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and recycle the oil. Normally
yknown principles, employing a closedqoop fluid circuit through which refrigerant flows, with a

20  source of mechanical energy, typically a compressor, providing the motive forces for pumping
heat from an evaporator to a condenser. In a chiller, water or brine is cooled in the evaporator
for use in a process. In a common type of system, discussed in more detail below, the evaporator
is formed as a set of parallel tubes, forming a tube bundle, within a housing. The tubes end on
either side in a separator plate. The water or brine flows through the tubes, and the refrigerant is

25  separately 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 flows to a
cooling tower. The cooled refrigerant condenses as a liquid, and flows by gravity to the bottom
of the condenser, where it is fed through a valve or orifice to the evaporator.

30 The compressor therefore provides the motive force for active heat pumping from the
evaporator to the condenser. The compressor typically requires a lubricant, in order to provide
extended life and permit operation with close mechanical tolerances. The lubricant is an oil
which miscible with the refrigerant, Thus, an oil sump is provided to feed oil to the compressor,

and a separator is provided after the compressor to capture and recycle the oil. Normally, the
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seeking to regulate the amount of liquid (liquid level) within the evaporator. As the load on the
20  system increases, the equilibrium within the evaporator changes. Higher heat load will increase
temperatures in the headspace. Likewise, higher load will boil more refrigerant per unit time,
and lead to lower liquid levels.
For example, US 6,318,101, expressly incorporated herein by reference, relates to a
method for controlling an electric expansion valve based on cooler pinch and discharge
25  superheat. This system secks to infer the level of refrigerant in the evaporator and control the
system based thereon, while preventing liquid slugging. A controlled monitors certain variables
which are allegedly used to determine the optimal position of the electronic expansion valve, to
optimize system performance, the proper discharge superheat value, and the appropriate
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.
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to a refrigeration systemhaving a flooded cooler with a liquid |evel
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al kagges, coeﬂﬁkcﬁ%‘ d¥%he respective heat exchangers, Higher thermal impedance results in lower

efficiency, since temperature equilibration is impaired, and a larger temperature differential must

be maintained to achieve the same heat transfer. The heat transfer impedance generally increases
as a result of deposits on the walls of the heat exchangers, although, in some cases, heat transfer
may be improved by various surface treatments and/or an oil film.

25 Refrigerants must satisfy a number of other requirements as best as possible including:
compatibility with compressor lubricants and the materials of construction of refrigerating
equipment, toxicity, environmental effects, cost availability, and safety. The fluid refrigerants
commonly used today typically include halogenated and partially halogenated alkanes, including
chlorofluorocarbons (CFCs), hydrochlorofluorocarbons (HFCFs), and less commonly

30 hydrofluorocarbons (HFCs) and perfluorocarbons (PFCs). A number of other refrigerants are
known, including propane and fluorocarbon ethers. Some common refrigerants are identified as
R11,R12,R22, R500, and R502, each refrigerant having characteristics that make them suitable
for different types of applications.
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the 25 refrigerant entering the evaporator. These devices incl|lude so-called
oi | educt or s, Thaiqildmtheengnpaator tends to accumulate, since the basic design has no inberent path
20 for returning the oil to the sump. For amounts in excess of the optimum, there are generally
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
systen.
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 evaporator, returning the oil to the sump and evaporated refrigerant
to the compressor. The inefficiency of these continuous removal devices is typically as a result
of the bypassing of the evaporator by a portion of the refrigerant, and potentially a heat source to
vaporize or partially distill the refrigerant to separate the oil. Therefore, only a small proportion
30 of'the refrigerant leaving the condenser may be subjected to this process, resulting in poor

control of oil [evel in the evaporator and efficiency loss. There is no adequate system for

controlling the eductor. Rather, the eductor may be relatively undersize and run continuously.
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any change in distribution of the refrigerant between the other system
conponengikconcentration, it is also difficult to measure the amount of refrigerant in the evaporator. A
20 difficulty of measurement of the amount of refrigerant is compounded by the fact that, during
operation, the evaporator is boiling and froths; measuring the amount during a system shutdown
must account for any change in distribution of the refrigerant between the other system
components.
It is known that the charge conditions of a chiller may have a substantial effect on both
25  system capacity and system operating efficiency. Obviously, if the amount of liquid refrigerant
in the evaporator 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, at least in
the evaporator, is required. However, in typical designs, by providing this large refrigerant
charge, the operating efficiency of the system at reduced loads is reduced, thus requiring more
30  energy for the same BTU cooling. Bailey, Margaret B., “System Performance Characteristics of
a Helical Rotary Screw Air-Cooled Chiller Operating 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., cooling capacity) of the chiller, efficiency is
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refri gerlmtttdlilsia@hmfggrdue\mdlhafs@n mr&pcnﬁameéfeﬁumseﬂmyi effksewyat ed above, as oi |

| evel increases in es. refrj nt a has an
| mdependont - Sprst als i bYRERH Bbfluting e s MRiDel bR G A FARERAP s hicar | ng
t he ef f i whieedplPhatar dthivdt@rsolutios,.suctbastehe.i gleh@tﬂspsﬁerﬁwieeaﬁiclm@dﬂ cool s water
or a water solution, such as Erine. I n tg(e& systens, the efficiengy is

cal cul at@Fukirddases PoNFE-hAYE PECRSFETAIBRF D6 YAIOPES) RETARPRNSANG ir 5)  per
cooldng aikilly 1o 6r38?itféﬁ|1‘hé‘mia90§1t@BT@)" ithd SHouRh6r iBlgy Wtjulref BIWhnddhe anmount  of

energy required to change the
temperature of one British ton of water 1° C). Thus, a minimal measurement of efficiency

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 water
pressure gage, gages for the pressure and temperature of evaporator and condenser, A data

25  acquisition system processor is also typically provided to calculate the efficiency, in BTU/KWH.

U.S. Patent Nos. 4,437,322; 4,858,681; 5,653,282; 4,539,940; 4,972,805; 4,382,467,
4,365,487; 5,479,783; 4,244,749; 4,750,547; 4,645,542; 5,031,410; 5,692,381; 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 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 are a



tenperature of one British ton of water 1 Q Thus, a m ninmal neasurenent of
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thernoneters and floweters for the inlet and outlet water. Typically,
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5. 5345155, 495(@755 5702997%4551%&%% @@éﬁ 934 ﬂ%lo pmesgbe@cfmrl@rﬁ@a h@‘ymrbarