be controlled based on inferred or measured oil concentratlon to retum the oil
Jevel in the evaporator to an optimal level., Over extended intervals, ma:lntenance may be
performed to correct heat transfer impairments and purify the reﬁ‘zgerant Such mamtenance
reqmrements may be indicated as an output from the control system. For example the cmntrol
30  system ope1ates automatically to immediately tune the controi variable to an optlmum state
This tuning is triggered by a change in process conditions or some adaptive auto ~tuning iprocess.
In addition, overtime, the optimization control surface will vary. As this surface varies to reduce

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



control, for exanple, notor speed, inlet vane position, and expansion valve
control, to be effected based on a static system nodel, to achieve optinal
efficiency under a variety of conditions. On the other hand, the outer
control | oop seeks to control the short termsystemresponse 15 principally
based on an optim zation of a single variable, refrigerant partitioning,
wth variations in system| oad. Vhile]ﬁ static systemnodel is difficult or
i npossi ble to |nplenent while achievirmg the required accuracy, such a

control is rea nen i n.an atrvef ensate for
changes popdersa E@ﬁét &mtt“ﬁ&@ the § r)parrthsﬁﬁ 81’?1' °n€t€5te ri8ct

devi at i oBéntiohma$ Mﬁ)ttemga@ft@ﬂe@ﬂrﬁetm bEdysReVetEbly withrepbct 3¢ & t@aeieddd ci ency.
20 It is, of ,course, apparent that these control |oops and the|r al gorithmc
i mpl enenfEEIHRE W W%V1W@W“e%ﬁﬁ erbaeavae iy Bystcam ssdailing0s sgfs strat egy

remai ns {RencRMRs ar%tapﬁé}é'ntoﬁgﬁ@slﬁiﬂnetpﬁ%aﬂﬁans?éi’%ﬁgﬁéhtth& hﬁ@bﬁﬁﬂl@f ref rigerant
is controlled to achieve a nmaxi mim effi ci enc& stem senses or tests

ef fi chency asAastpigAebevsntheinneneontighioppis spagr 13’5?‘31 omdbtectrosn@osqmnsat e for
changes i 1o SHi HRITLLC SRRASE smgesth‘é‘eV%roFat&‘?s k68, %ﬂ@ﬂ%%f th Q%net gﬁuqto?fd op, for

refri gerant par Itroning as a contr strategy provr
ef fi ci entys ehapehldsp genesadly aloed not swlfey adveriervhingss o*gprstmecwbptrtguld@mﬁmat ure and

condensi “&r%e%s%ﬁl%gﬁ%e? %1\’;111&: dnél. eIt W ageet%Fat'?lgelg @asy%g 1r{f MBLedn f & per gaer ant

char ge, he 0 nmper at ur'e: rst,
subc ooI [ nguwahcﬂ]ratattvbb cayetd mmgen a"hus; timyindee codttdl 1dop m@ﬁmﬂbﬁpeﬁt@cc&dﬁnghoms a

vapor. ression,cycle schematic,an sh an act N

! ehodf o BRSO SiFe R SR ALk de i | Lie e el ey
cycl e. Upttro b dxapleBiotos 9paRt SAROVand ipositied, anPexpafsibmetledécntlol, o d g 6A, a
hi gh-pressure m xture of hot gas and oil passes _through an qQil separator

bef ore eﬁtfscrsdrhjssdr@%sssssysﬁmtwet v PPLmRY GEAeCY HAH S SATIGIHEE e t he

refri ger gkects heat (CQh) to noving air by forced convection (or other

cool i ng lum,. In -12- the | ast several rows of condenser coils, the
hi gh- pressureoséhqr:rtbsrévand,ﬁtﬁﬂlﬂ@rpemrqlé@mmkswnmtr@l1@@sh%tsoo@}f%nr@p@se | OF

2 ac
Showd’ by PERSRAS e iy BEERAINIG ¢ SRR hBicrn: BESATIRE Sk AERiodS
f ol | owi nip s.ystemdoard:leWhiéeastamdts;ysteinenodebrsrﬁﬁeulpmpossluatonmplmnopﬂubt e
I It th hi
o ORCehY prthifvi it eaRfed iebfiant 6t Aoy RS PRt Sl B P h i Bafloh ;o
state 3 ctﬁmpenEatgfor&Bénp"e@uﬁthesyrsteghancamdeeﬂ mae&ﬁnﬂnﬂm@, shidriectodevitiasind t 0

the right, thereb rec capacity of the evaporator (Q
1). As t RESiEhPIREFte ’é‘fchr%%g%fﬁgﬁﬁ S&fén? ‘FE%'ses the accunul ati on of

refripgerant sty @ﬂcdu@set Bparent that these control loops and their algorithmic implementation
may be mergéd and indeed hybridized, the general strategy remains the same. At any operating

point, the partltlomng of refrigerant is controlled to achieve a maximum efﬁclency The system
senses or tests efficiency as a function of the control variable, in order to compensate for changes
in system response, '

25 A more detailed analysis of the basis for refrigerant partitioning as a control strategy is
provided. C]ttiller efficiency depends on several factors, including subcooling temperature and
condensing pressure, which, in turn, depend on the level of refrigerant cha.rge non‘nnal chlller
load, and the cutdoor air temperature. First, subcooling within the thermodynamlc cycle W111 be
exammed F1g 6A shows a vapor compression cycle schematic and Fig. 6B shows an: actual

30 temperature-entropy diagram, wherein the dashed line indicates an ideal cycle Upon ex1tmg the
compressor at state 2, as indicated in Fig 6A, a high-pressure mixture of hot gas and oil passes
through an oil separator befme entering the tubes of the remote air-cooled condenser Where the

refrigerant rejects heat (Qh) 1o moving air by forced convection (or other coohng medium), In



condenser on the high-pressure side of the systemal so i ncreases. An
increase in the amount of 10 refrigerant in the condenser al so occurs as
the load on the chiller decreases due to |less refrigerant flow through the
evaporator, which results in increased storage (accunulation) in the
condenser. A flooded condenser causes an increase in the amunt of sensible
heat transfer area used for subcooling, and a correspondi ng decrease in the
surface area used for latent or isotherkht heat transfer associated with
condensing. Therefore, increasing refrigerant charge |evel and 15 decreasing
chiller It l&stwe‘feﬁalrr@mpﬁconﬁensercqogasﬂ@dughm@wq fatpratedieyid refrigssantsiowdd belensi ng
t enper at CCOr £h j (ol f . enser
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in condensing tenperature shifts the curve connecting states 2 and 3 upward.
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decreased, chiller.|load copditiqns result in.increased suhcooling, which
Ieadsl%t 0 qe%?s%@gieegq?ﬂ:@@gg?ul%wfeag qoogﬁ%gzpwggﬂfurp%@gpop 1 lgér esented by
the slightmpermbRase in tenperature after the refrigerant |eaves the
saturation curve, as shown at state 1 in Fig. 6B. Vaporized refrigerant

| eaves the 5 AWroriBgte thepsgsentinntion thegsipis, e condentsypy asupplaes at rEoidedheat ed

vapor . AGE Qatbd\hyliQritien Y ESE My frdnhVENRblcQfbrade? R ErAf HiP&RRat s not
constant, and may vary based on operating conditions to achieve-

ef fi ci encghieved byaritatisymachsnical penfisgragpefos p cowralled variablg ¢rnfewetemer heat be

proviged, Increased outdoor air or other heat sink (condenser heat rejection medium) temperatures

have an opposite effect on the operation of the condenser. As the heat sink temperature
increases, more condenser surface area is used for latent or isothermal heat trans;fer associated
with condénsing and a corresponding decrease in sensible heat transfer area useé{ for subcooling.
Therefore, increases in heat sink temperature result in decreased subcooling tgmperawres and

25  increased éondensing temperatures. |

Referring to Fig, 6B, an increase in subcooling drives state 3 to the left, while an increase

in condensing temperature shifts the curve connecting states 2 and 3 upward. High condensing
temperatures can ultimately lead to compressor motor overload and increased compressor power
consumption or lowered efficiency. As subcooling increases, heat is added to the evaporator,

30  resulting in an upward shift of the curve connecting states 4 and 1. As the evaporating
temperature increases, the specific volume of the refrigerant entering the compressor also

increases, resulting in increased power input to the compressor. Therefore, increased levels of



e.g., 2.2C, to avoid premature failure fromdroplet pitting and erosion, or
|l iquid slugging. However, any anount of superheat generally represents an

i nefficiency. According to the 10 present invention, the "cost" of l|ow
superheat |evels may optionally be included in the optimzation, in order
to account.for this factor. Ot herw se, systens may be provided to reduce or
control such problens, allow ng | ow oggbqting super heat | evels. Superheat

| evel in the condenser may be increased,” for exanple, by an accunul ation of

non- condensabl asses, , Wwhi ch cause thernodynanic .inefficiengy, Therefore,
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As discussed previously, an increase in heat sink temperature causes an increase in
discharge preSsur_e, which, in turn, causes the compressor’s suction pressure to increase. The
curves conﬁééti_xig states 2 and 3 and states 4 and 1 on Fig, 6B 3 both shift up{Naid due to
increases in heat sink temperature. An upward shift in curves 4 through 1 or a.n jncrease in

25  refrigerant evaﬁoraﬁng temperature results in a decrease in the evaporating aﬁproach
temperature. .As the approach temperature decreases, the mass flow rate throu:gh the evaporator
must increase in order to remove the proper amount of heat from the chilled x&a;ter loop.
Therefore, in(f:r;easing heat sink terperatures cause evaporating pressure to in;:r?case:, which leads
to increase& grjeﬁ"igerant mass flow rate through the evaporator. The combined; effec’g of higher

30 refrigerant mass ﬂOW rate through the evaporator and reduced approach tempjer?tur§ canses a
decrease in superheat temperatures. Therefore, an inverse telationship exists 1i)ef'cweém heat sink

temperature and superheat temperatures.



anount of liquid refrigerant that flows into the evaporator and a subsequent
decrease in capacity and increase in superheat and suction pressure. Thus,
an inverse relationship exists between refrigerant charge |evel and

super heat tenperature. 10 According to the present invention, the discharge
fromthe condenser includes a conpliant reservoir, and thus may provide

I ncreased opportunity to achieve the desired | evel of subcooling. Likew se,
because a reservoir is provided, the Féﬂfigerant charge is presuned to be
in excess of fhat required under. all operating circunstances, and therefore
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20  the control strategy.

Under extreme refrigerant undercharge conditions (below -20% charge), refrigerant
undercharge causeé_an increase in suction pressure. In general, the average suction pressure
increases with increasing refrigerant charge during all charge levels above -20%. Refrigerant
charge levelis a sigrliﬂcant variable in determining both superheat temperature .and suction

25  pressure.

A syste'm and method for measuring, analyzing and manipulating the capacity and
efficiency of a refrigeration system by instrumenting the refrigeration system to measure
efficiency, selecting a process variable for manipulation, and altering the process variable is
provided. The process variable may be varied during operation of the refrigeration system while

30  measuring efficiency thereof. ‘

In an industrial process, a refrigeration system must have sufficient capacity to cool the

target to a desired level. Ifthe capacity is insufficient, the underlying process may fail,

sometimes catastrophically. Thus, maintaining sufficient capacity, and often a margin of



5 reduce tube bundl e scale or other heat transfer inpedinment, cleaning of
refrigerant (e.g., to renove excess oil), and refrigerant-side heat
transfer surfaces, and purgi ng of non-condensable gases may be perforned
al one or in conbination. Efficiency is also inportant, although an
inefficient systemdoes not necessarily fail. Efficiency and system
capacity are often rel ated, since |neLL%C|ency typically reduces system 10
capacity. According to anot her. enbodl it of the invention, a set of state

nmeasurenments are of th erat on s e whi ch ar t hen anal yzed
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20  measurements of a state of the system. Such measurements may be used to estimate the capacity
of the refrigeration system, as well as factors which lead to inefficiency of the system.: These, in
turn, can be used to estimate performance improvements which can be fade to the system by
retumiﬁg it to an optimal state, and to perform a cost-benefit analysis in favor of any such
efforts. '

25 : Typically, before extensive and expensive system maintenance is performed, it is.
preferable to instrument the system for real time performance monitoring, rather than simple
state analysis. Such real time performance modeling is typically expensive, and not a part of
normal system operation; whereas adequate information for a state analysis may be generally
available from system controls. By employing a real time monitoring system, analysis of

30  operational characteristics in a fluctuating environment may be assessed.

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

respect to system model. The analysis may then be used to tune system operational parameters,



hydraul ic and pneumatic systens. Preferably, the efficiency is recorded in
conjunction with the process variables. Thus, for 5 each system the actual
sensitivity of efficiency, detected directly or by surrogate neasures, to a
process variable, may be neasured. According to a further aspect of the

i nvention, a business nethod is provided for maintaining conplex systens
based on a cost-savings basis, rather t{]Gan the typical cost of service or
flat fee basis. According to this aspect’of the invention, instead of
servicing and 10 maintaining a systemfor a fee based on a direct cost
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communication over telephone lines, or computer network. This communication may also permit

20  immediate notiﬁqation to the service organization of process shift, potentia}léy in time to prevent
subsequént and consequent system failure.

Iin this case, the system is performance monitored frequently or continuously, and if the
system ic_apacity?is_ sufficient, decisions are made whether, at any time, it would be cost efficient
to perform certain maintenance services, such as refrigerant purification, evziporator descaling or

25  cleaning, pu'rgin;g} of non-condensing gasses, or the like. Typically, if systehi capacity is
substaﬁtially:di1§11inished below a prespecified reserve value (which may vary seasonally, or
based on oth:er:tj'actors), service is required. However, even in this case, de;grjadation in system
capacity may be due to a variety of factors, and the most efficient remediatiojn may then be
selecte&ié to é:osf—éefﬁciently achieve adequate system performance.

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

operation.



optim zation and control may be conducted. In the case of nultivariate
analysis and control, interaction between variables or conplex sets of
"tinme-constants nay require a conplex control system A nunber of types of
control may be inplenmented to optimze the operation of the 5 system
Typically, after the appropriate type of control is selected, it nust be
tuned to the system thus defining efficient operation and the relation of
the i nput variables fromsensors on f Z"efficiency of the system O ten,

controls often account for .tinpe delays ipherent in the system for exanple
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i naccurate or_inconplete if the s%/st em configuration or characteristics
change to provide a high speed of measurement.

Of course, it may not be possible to measure orthogonal (non-interactive) parameters.
Thereforé,'anothejr laspect of the invention provides a capability for receiving a variety of data
relating t’oi s;}stemiE operation and performance, and analyzing system performance based on this

25  data. Lﬂgéwise, 'dii_ring a continnous system performance monitoring, it may be possible to
employ éﬁﬁisi:ing__ (normally occurring) system perturbations to determine system characteristics.
Alternatély, the !sys:tem may be controlled to include a sufficient set of perturb'ations to determine
the pertinent systém performance parameters, in a manner which does not cause inefficient or
undesirable system performance.

30 Inan adapjt_ive control system, the sensitivity of the operating efficiency to small
perturbationé in:tﬁtja control variables are measured during actnal operation of the system, rather
than in a testing or training mode, as in an autotuning system, which may be difficult to arrange

and which may be inaccurate or incomplete if the system configuration ot characteristics change



-18- after training or testing. Manual tuning, which requires an operator to
run different test or trial and error procedures to determne the
appropriate control paraneters, is typically not feasible, since the
characteristics of each installation over the entire operating range are not
often fully characterized and are subject to change over tine. .Some nmanual
tuning nethods are described 5 in D. E  ,Seborg, T. F. Edgar, and D. A
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SYStRM nB@eb thebbeaEarpdiodic variance from an “optimal” condition in order to test the,
optlmahty Further, adaptive controls may be complex and require a hlgh degree of mtelllgence
Advantageously, the control may monitor system operation, and select or modify appropnate
events for data acquisition. For example, in a system operating accordmg toa pulse-\mdth
modulation. paradlgm the pulse width and/or frequency may be vaued in particular manner in
25  order to obtain data about various operational states, without causing the system to mmecessarﬂy
dev1ate from acceptable operational ranges.
Numerous adaptive control methods have been developed. See, for example, C. J. Harris
and S. A. Billings, Self-Tuning and Adaptive Control: Theory and Applications, Peter
Peregrihus LTD (1981). There are three main approaches to adaptive control: mode! reference
30  adapiive control ("MRAC"), self-tuning control, and pattern recognitiéri adaptive corﬁ:rbl
("PRAC™). The first two approaches, MRAC and self-tuning, rely on s_ystem models Whmh are
gencré]ly quite complex. The complexity of the models is necessitated by the need to:’gnticipate

unusual or abnormal operating conditions. Specifically, MRAC involves adjusting the control



generally quite conplex. The conplexity of the nodels is necessitated by the
need to anticipate wunusual or abnornmal operating conditions. Specifically,
MRAC i nvol ves adj.usting the control -19- paraneters until the response of
the systemto a conmand signal follows the response of a reference nodel.

Sel f-tuning control involves determining the paraneters of a process nodel
on- line and adjusting the control parz;¥ ters based upon the paraneters of
the process nodel. Methods for perforim’ig MRAC and sel f-tuning control are
described in K J. Astromand B. 5 Wttenmark, . Adaptive Control,
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t hese paraneters by an expert = engineer.'is generally appropriate in the
i nst al | athivperiodoanedginerdetampines Hieoptimakiniial valupg derrqogiroller gain, mtegral nme,

and derwatwe time. The engineer also determines the anticipated noise barid and max1mum wait

time of the process. The noise band is a value representative of the expected amphtude of noise
on the feedback signal. The maximum wait time is the maximum time the EXACT algonthm

25  will wait for a second peak in the feedback signal after detecting a first peak. Further, bqfere an
EXACT-based controller is put into normal use, the operator may also spéc’ify other pjarejlr_éneters,
such as the maximum damping factor, the maximum overshoot, the parameter change lumt, the
derivative factor, and the step size. In fact, the provision of these parameters by an expert
engineer__ie generally appropriate in the installation process for any control of an industrial

30 chiller, and therefore such a manual definition of initial operating points is preferred over
teclmiqués which commence without a priori assumptions, since an unguided exploratidn of the

operating space may be inefficient or dangerous.



30 chiller, and therefore such a nmanual definition of initial operating
points is preferred over techniques which commence without a priori
assunptions, since an unguided exploration of the operating space nay be

i nefficient or dangerous. -20- According to the present invention, the
system oper ational paraneters need not be linmted to an a priori "safe"
operating range, where relatively extre paraneter values m ght provide

i nproved performance, while maintaining™a margin of safety, while detecting
or predictingﬁerroneﬂﬁs or artifact sensor data. Thus, using a nodel of the
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Tokupp OffoirolfRd) Itsaiakit SCRRAKSE AmdNiddeHR6hrch Triangle Park, N._c., 1988, and Seborg,

D.E. T, T.F. Edgar, and D. A. Mellichamp, Process Dynamics and Control-, John Wiley &

sons, 1989. Several methods are based on the open loop transient response to a step change in
controller outpu‘r and other methods are based on the frequency 1-esponseé while under some fom
of feedback control. Open loop step response methods are sensitive to load d1$turbances, and

25 ﬁequency response methods require a large amount of time to tune systems w1t11 long tnne
constants. The Ziegler-Nichols transient response method characterizes the response to a step
change in controller output, however, implementation of this method is sensfuve to: noise. $ee
also, Nishikawa, Yoshikazu, Nobuo Sannomiya, Toluji Ohta, and Haru.kl Tanaka ”A Metﬁod
for Autotuning of PID Control Parameters," Automatica, Volume 20, No 3, 1984,

30 For some systems, it is often difficult to determine if a process. has reached a steady-state.
In many systems, if the test is stopped too early, the time delay and t1me constant estimates may
be 51gmﬁcant1y different than the actual values. For example, if a test is stopped after three time
constants of the first order response, then the estimated time constant equals 78% of the actual



for Autotuning of PID Control Paraneters," Automatica, Volune 20, No. 3,
1984. 30 For sone systens, it is often difficult to determne if a process
has reached a steady-state. In nany systens, if the test is stopped too
early, the tine delay and time constant estinmates may be significantly
different than the actual values. For exanple, if a test is stopped after
three tine constants of the first ordaﬁ response, then the estimated tine
constant equals 78%o of the actual 2I“'fine constant, and if the test is
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P g/xpressly mcorporated herein by reference. On the other hand, parameters which have
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multifactorial dependencies are not easily resolved. In this case, it may be preferable to segment
the control system into linked invariant multifactorial control loops, and tlme-vamng simple
control Joops, which together efficiently control the entire system, as in the preferrec?‘l
25  embodiment of the invention. | |
' Altérhately, a neural network or fuzzy-neural network control may be employed. In order
to train a ﬁeLiral network, a number of options are available. One option is to provide a specific
traunng mode in which the operating conditions are varied, generally methodically, over the
entire operatlng space, by imposing artificial or controlled loads and extrinsic patametets on the
30 system, with predefined desired system responses, to provide a training set. Thereafter, the
netiral netwark is trained, for example by back propagation of etrors, to produce an outi:)ut that

moves the system toward an optimal operating point for the actual load conditions. The



to train a neural network, a nunber of options are available. One option is
to provide a specific training node, in which the operating conditions are
varied, generally nmethodically, over the entire operating space, by

i mposing artificial or controlled | oads and extrinsic paraneters on the 30
system w th predefined desired systemresponses, to provide a training set.
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only for application within the specific network which created it. See, U.S. Patent No.
5 ,-506,:76 8, expressly incorporated herein by reference, It may also be possible to constrain the
network to have weights which correspond to physical parameters, although this coﬁstraint may
25  lead to either control errors or inefficient implementation and realization. '
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feedback controller, which acts using measured process outputs and a reference traj ectory, or as

a feedback controller with feedforward compensation, which acts using not only measured

20 proce‘ss outputs and a reference trajectory but also measured disturbances and other system
pa:cameters See, U.S. Patent Nos. 5,822,740, 5,740,324, expressly incorporated herem by
refere_nee.

As discussed above, a significant process variable is the oil content of the refrigerant in
the evaporator. This variable may, in fact, be slowly controlled, typically by removal only, since

25  only on rare occasions will the oil content be lower than desired for any significant length of
time,:artd removing added oil is itself inefficient. To define the control algoriﬂnn, the process
Va.riable, e.g., oil content, is continnously varied by partially distilling the refrigerant at, or
entering, the evaporator, to remove oil, providing clean refrigerant to the evaporator in an auto-
tunmg procedure Over time, the oil content will approach zeto. The system perfonnance is:

30 momtored during this process. Through this method, the optimal oil content in; the evaporator
and the sensﬁmty to changes in oil content can be determined. In a typical mstallatlon, the
optlmum oil 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.



t he evaporator. This variable may, in fact, be slowy controlled, typically
by renoval only, since 25 only on rare occasions will the oil content be

| ower than desired for any significant I ength of tine, and renoving added
oil is itself inefficient. To define the control algorithm the process
variable, e.g., oil content, is continuously varied by partially distilling
the refrigerant at, or entering, the eyaporator, to renove oil, providing
clean refrigerant to the evaporator in“an auto- tuning procedure. Over tine,
the oil nt nt will h zer The 0 ce is,30 itored
dur i no.  AREepR i auto-FREE TS e it mepitse “Ea Hopi oy O FeBiae ST et e
evaporatgﬁﬂmﬁﬁﬂythe sensitivity to changes in oil content can be determn ned.
In a typical installation, the optinmmoi] concentratlon in the evaporator

is near 0% whiiPg GRaH comantey élteemcga‘fpep%bq infiengndepily gonfrollsfqr gpnizsilet &m f or
control | pfigeft RBthQther YRAMRR! suh ad LQEJ ec(Blr eﬂetcu{regcﬁéf’éel indBOY¥Re BPfhE TUM

-25- Therefore, the auto-tuni ng e con rol occur " sinultaneously with
the réneiefartedembpdinest whlﬁbpmveﬂeemgmmmnlamm buffem exqsig refiinsramt andof cantrel

evapor at or controlled in conceit with
o grﬁ?}/egﬁﬁltel ¢ BERA! %AnYmCtBé‘éxFa hﬂa%

ot her vari such as r rlgerant arge (or effective charge, in the
case of the S5Apcadieg toemhee’ﬂhgmilanemem&hwsetwqur oﬁmﬁ@wahls@mdndl Rebigetant Buf f er

excess ref nd a co oI egul at e refri nt in
T heC ovan SR Hoin B8 Pt s B o R Ra PoulRE b bt 8l rofeFy i, HRH Y
refri ger 3l sepjafatdly Sivtede @asdaehrthge:rn&ol optisnizatiohn@frietunt 4raivil die s@vapsdy at or
throu arti.a dlstlllat garatu |ntothe%e_?e oikr, wW.th the.  oil
ool oForatd fohe SiBbh e oot ORTPRRK AR 16 15F PPrRiessar logRlt |
are sepagas ®hy, tﬂe(bﬁlﬁidﬂ{ &ieoroentaAen ﬁﬁa%emmﬂtmd,fof eﬁﬁdcg%@&tgevme{mg@ t he
evaporator and oil to the conpressor_ | oop hi s way, apt.i num Qi

concent r ¥vElsnltdagotedthaeihissusten i eeeﬁrallbeﬁygeﬂqwe w@#ﬁ“@bmrnar% distiationgfe| s.
It is no}eﬂg&mas lfetme@ xe%emméc}oe Ak lsyst@s m&m eram%a henaRlaady partial

distillation of - refrigerant I1s re ﬁ%lve sl ow, | e icharging the system
wi th ref giigkr Kmpl@whéﬂawalr@ reialgeﬂmt\zeﬂgme@oha:mmalﬂlsﬂaetm swwt@m@m\hal of

refr iger
|9 ol SuOBRLLRH, EREAAUHLAl ClsPlid AL SR Sl o
| oads quto:cb&itgantﬁmteﬂiclentoipemuzg pmanetefsfsulnse@mnt mmealaloadrg par anet ers subsequent

to peak | oads not e accord| sec t of the
present i nvenFl oIn te tg?ﬁ’]accslgf% aeﬂ?’ AL I%de E ggerngfnrvle%era ﬂf| Il may

be |ndepeﬁﬁgﬁmﬁyeoﬂmﬂkahﬂedhg&mmﬂﬂmmwbﬁuﬁgﬁm@ﬂMyomﬂnﬂmdommm&@dfmmmm
conpr essor na al so be nodul ated, for exanple by controlling a conpression
ratio, 88?% sor speed, conpressor duty cycle (pul se frequency, pul se

wi dt hpand/ or ir¥Pédnbressor may also be modulated, for example by controllmg a compressmn Tatio,

comp1essor speed, compressor duty cycle (pulse frequency, pulse width and/or hybrid
modulatmn), compressor inlet flow restriction, or the like, _
Whlle the immediate efficiency of the evaporator may be 1neasured assuming a smgle
compartment. Wlthm the evaporator, and therefore short time delay for nnxmg, it is also noted
25  that an oil phase may adhere to the evaporator tube walls. By flowing clean refrxgerant t]:rough
the evaporator this oil phase, which has a longer time-constant for release from the walls than a
mixing process of the bulk refrigerant, is removed. Advantageously, by modehng the evapora’cor
and momtormg system performance, by removing the oil phase from the refrlgerant s1de of the
evaporator tub walls, a scale or other deposit on the water-side of the tube wall may be
30 est1mated Th15 it turns out, is a useful method for determining an effect on efﬁelency of such
deposﬂ:s and may allow an intelligent decision as to when an expensive: and time consunnng
descalmg of the tube bundles is required. Likewise, by removing the exoess oil film from the

tiibe wall efﬁelency may be maintained, delaying the need for descaling.
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Feedback optimization control strategies are may be applied to tran51ent and dynamic
sitnations. Evolutionary optimization or genetic algorithms, which 111tent10na11y introduce small
pertuxba_tiohs of thé independent control variable, to compare the result fo an objective function,
may be made dir_écﬂy upon the process itself. In fact, the entire theory of -genetic' algorithms may
25  beapplied to the oﬁtimization of refrigeration systems. See, e.g., US Patent Nos. 6,496,761;
6,493,686; 6,492,905; 6,463,371; 6,446,055; 6,418,356, 6,415,272; 6,411,944; 6,408,227,
6,405,548, 6,405,122; 6,397,113; 6,349,293; 6,336,050, 6,324,530; 6,324,529; 6,314,412;
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; 6,230,497; 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;
5,877,954; 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 incorporated

herein by reference.



20 neural network) or by analysis of the sensor data by other neans.
Feedback optim zation control strategies are nay be applied to transient and
dynami c situations. Evolutionary optin zation or genetic algorithnms, which
intentionally introduce small perturbations of the independent control
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directly upon the process itself. In fact, the entire theory of genetic
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6, 446, 055; 6 Apsardmgdo thy pyessntinventign.fhe copiral mey opseaip oy multplerpdensadent or

6, 405, 1 B 6, 314, 412;
6. 304, ségter‘%p%%mélo nefors oy Siatoptilesiol mep bg Sbcitlomplcogtis O 050, 362,
6, 250, 5eahibiBigdae reconstanand with dshzheico sa@iabiss ther chregs idieymigoHybrid

6. 001, 3607 Feoiy Bpmollvid e o i oppteing g ot et
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both | ong-termand, short-term dynam cs, The hybrid algorithns_are

genetlal | Podifing aishigeERt amepostigny fpéeweotmr%nawwh 9 ofhsw maPYrtig. Fotef f ect i ve
i npl enentat Pﬁnas ﬁ@@a@i&%&%m%ﬁfgma@@ r&ee&f, biTBSpdifs S8k %‘ﬂgeﬂaﬁ{ st @len

si tuations achi eve optimal plant performance. Accordi g to one

enbodi nehfet exchanger thbrzavitliatsa be seduedd; siges the pil derpsitisgengrgtly solubld & the gure
transfer t t ed by
el oot VIR R bt B EU R0 BLOL, ER5. K RAG R MRkl il BB BECT,
oi | and mwfrigerani- sqhuswbmpletelﬁeaneémﬁdqpbets, thsn mtyeremainm&hmhmmbn bﬁgrstemf ri ger ant

is reduced, | oil: Si er ant e, of the heat yexcha

tube i rrtogtuse BEO B adertfich o961 A F6ET Seuta R pRESTEER

the pur erembeiﬁng ﬁlﬁﬁﬁl&fﬂﬁﬁ ol the rﬁﬁg&rammaaﬂhg Gihoﬁiﬁy)f tdfﬁgbrl&e-sanainpmdent Faagtbel east

two different S. .refrl side is QP etely cl eaned
of depostt& "teflﬁ‘@ mgr?§? F‘@H&W"% ?ﬂ“ﬁ%’tn?‘péﬁ ﬁ?ﬁt?stef)éli’(f GreRel nust be

due to dﬁﬂﬂéﬁt bi0Aay REuV@ hedre SHRNt SREME thaﬁ%:‘é&ﬁ’ibﬂigeﬁn{ kg Aty BE akRES of
r enovi g rrpalrrrent on the refrigerant, side, the anount .of refrigerant-side

i npai r kfecpwary e StcpHtRropsse RbRHIHEE theireiiceianis reheivel eirgple g less
| P& nEéBEtly MQI![ b&calfg 15 AafCta®PRVBmofe WEEAAldheat exchange nnpalrment and is of

mdependent benefit to system operatlon it therefore provides an efficient procedure to

detelmlmng the need for system maintenance. On the other hand, refrlgerant purlﬁcatmn
consumes energy, and may reduce capacity, and results in very low, poss1b1y suboptlmal oil
concentx ations in the evaporator, so continuous purification is generally not employed
25 Thus it is seen that a perturbation in system tesponse in order to detem:lme a parameter
of the system is not limited to compressor control, and, for example, changes m refngerant
purity, refrigerant charge, oil level, and the like, may be made in order to explore system
operation.
Multivariate processes in which there are numerous interactive effects of independent
30  wvariables upon the process performance can best be optimized by the use of feedforward control.
However, an adequate predictive mathematical model of the process is required. This, for
example, may be particularly applicable to the inner compressor control loop. . Note;fthat the on-

line control computer will evaluate the consequences of variable changes using the model rather



amount of oil may result in nore efficient operation than pure refrigerant,
this may be added back, if necessary. Since this process of purifying the
refrigerant is relatively sinpler and |l ess 20 costly than descaling the
evaporator to renove water-side heat exchange inpairnment, and is of

| ndependent benefit to systemoperation, it therefore provi-des an efficient
procedure to determning the need for system nmai ntenance. On the ot her

hand, refrigerant purification consu “energy, and may reduce capacity,
and results in v_er%/q | ow, possibly subgptimal, oil _concentrations in the
evapor at Brn pegrbigatheensss igH Sreha psdiciie ratheratioplmadsl istheryeel 25 Thus,
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parameter of the systemis not limted to conpressor control, and,” for
exanpl e, stelsaangasssitly indicetiveplaquired gyiteny mapnagnanepdp aestore hystegeopendtion| evel , and
the Iike, may . I @:ﬁﬁiz o rat i j vari ate
processes in aﬁﬁgﬁﬁéﬁaeﬁlnglgé nu%ﬁ%@tfﬁgé{?&g@ﬁ%ﬂe g@%‘saqg?dfwgédpendent 30
vari abl egchipgme mhirt bpanaessiqepfcemimios ef thaprdoest Thensopt 4 oriczieebnby t he use of

feedforward control .. wever, . an equate.predi ctive nathenatical del of
the. pr oc etesp bl ipbE PRERG, of B AR bl S R s WpdR car e
to the inptﬁtl i;lagismlpecsaimd ﬁﬁmth df@tedbandyin uﬂdﬂﬂm?nddahpre%ihﬁomrr?re tonyRrlomitt thk
conmputer w eval uat.e the consequences ari abl e anges, ysi ng t he nodel
ot por - g¥tent g pEAGY BTy ACRueseTed el e SrdR iRty Ve

mat hemat b&fliciémsilthd Sodd1 &5 8iBrce t1RfreqidRf biesthat. WSMcdIR, bich niclelsUfebasech 1S

I ndi cative of systemdeviation froma nom nal operating state, and possibly

i ndi é&t i Plysionl pracess Plemenss sne Hersfprs may b veedtp imply repl and ipsasblper at i on. To
produce %aﬁ&c?é?ﬂsﬁcs?p“ m zation result, the mathematical nodel in a

f eedf or war 5 techni que nust be an accurate representation of the process.
To ensure a ohehillsrsomeny eldhe edpyanidonrsensiinthare Mery ponge S¥bile thisgednseiedhoits

preferab | ri ; . |+ hS. 8 specialized
Formof - PLaipERkSRnk Uahuilofh P BTN, 1 Thakek BAREHEL 4w ) 2P0 7 ot
pl ant openpltmey, atl abses theAisk of arrbg stdilitpordcillpgon i dre tisedodtatsatp ust certain
key oefficients in th del t nforce the requiled_ adgreement.. Typically,
such 1T§Ddgﬁr%n63?sg' %ogép&éedoﬁu%erpwyogﬁ%g? b rﬁ?’@g é guréi{ %eﬁ%%ks‘?ﬁba%ﬁecfﬁegﬂpgﬂ)re may be
used to ooy sansitivitgadapeastiba bl mpuchvdeanbebs stjniesl to képresehd thedss remiy of the
rel evant _tineconstants are . very long. Wile this reduces short.- | atency
procgssi'ﬁ&fﬂ@ﬁ%ﬁﬁ@%‘lﬂc cplatipns; . fridiere ?F’Gﬁ?]@flﬁn‘ﬁa{ C%@Eat}?&ﬂ]e‘ge%?ﬂ’ F‘%@tl ons sl ow
to inpl ﬁﬂi%ﬁirme@ﬂﬂleﬂ@ﬁ@? ARLinpinsk 12 netial Mdtworl Iha Biahdfbim Sy 88 Fbd dxafpRn 1 f
the tinmeconstants are 15 erroneously conputed. Further, in:order to provide

a neur al 08¢ WBEHeARSOSY ERPFeSeRtal Qi BLge-Wavelet representation. For example, first and
20  second derivatives (or higher order, as may be appropriate) of sensor data or tranSfdnned sensor

data may be calculated and fed to the network. Alternately or additionally, the outﬁut of the’

neural network may be subjected to processing to generate appropriate process c@n‘@rol sign&is. It
is noted that, for example, if the refrigerant charge in a chiller is varied, it is IikeISf t?hat crmcal
timeconstants of the system will also vary. Thus, a model which presumés th':gt the'ésystém lllas a
25  set of invariant timeconstants may produce errors, and the preferred system acéqx?‘difng to the
present invention makes no such critical presumptions. The control syétem 1:hgrejfc>_fe p_r’eferébly
employs flexible models to account for the interrelation of variables. o
Other potentially useful process parameters to measure include moisture, refrigerant
breakdown products, [ubricant breakdown products, non-condensable gasses, and other known
30  impurities in the refrigerant. Likewise, there are also mechanical parameters which may have
optimizable values, such as mineral deposits in the brine tubes (a small amount of mineral
deposits may increase turbulence and therefore reduce a surface boundary layef), and air or water

flow parameters for cooling the condenser.



control sensitivity, a |large nunber of input nodes may be required to
represent the data trends. Preferably, tenporal calculations are therefore
made by |inear conputational nethod, with transforned tine-varying data

i nput to the neural network. The transformmay be, for exanple, in the

ti me-frequency representation, or time-wavelet representation. For exanple,
first and 20 “second derivatives (or higher order, as may be appropriate) of
sensor data or transfornmed sensor date&@’nay be cal culated and fed to the

network. Alternately or additignally, the outpyt of the neural network may .
be subj ect ed {PHIBIEES AT tebOGEARSS Paémﬁﬁﬁtﬁﬂé’?q%%@rﬁfﬁgﬁg%ve@&ﬁwwmsi gnal s.
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present 1nvention nmakes no such criti esunpt i ons. e contro stem

t her ef or ecogpleble pabprpferablplooymedintion: 1 diravbensi-benelit anpdysismayferimplemented.
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cool g fHRedEHAREReyOu dé@‘:erévﬁfy 5} PyremprEpRnagee agd suficignt iieptscraBacfr anet er s
whi ch t hegk@td &alihye dR¥ioan optinum value of 0, while in practice, achieving

this value is difficult or inpossible to obtain or nmaintain. This
di fficulty mayhuseitSesprethatia same nstanpss asexppplifiesbypil lsvds pyihe g@porapstani n any

case, the:g r.ol: . 4 =8l LGald.y: i mal
o et oA MrpRtiodiENRSEIRYn BiySEh okt A1 FaGBlel VisHBA T
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that in SSIEIPHRGMEROdRe nfpil gpipztion 3G aiSybssayent palfenange 1 frstq %’i’ﬁé?%%?", an
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parameter is preferred, ) .

zone, and the process variable established at the lower end of the zone after measurement. This

lower end may be zero, but need not be, and may vary for each system 'niéasmed.

In ﬂus way, it is not necessary to continuously control the process %rariable, and rather the

implemented confrol algorithm may, for example, include a wide deadbarid and manual
25 implementa’éion of the control process. "

A monitor may be provided for the process variable, to determine when reoptimization is
necessary. During reoptimzation, it is not always necessary to conciuct fu;fther efficiency
measurements; rather, the prior measurements may be used to redefine the desired operating
regime.

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 appropriate operation for a suitable period.



while in other instances, an adaptive control algorithmis preferred. 15 In
the case of autotuning processes, after the optimzation cal culations are
conplete, the process variable, e.g., the oil content of the evaporator,

may be restored to the optimal level. It is noted that the process variable
may change over tine, e.g., the oil level in the evaporator will _increase,
So it is desired to select an initial condition which will provide the

maxi nrum ef fective efficiency between Re initial optim zation and a
subsequent mai ntenance to restore the systemto 20 efficient operation.
Therefore, t han BiSCIRPL BEIBIPIISHE PEFEIE]C MEABIFMALS) EriofOMPRNGIEPSEEhg  zone,
and the &feﬂﬁ@ﬁaﬁﬁ@bhéﬁie&rgﬁ%@%gbs%ﬁﬁéﬁﬂ%e ) o#%rdgﬁﬁgjn@fgngkﬂgr&%%ﬁiﬂlér

measurenent. This “| ower y be zero, but need not_ nd may vary for
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prior neasaeesents nay be used to redefine the desired operating regine. 30

Thus, after the, measur ts are taken to a.limt (e, qg.,, near. zerq oil or
beyond t he ﬁ@é@ﬁ%%@ﬁﬁ%ﬁﬂ@wpwﬁm@ Pw%@qeésgw&%wﬂl}n? esed
necessar yangs OTIRE Y ARt &il 8QRbAtRfioh Bhdel Bicalff 4 leGh&bf¥ter, dhdafiibbe bR EomEAdUAI
vari ations . accunul ation of ol [ In the evaporator, while still
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t her modynam c paraneters) nay subSequently be enpl oyed, eterm ne when
process Waicalhowersizeeans operdiiag ovell withireits contrel lihin ghs 1be ol devghinbigasse ta
sufficient, i . | : i.adl . . | i QLI
concent r WP WEISD iGN el BB el iy M RABLBhdke . kB s 20
evapor at esampls ratireed e odmprefsor pbricutipo syseonhils siwrrefrigerant isretexedripl the t he

nmonitor nmay be an, . optjcal sensor. Su s .disclopsed in U S. Patent No.

5. 605 21 e Bict R B SropBa DBt AR P B DR Bt o8 S B I

f eedback sgemi & @ptimymsERdisndyo IriRnhsibdihat idispisopessbly & ¢raflbeamadtive h-Anedesi red
range. Thus, aidirect qil concentration gage, pically a_refractongeter,
reasur es AR P EHER 0P8 BGTOVPRG (A ARGEPhoF SXESRIE BT RS el e
proporti gigdsen Bedh@bgis, TR, ) mhyTbestipibyed OitiweRbr, tHidhs &ystdr® GipicallP _IHf%e@ bndotehe
like is used tb:control a bypass valve to a_refrigerant distillation device,
whi ch i scomplex than necessary for this purpose. U.S. Patent No. 5,377,499, expregs_slyj incorporated |

20  herein by ijlfejfereﬂce, thus provides a portable device for refrigerant reclamaéiforif TIn this systefn,
refrigerah}:‘ lznay;ﬁelpuriﬁed on site, rather than requiring, in each instance, tggnslporting of the
refrigeran’:c to a:recycling facility. U.S. 5,709,091, expressly incorporated herem by :eference:,
also discloses a refrigerant recycling method and apparatus. _

In the oil separating device, advantageously, the refrigerant is fed into a fractional

25  distillation chamber controlied to be at a temperature belov.v its boiling pomt, and therefore
condenses into a bulk of liquid refrigerant remaining within the vessel. Rel?.tiv_ely ﬁ)ur_e
refrigerant is presént in the gas phase, while less volatile impurities remain m the liELUid phase.
The pure fgfrigerant is used to establish the chamber temperature, thus prov1d1ng a ;ensitive and
stable systern. The fractionally distilled purified liquid refrigerant is a.VaiIaf)lé ﬁom one port,

30  while i.rnpurities are removed through another port. The purification pfocags' iﬂay be manual or
automated, continuous or batch.

Oﬁe aspect of the invention derives from a relatively new understanding that the

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



typically oversize, and operating well within its control Iimts. As the oi

| evel increases to a level at which efficiency is inpaired, the refrigerant
is distilled to renove oil. The oil is, for exanple, returned to the
conpressor lubrication system while the refrigerant is returned to the 15
conpressor inlet. In this manner, closed |oop feedback control may be

enpl oyed to maintain the systentat opﬁﬁnunteff|C|ency It is noted that it

is al so possible to enpl oy an active in-line distillation process which

does not hypass the ev rat Far. exa t he Zugi beast system
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system walek, mhrhtﬂletea%@edlom ﬂalw@@nml@ set:gwfhe@ahmumn Itﬂheemeer, theanfém;g/ of the

process e 0Oy i i ero,
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nucl eat i SHUBRTERIREE YA GEPEY { ubes have a substanti aI Iy | ower optinal
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oil concentration .ma i ne ce the oi renpva rocess
may requitPdeRRESRIFR drRy 43%”%&&5% e qu%fer"%%? fhange§dn an P
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evel in the condenser
efficiency drops, it is poss%le that the chiller is unable to maintain the process parameter within

the desired range. During extended operation, for example, it is possible for the oil
coinceﬁtration in the evaporator to increase above 10%, and the overall ce.paCity of the system to
drbp below 1500 tons. This can result in process deviations or failure, Whlch may require

25  immediate or expensive remediation. Proper maintenance, to achieve a hlgh optimum

efficlency, may be quite cost effective.



10 i npact systemefficiency, in a manner inconsistent wwth the changes in
efficiency of the evaporator. Thus, this aspect of the invention does not
presune an optimum |l evel of a particular process variable paraneter.

Rat her, a method according to the invention explores the optinum value, and
thereafter allows the systemto be set near the optinmum Likew se, the

nmet hod 15 permts periodic "tune-ups” ?é the system rather than requiring
continuous tight mai ntenance of a contfol paraneter, although the invention

al so provide r Leving continuous nonitoring
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end W ew of ?{\g&bsgoﬁf a pehematie, @“]%‘fﬁsﬁ{]c SR YSe®s ar r angenent  of

tubes of a tuhe SQHBQl',QstyBQtehEﬁrbﬂéﬁta% ENdeny gogihakittyresheeid chizgrel g9t h of the
|

heat exchanger  evaporator; g. 3 shows a schematic drawing of a parti al
di sti| | AvpRRateyl egpcemfatioBnpving oi|l froma refrigerant flow stream 10

Fig. 4 shows i@ h&la%tﬂ&o%tregpeem‘él#,_%rspﬁeﬁﬁéﬁ%%%' _aﬁwegslimz cR¥aligm Fig. 5

shows a stylize representative efficiency graph with respect to changes in
evapor attempasplurceentopndiegtaion; Fi g. 6A and 6B show, respectively, a schematic

of avapor  CQERIAS b P hEwARbeBrively: MRRE Hlolk BALLARY: H'cB8 A Recording
to the present invention;
Fig. § shows a semi-schematic diagram of a refrigeration system controlled according to
the present iﬁvention; and
Fig. 9 shows a schematic diagram of a control for a refrigeration system according to the

20  present invention.




15 Figs 7A, 7B and 7C show, respectively, different block 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 schenmatic diagramof a control for a
refrigeration systemaccording to the 20 present invention. -33- DETAILED
DESCRI PTI ON OF THE PREFERRED EVMBODI MENTS The foregoi ng and ot her objects,
features and advant ages of t he present3?hvention will beconme nore readily
apparent to those skilled in the art to which the invention pertains upon

ref erence to RHALSN WWE@%Q@E@@WW PENTE he best nodes for
carrying out 'It11@%or'égdlﬂg’ﬁﬂtdtﬁﬁfobj€@l§ Yokt hﬂ?ﬁcﬁgnthéhs %Pﬂie%hﬁﬂﬁve\ﬁh&bwﬁlhe

acconpanyi ng dravvlaﬂgl preferred enbodinments of the invention are
shown arhgcerae mererealily pmr9nté'¢ thosq tkaliadan therat tamdriohdhe i wenttqnmert@mr wren wher ei n:
EXAVPLE Qﬁaﬁ anger 1
consi st sé%af&cgs&ce@@%fm‘ggirgq% allf]"d aefSﬁ]Eﬁ H:If% Oeifgige)ﬁ ?ﬁ]&at rou & gener ally

cyl i rkdr |dentrehedfhen@onsTdaeechubelsuﬁcttanevﬂhehejaqcnmmmgt Chlﬂvmgumwhmhprdﬁqul ate 4,
one of wh rovi.ded . .at hend t.he tu 2. .The | ate 4
bggrn%entsp f?he 1gXeé1t al%%ﬁ éesg eﬁl by I%ay%? Lus tr%t{,o ?ndtj ﬁ’g f

separate Cont 'R us Wi eri ubes 7,
froma slﬁmmﬂmxplmanﬁ contl nuous vuth the exterior of the tubes 2.
Typically, a L::I ow distributor 9 is provided at each end of the shell
3, beyond th Heet 4, for distributing flow of the first nediumfroma

conduit 10 l5tst§ﬂbﬂueh1=fghe-2 ultﬁﬁcaztubeadsﬁeneeaexaaegertleoes@t@eﬂugett oftgaralldd t he
case of volatile refrigerant, a_h system need not be Sé Hetrl c, as_ the flow
T

vol Ufes PRI Zrexteadingithpugh & gepprally cllindrical shell B Therfabes2yaes Bl iNpRstion ik ar e

opt i onaly;Rafikik 8s o of WHIG is ﬁﬁ%ﬂﬁdh@éacﬁ@ﬁi@ bﬂﬂe apkd 20 TRONbé Blﬁlted# seharhigyth i ON
patterns in the heat exchange tubes. shown in Fig. 3, arefrigerant

cl eansi rfgstspatednrprtisupiositnthe inierear Oi'.’llz thss 7y fsere pvrangd space 8 eangavamitvithy om t he
condens&f efekif ol frle eh 9“ r?élﬁrm? QoRLLASR le@nb%ﬁﬂb C}Q ]l:-rlo‘?vﬂleg uSLaoh LAt b1QRe

process, and an out eturning puri efrigerant. I'S portion
of the wslt érheyen@thmdba |sh6teb4,tﬂnedlstsbuttrerﬂodeeﬁih¢ Hstimiediuty, tB)mE COMHADO,

expr cor refe The co 100 npr esses
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patterns in the heat exchange tubes.

As shown in Fig. 3, arefrigerant cleansing system provides an inlet 112 for receiving

20 reﬁ1gerant from the condenser, a purification system employing a controlled drstlllatzon process,
and an outlet 15 0 for returning purified refrigerant. This portion of the system 1s sm‘ular to the
system descrlbed inU.S. 5,377.499, expressly incorporated herein by reference :

The compressor 100 compresses the refrigerant, while condenser 107, sheds the heat in
the gas. A small amount of compressor 0il is carried with the hot gas to the condenser 107,

25  where it cools and condenses into a mixed liquid with the refrigerant, and exits through line 108
and :Eittmg 14. Tsolation valves 102, 109 are provided to selectively allow msertron of a partial
dlstﬂlat:ton apparatus 105 within the refrigerant flow path. The refrigerant from thh parual
dlstlllatlon apparatus 105 is received by the evaporator 103 through the 1solat10n Valve 102.

The partlal distillation apparatus 105 is capable of boiling contammatedl reﬁ'lgerant ina

30 d15t111at10n charnber 130, with the distillation is controlled by throttling the refugermtt vapor.
Contanunated refngerant liquid 120 is fed, represented by directional arrow 110 through an inlet
112anda pressure regulating valve 114, into distillation chamber 116, to estabhsh liquid level
118. A contaminated liquid drain 121 is also provided, with valve 123. A hlgh surface area



and fitting 14. Isolation valves 102, 109 are provided to selectively allow
insertion of a partial distillation apparatus 105 within the refrigerant
flow path. The refrigerant fromthe partial distillation apparatus 105 is
recei ved by the evaporator 103 through the isolation valve 102. The parti al
distillation apparatus 105 is capable of boiling contam nated refrigerant in
a 30 distillation chanber 130, with the distillation is controlled by
throttling the refrigerant vapor ?gnfnated refrigerant liquid 120 is

fed, repregented by dj.r arrow t hr ou an_inlet 112 and a
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val ve 123. A high surface area -34- conduit, such as a ical coll 122, is
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128, unden 1ﬁd1a1tmarcﬁbn@fdlstlﬂmrtahpwrauecasbr@&uel&ﬁd Hypasfs bmlﬂlawafeive@s wher e
t hernocoupl e . 124 indicates a fract.li gstl | lation;tenperature above
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136; bel Qv Mg HeHeal EB]? myhsstthfeéﬂold %st%s’\ﬁaﬁ thé“éi?ln&ﬁ&s%gr S¥iput @fd Mwide i nto

helical coil 122; near threshold, gases fromthe conpressor output- are

al | oned flew patially qéafsﬂlabmaswogﬁ@t weepaiabia defo therhglical carhtp paintaimihpt | nto the
hel i cal I t it 130
and frorrtlg %r%lgﬁ rmé%‘%}fﬂﬁg d}?éssgl rectrgtﬁg&@?@e%%ﬁm?%%%%%@g Y, f/vr F pass
t hr ough maspertivedy, yvﬂd;prrsdefne@h auaiagrapnfensersidb end pryesued icggating vabveld8 to 0 15
pr oduce | cat.e kT arrow 150. .
Al teirg(r:lat Y 08‘}0%% dksltlﬁgd fe@séeia%ié@@t 1511%?8]%1? tbgldf}g%m%}ﬂ agrr?agos@ tA qonaﬂf%w?l erature
control mdénsezcldﬁus mflnhetlecblw dnfﬁdltmnﬂdmmmmbml uhiqoatrelled ey thd hus, oiI

fromthe condens 107 | re ved, e enteri t he rat or
Funni ng SORECISYALG: o1 S pRero | it et BEP Gren sy ||
drop, trwa?&heam rfzg_/mhﬁng ﬁetsgrfsm &Qerftings, oft ashveBatidn i thelevappeaber3chill | er

system aI oW periqdi c or batch reoptr m zation, or allow ng continuous
closed |¥ @ég%ﬁﬁkg@’@ﬁﬁt@fl of operating paranmeters. Conpressor 100 is

connget ed t 0 ﬁ%/m%fas &?Irﬁfmﬁ&&ed M By RGE WISl B e HERS B BitcPRVRImiGARRUMPL i on
by neasuring olts and Anps drawn. e cor}pressor 100 produces hot dense
8]

refri gerca“@llovmg@pntiumous ¢lesed depp feedback control of operating parameters. Compressor 100

is connected to a power meter 101, which accurately measures power consumptlon by measumng

Volts and Amps drawn. The compressor 100 produces hot dense reﬁ'igeranf vapor in line 106
which is fed to condenser 107, where latent heat of vaporization and the heat added by the

25  compressor 100 is shed. The refrigerant carries a small amount of compressor lubricant oil. The
condenser 107 is subjected to measurements of temperature and pressure by temperature gage
155 and pressure gage 156. The liquefied, cooled refrigerant, mclud.mg a portion of mixed 011 if
fed through line 108 to an optional partial distillation apparatus 105, an;l hence to evaporator
103. In the absence of the partial distillation apparatus 105, the oil from the 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 pressqre gage 156. The
chilled water in inlet line 152 and outlet line 154 of the evaporator 103 are also subject to



which is fed to condenser 107, where | atent heat of vaporization and the
heat added by the 25 conpressor 100 is shed. The refrigerant carries a snal
anount of conpressor |ubricant oil. The condenser 107 is subjected to
measurenents of tenperature and pressure by tenperature gage 155 and
pressure gage 156. The liquefied, cooled refrigerant, including a portion of
mxed oil, if fed through |ine 108 to %n optional partial distillation
apparatus 105, and hence to evaporator’3 I03. In the absence of the partial
distillation apparatus 105, the oil fromthe condenser 107 30 accumul ates in

the evapBFREHTe ol PreyfRredisapyPREE LY ftapsraiue gasc i PEsEs gegcdren ke of

ref ri ger gnbolaRUREF stk Sr A the RVASSHHE (B YethMTREMA b freSRd thrdish 1RRJ oy essur e
gage 156. The chilled water in inlet Iine 152 and outlet |I1ne 154 of the

evapor at or 10BhegoavepmsisT 49 fiepgeratare gage 135 restne 82841146 srehssovide dasator enent
by tenpe : ¥=1Y) r Lger ant
7 om t he iy ARiARASyn 157 WIRIERSUE, SRER 1R R SRl SR Pl Bl I
powerS metckéler]i]for examde, BT/ EWEhgén o8 Seraoidl P mecddase cgatimols feasucdmapt of/i de
data to a;.d m 157, whic €S, oul 11158

represen %1? ?n\%éﬁﬁaﬁiggw%%ﬁm%pgz%i}bgf %éa’y§ eé’ﬁ?c{}Pglé@gcq%e Raé?alggsélrlr% ¢, BTU kWH.
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.evapb?atfﬁmoc‘f?-ot herwi se a need for oil 10 renoval. As shown in Fig. 5, the
efficiency of At BRwahh F%g? 5, theEfREenV §fthd H81QIvhri&ORELHE bAtcbARniBidnE the
evaporator 103. Line 162 shows a non-nonotonic_ relationshi After the
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to okt endo LBy rel GV« [RETRM: P80 oftyy Bplnr HeX B S0l i bt

i nef fi ci endoval dperutiyn,altwondaeg bdyond whichdiLie adt wsyfbt eraxehill Comple oil tekpwvilde,
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t he di stance between the | ower boundary 160 and upper boundary w l] be much
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f eedback systemis-itself o )
will be much narrower than in a periodic maintenance system. The oil separator (e.g., parti

distjilléé.:tidn apﬁai‘afcus 105 or other type system) in a closed loop feedback system is itself |
typiicﬁlly less efficient than a larger system typically employed during periodic m’ainteﬁanfc‘é, S0
there ?are‘ advantages to each type of arrangement. |
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 transirr_litter, e.g., Henry
Valve Co., Melrose Park IL L.CA series Liquid Level Column with E-9400 series Liquid Level
30 Switches,. digital Oufpllt, or K-Tek Magnetostrictive Level Transmitters AT200 or AT600,
analog oﬁtput); optiénally system power consumption (kWatt-hours), as well as thermodynamic
paramcters,: includihg condenser and evaporator water temperature in and ‘oui:, condenser and

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




typically less efficient than a |arger systemtypically enployed during
periodi ¢ mai ntenance, so there are advantages to each type of arrangenent.
25 EXAMPLE 2 Fig. 7A shows a block diagramof a first enbodi nent of a
control systemaccording to the present invention. In this system
refrigerant charge is controlled using an adaptive control- 200, with the
control receiving refrigerant charge level 216 (froma level transmtter
e.g., Henry Valve Co., Melrose Park FBOLCA series Liquid Level Colum with
E-9400 series Liquid Level 30 Switches, digital output, or K-Tek
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reflect or” take Into 10 account the ror”. urthef output 206 of the
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neur al networ I r.at. kb nglj ' | ' r ensors
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oty £ oor 2t Hettiomst thie sigpen soeuta By TR s hitrted 8 Pudy auot P Riea i < and
purificationgxkRBIE 3 A second enbodi ment of the control system enpl oys

feedf orward optim zatjon control 20 strategies, as shown . in Fig. 7B. Fig.
7B shows a sidyaesend pbpdimeeiof diegniaphsyiters epplnye ferfosward @ptimization control

20  strategies, as shown in Fig. 7B. Fig. 7B shows a signal-flow block diagram ofa computer-based
fee_dfbrWard optirnizing control system. Procéss variables 220 are measui*gd, checked for
réliabilify, filtered, averaged, and stored in the computer database 222. A regulatory system 223
is provideﬁ as a front line control to keep the process variables 220 at a pi'éécribed and desiréd
slate of values. The conditioned set of measured variables are compared in the regulatory sysztem

25 223 with the desired set points from operator 224A. and optimization routine 224B. Errors
detzcted are then used to generate control actions that are then transmittejd as outputs 225 to final
control elements in the process 221. Set points for the regulatory system_:223 are derived either
from operator input 224 A or from outputs of the optimization routine 224B. Note that the
optixnizer 226 operates directly upon the model 227 in arriving at its optimal set-point slate

30 224B.-Also hote that the model 227 is updated by means of a special routine 228 just prior to use
by the optimizer 227, The feedback update feature ensures adequate mathematical process
description in spite of minor instrumentation errors and, in addition, will compensate for

discfépancies arising from simplifying assumptions incorporated in the model 22:7; In this case,



feedforward optim zing control system Process variables 220 are neasured,
checked for reliability, filtered, averaged, and stored in the conputer
dat abase 222. A regul atory system 223 is provided as a front line control
to keep the process variables 220 at a prescri bed and desired slate of

val ues. The conditioned set of neasured variables are conpared in-the

regul atory system 25 223 with the desirged set points from operator 224A and
optim zation routine 224B. Errors defégfed are then used to generate
control gction hat .are then transmtted as outputs 225 tqo final _ control
el enent s ﬁo?’?@eé?’ﬂ"’é’&m@ ¢, lagcpamgple fompresorsheedy algug o8 pddiigntogritigonnt o
derived ghatdgsvelf rom operator input 224A or fromoutputs of the optim zation
routine 224B. Note that the  optimzer 226 operates directly upon the nodel
227 in arrivi Hi iBputivadabiosarenin thivsase sinpter o these inGxamnlp 2, imcligingsefsigenait t he
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the optimzer 227 The feedback updaté feature ensures adequate”nathemati cal
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refrigerant Ei vel . The input variables are, in this case, simlar to
t hose in Exa , cluding refrigerant charge level, optionally system

power consunpAs shownki\Eid, 700aEdirol 88teEd30 igsrotided Wity Rankdls Rl AN EkLEsS |
i rator water .tenperature i.n and out, condenser
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suction gi@didﬂiéxﬁkglé@inﬁmswwﬁﬂaq@@m uditer 65 sidpiiIelafftshipkgRsur e and

t enper at ur e, shown in g. 7C, a control system 230 is provided

whi ch coRtoviged i adaiabges ik Waich semanent the pprationpbspaceofithe eistear nfppeemiesol  and
refri ger@e%m@bﬂ pI&RB EERoRLERR: Adts] ThEXRRATIRT Siithe édﬁﬁfofgetegﬁ‘zso% %(ﬂié%ﬂoﬁsg a
singl e compl ex nodel of the system a nunper of sinplitied relationships are
provi dedin inpuis 2t ia bdapbivelg detewninedhbysibe nenitol diringoqperativn.dn atdes ppeaptimife t he

syst i r of regions or planes based on sensor inputs. The
sens?ﬂ v%eggygeffﬁ#%gﬁbont rol system 230 to variations in inputs 235 is
adaptivel y debaa ivawadtdryd inhtke daiatiaseo?34cas o the fidliver densiinof thaoperadienaltspacept | m ze
15 energ Data .is st or. i n_the .dat

ffici . .al d - 34 to th
F1'1 1 ng. et o P e ptoes i Bnlfedi f Coon et Sy B CBE SEravtilitaist anet o1
i denti fi epicaransitibn ePibel ehchRgt B colbulhfae npesfaticanatpus paeigtions. Onhay d,

transition i s effected to achieve the cal cul ated nost_efficjent output
condi ti Oﬂ@grg}@%(itiarg\e reg?on of tﬁe operational space?s poorly populateg, the qontroi 230 pro#l;de?s a

20 slow, séearching alteration of the outputs seeking to explore the operational spéée to detemfline
the thimal output set. This searching procedure also serves to populate the space, 50 ‘thatéthe
contrbl 230 will aVoid the naive strategy after a few encounters.

In addition, for each region of the operational space, a statistical vériability is determined.
If the statistical variability is low, then the model for the region is deemed accurate, and

25 contimial seéarching‘ of the local region is reduced. Omn the other hand, 1f the variability is high,
the conitrol 230 anaiyzes the input data set to determine a correlation bejtween any availablé input
235 aﬁd the system efficiency, seeking to improve the model for that region stored in the :
database 234. This correlation may be detected by searching the regionE through sensitivity
testiﬁg of the input set with respect 1o changes in one or more of the ou‘fcputs 231,232, 233. For

30 each region, preferably a linear model is constructed relating the set of input variables and the
optimal output variables. Alternately, a relatively simple non-linear nebﬁérk, such as a neural

network, may be employed.



iR

other hand, if the region of the operational space is poorly popul ated, the
control 230 provides a 20 slow, searching alteration of the outputs seeking
to explore the operational space to deternmine the optiml output set. This
searching procedure al so serves to populate the space, so that the contro
230 w Il avoidthe naive strategy after a few encounters. In-addition, for
each region of the operational space, a_statistical variability is
determined. |If the statistical varlabpﬁlty is low, then the nodel for the

region is deened accurate, and 25 continual searching of the |ocal region is
reduced. On t¥he opeugHenahsagipns; for exqmples soemsnt the 913%11%?3%?&06 iplpgegignt rol 230
anal yzesgg Eﬁﬁteﬂﬁ ¥, Feb@igSiaht dhfel RivEI &bﬁu@mwwﬂa&fﬁeﬁg@%ﬁmmn@m avai | abl e
i nput he systém effi ci ency, seeking to I mprove the nodel for that
regi on SQV@P@QFOI by 9.A% ﬁ@n@%(bfeslé%zeﬂ copmTessepeed, Spmoniniaym emasmas Iéldoby

sear chi ngyqt: i |

respect %bg 1@ g%gggoﬁhg%{]%gbﬁ%émwfdg hﬁ%‘“&tﬁ‘?%ﬁu"{ é}ﬂ%%ilreérg OP%\E}[ aﬁ%}n 0 each
regi oh, gzedfregions basal dni the sansitimidedt ths owpwis ta npetedriataina it regpectie atiomsfofi nput
varlable% ?nd the3 optimal output variables. Alternately, a relatively

si npl e nBRIPPHEAP network, such as a neural network, may be enpl oyed. -38-
The operati orgie cbﬁigcbi@jlﬁem;alm pfmvaiepheet o@eigzlmnmolﬂéﬁoﬂ@erl eal statiplans pmeovbmt of
regi ons separate 5%. of refriqgeran eve om 40% to +20% o
ool on.  DRE 3 st Tr L el SPRLp! B8, Rt UMY STy AR ORBIEE sor

speed, fpamricisiemiion diBXg Med® tiansidibhs, 2i0bccnEE BNEHirol issde§m@£(§@ possible to
provi de non-uniformy spaced regions, or even adaptively 5.sized regions

basetfd oncanpiders@iapariapt.  Lhegy medss alsapprvide apdonsfor eonjugt Paterbiifiatzatioagplct i ve
por ti onsgQfareloEafisput space. The control system al so provides a set of
speci al nodes for systemstartup and shutdown. These are distinct fromthe
nor mal oper atlf ismatedisiasinceitlhe negiited wndate lime £or the syiten is @IWIYQ}Q% ftlael heyirad

primary I e trol

P Csuos, iRk AR A e olenEBRd WG oh o DRy PADRE CRDR L BB BRD. % o
contr ol Bqngmdf\fimiﬁtth}ah Dﬂ’arromssoanduuﬁgéwmdgm &Papere ltum opbratingsystsbrdnd hat |
since.th wred updat he yste |s rel.a t he neural
et b k BaFRH SEFAARIR Sk et Bon RSB ER i REL Rl PR, 500
conput erpecessgry, an Intel Pentium IV or AthI on XP processor running W ndows
XP or a real tjne operati sysjem and. here ore s |z,d harplware
Cot her "t han Chs PR BE s B o P REaPPaEe) TRE P BarAg0 aaten RaEBtEary . I
i s pref et gionfaf the B&ltfv‘:ﬁ’ thf e&mresﬂeiﬁfﬁﬁg)\fbmy@@naeﬂﬁﬁHb@s@uttmﬁeneo% whi ch

"expl ai ns"
P inputs Whlch had the greatest influence on the output state. In neural network systems  however,

20 itis often not possible to completely rationalize an output. Further, where: the system deteets an
abnormal state, either in the plant being conirolled or the controller itself, 1t 1s preferred that
information be cemmumcated to an operator or service engineer. This may be by way ofa
stored log, visual or audible indicators, telephone or Internet telecommumca.t:lons control
network or local area network communications, radio frequency commumcatron, or the like. In

25  many 1nstances, where a serious condition is detected and where the plant cannot be: fully
deactivated, it is preferabie to provide a “failsafe” operational mode until malntenance may be
performed.

The foregoing deécription of the preferred embodiment of the invention has been
presented for purposes of illustration and description and is not intended to be exhaustive or to

30  limit the invention to the precise forms disclosed, since many modiﬁcatioris and Varrations are
possible in iight of the above teaching. Some modifications have been described in the

specifications, and others may occur to those skilled in the art to which the inv.ention pertains.



the actions of the control, for exanple identifying, for any given control
deci sion, the sensor inputs which had the greatest influence on the output
state. In neural network systens; howed®r, 20 it is often not possible to
conpletely rationalize an output. Further, where the system detects an
abnormal state, either in the plant being controlled or the controller

itsel f, iQLéﬁﬂﬁeﬁerred that infornmation be conmunicated to an operator or
service engineer. This nmay be by way of a stored |og, visual or audible

i ndi cators, telephone or Internet teleconmunications, control network or

| ocal area netiwork Aoappamiticatdnpnising:raadipot for eqeieing yhyceaimanineetd waful for a t he

i ke. In‘%gngﬁq¥ gggtﬁncgﬁmfyggﬁgﬂgséer%r %n%ongitk%nr%s dg;ected and where
t he pl ant ¢annot e r!I‘alYIS]ISy' descrTvacrsa Pl '?""l‘ascepr BPEFaDIe R '0'5'?1165/? de a

"f ai | saf etheopdymitrionalysivotithe wafitigdration systeenad cletemeiying eonspentyosfied. The

f oregoin esgription, of the preferred enbhodi nen f, t.he i.nventi on _has been
presgntegﬂl%wn¥ﬂﬁ%ﬁ%%yS%ﬁm$ﬁ?§g Wa@ﬁ%ﬁm§W§aﬁ%%@?#ﬁ?ﬂgﬂmﬁﬁHUW§nﬁBanntended
t o be exhgdatsbdf therefiigetation §Btein hkdd dnheid ithewestyhanic hoalfsiveanp 64 caBisfedys
discloseda §ince many nodifications and variations are possible in |ight of
t he above®¥&3&hi ng. Sone nodi fications have been described in the
specifications, and others may occur to those skilled in the art to which

the invention pertaiRsapp@fius &AM td claif¥l, APBRIMAKY ProceRPNYsiiHhBgs an i nput for
recei ving hychaI,,araEEters,use ul for a thernodynanm ¢ anal ysjis of

refri ger alTHATAEPRHERPIF B HBwaon sy g gperfiignal e Sithergpmgrising

t her nody nagdng f ARG IaSrebsstviBabi€dfithaerRblafith s§¥h @R i@l miFhddkddgnt

consi stency of the thernodyqa i ¢ anal ysis; and, an output for presenting an
esti mat e YK AEVAHEALTPETNHA %E]F?ll’f‘éll“’h aghigyer apPIHIRE ¢BFiPIYer at i on syst em
based on 'said thernodynam c anal ysis and said consistency analysis. 2. The

apparat us accoj di ”ngﬁ@aggérgt}l?%éﬁordﬁfg% hith S&lhePlR %§i§$£ o&itlol ﬁia]%m?onal

refrigeration efficien f e refrigeration systentin an operat
state, fuplybics! perampleisdyalieringsbilesst o ofah pik ponsenteatipr beassapetatirabd @ of t he
refrigerafkon.sy. gkﬁgg'@g-gjp' Jepgy neasurement and calculating a
process vgﬁﬁggﬁéi%gve ﬁkicw géﬁfé@%s'an opti mum efficiency. 3. The
apparatus according to claim1, further conprising a control for altering
physi cal parangt er sAmetlaldtferdetegniminglaciagbnce fiemaiptimnmaif b rafogedivih satdnon 1 n an
evaporator and. a. rqf{igﬁrﬁpf qpq&gefof sakﬂﬁr%%rggfrgt%% '%&%BF”E64' A
met hod ot HEPBE RPHFRYE BORE0 REFEE'FY Bht BEH OF B RO YEH POV st em
conpri si ngerformbicaipoifathindvwihealypaiemelysis sf thorefidgetdion paymn dekmisingl ysi s of
refriger a}:(;n(s)igterigfsotl‘" &@thermodynamic analysis with a model of the refrigeration system; and

outputting an estimate of deviance from an optimal state of the refrigeration system based on said

thermodynamic analysis and said consistency analysis.

5. The method according to claim 4, wherein said estimate of deviance is used to

determine a need for refrigeration system service.

6. The method according to claim 4, wherein said estimate of deviance is used to

estimate a refrigeration system capacity.

7. The method according to claim 4, wherein said thermodynamic analysis relates to
a state of the refrigeration system, further comprising the step of monitoring refrigeration system
performance in real time over a range of operating conditions to determine operating- condition

sensitive physical parameters,




performance; performng a thernodynam c analysis of the refrigeration
system determ ning consistency of the thernodynam c analysis wth a nodel
of the refrigeration system and outp#iting an estimate of deviance from an
optimal state of the refrigeration systembased on said thernodynan c

‘anal ysis and said. consistency analysis. 5. The methaod according to claim
4, wherein said esﬂhrerﬂeéhoﬂﬁc‘i?é(i}’i‘gatﬁééui’ & wheedn 13! thermodynantieanglypised f or ‘

ref ri ger abingAses ¥SuRiThS a1 sfiGieney 6f thT DferiTRi her g g RaIsphiddg fluthet bathpsthe tiher ei n
said esti mate. of rdeV| ance i s use estimate a refrigeration system

. dto.  est
capaci t y.5opS OfrRdeTgseroo@pris Nght GIEParien RsteRh@leaing ardrgRdirnidFiani
anal ysi s dhghat@8ic biked 8n & AbBsiObf dURBndIPhydi@EFlhedis S8 bBMRItkatoh @l conpri si ng
the step of nonitoring r.‘efrl?geir,ati on system perforpance in real time over a
range of BHEFHEARCESHANEIORE FRAGRCHICHIWA T dlsteatinsiysy sERsbrestaticsensi ti ve
physi cal paraneters. 40 8. The nethod according to claim4, wherein said

ther modynam ¢ @nal Yigje$nARAREdSES: Bl BIVIRE R Me Blobéss VARG iQfondi&s@RAT at i ng
refrigeration system further conprising the steps of : altering a process

vari abl e dfsolyeddn thefrefrigerpnttin e cxapetaiy cal cul ating a refrigeration system
characteristic based on an anal ysis of obtained physical paraneters after

said alteration;, a ;M. 2zl i.abl 1 N.e8C dance with
t he determ ne %'sys{]@r?]n%ﬁ}é)ﬁ g%:%’é%ggs icgwg’%%ﬁe\eﬁ rr'%? %Sgsg%\éagie %‘E?Sf ega(ﬂj[(’:l aim 8,
wher ei n tdhergpeadiies. vari able is conpressor oil dissolved in the refrigerant

in the evaporator. 10. The nethod according to claim8, wherein the process
variable is refrigerant har condition. H The nethod accordin o claim
8, wherein an dpti %“@f@@f’c@g %ﬁoé’gﬂﬁke‘y HeH Opﬁ‘ﬁ%‘g’clet}gﬂe‘kcﬁr‘sr‘{?&é‘f‘ge‘%rocess
vari abl eshaselidn sli@areidrod vagadsisdi ng to claim 8, wherein the operating point
is maintained by closed |oop control based on the determ ned optinum
efficiency process variable level. 13. The nethod according to .claimS§,

wher ei n the pridcessIhgaicthodaecordngigsisine 8sierdi the oprratagipol isimpintgedbys r i ger ant

in the evaped Bblg’éonn@rﬁlsé’&f‘tﬁrtﬁé Rt NBPIRERSS e MAEAGH RedsSaRdtISLY. DY
separating oil fromrefrigerant in the refrigeration system 14. The net hod

according to claim4, further conprising the step of predicting a
cost-benefit of. a skenetwdopwrding lorlaim 8swdietein i progess apiiable is yampessergilcor r ect

at | east aqsspl%& lln @ rgifriggtgl?[ in %%%bﬁ;@&?m,fa‘h@ Whgl‘@fln(%heoﬁgéegéa\}ari%]@Eseodtered by

separating oil from refrigerant in the refrigeration system.

14. The method according to claim 4, 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.

15, The method according to claim 4, further comprising the steps of : determining a
sensitivity of the refrigeration system to perturbations of at least one operational parameter;
defining an efficient operating regime. for the refrigeration system based on the determined
sensitivity; and performing a service of the refrigeration system to bring the at least one
operational parameter within the efficient operating regime when the refrigeration system is
operating outside the defined efficient operating regime and a correction thereof is predicted to be

cost- efficient.

16. The method according to claim 15, wherein the operating regime has a non-

trivial double ended range of values, and continued operation of the refrigeration system follows




15. The method according to claim4, further conprising the steps of :
determning a sensitivity of the refrigeration systemto perturbations of
at | east one operational parameter; d&fining an efficient operating regine
for the refrigeration systembased on the determ ned sensitivity; and
performng a.service of the refri ger,a%fi on s ,st.em{o Pri ng,the,at | east one
oper at i orfdPM A FEAMER ClnERINPPERENERYT ErBR PBRRIPA PT GleBY RIS RAHL P The
refriger &t&ﬂ Gfl:ySbé%b&ﬁﬂirigﬁ)Oirﬁ,ﬁﬂfei‘Hiﬂ hg sPuit SRR tlfcliehﬂ lddﬁfoilﬁﬁiﬁbrﬁﬂ‘ofl&l??@m%tep@er até i ng
regine and_a correcti thereof .is predicted.t e ost-. efficient. 16.
The. et hOUT L BPaTRG e RS Slaa o A disarst Figratre HEE a non-
trivial dpualig@ided range of values, and continued operation of the
refrigeration systemfollows 41 a consistent trend in change in operating
point froma begi nning of cycle operating point to an end of cycle
operating point; whideaiethodgecosding pelaing |3 ayhgreinbe eperqtiond pagpelenipell at i onal
par amet ercohQ@ntrdoh BF RAdRALRIRY &affatthe non-trivial double ended range of
val ues near the beginning of cycle operating point. 1.7. The nethod
according to claim15, wherein the operational. paranmeter is oil
concentration 18f réfteimpghodntcording thelagy dpovhatedy the $BviceTompriestshedrib@tor di ng t o
claim 15,0f\ﬂﬁq§ﬁ%}m&he. service conprises a purification of the refrigerant.
19. The nethod dccording to claim 15, wherein the at | east one operational
paranmeter is estinmated by neasuring an energy efficiency of the
refrigeration 19yst eltie nizfhod kberdied hethimtE evhdteinghé & |edstadnmoderaticnntfagmeter

conprising t.he ep of .predicting.a refrigeration capacity of the
refriger d??%ﬂmge@i’{* E‘ﬁ‘?wﬂ% anﬁ?grgﬁgﬁ.ﬁifacya%%%er%&ﬁ&a{’%l ¢ thlgm 4, further
conprising the steps of : defining cost paraneters of operation of the

refrigeration 9yst effe ni@iodhbiohdiNbioURAY 8, MM 0BT ghe ddpeof pF@fctihger ati on
system predicting a thernmodynamc effect of a service procedure on a
machi ne viEfigerainapactty pthe rofigeraling 58t i mati ng a cost of the service

procedure; and conducting a cost benefit analysis based on the operation

cost .paraneters, u Sﬂ@%e‘ﬂﬂfd@l%}(ﬁﬁ.@o oBif QJ Akl c&rﬁﬁ{sm%qw@éps Of : d%hﬁﬁg tosnd

esti mat ed cost.
parameters of operation of the refrigeration system; determining usage parameters of the

refrigeration system; 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.



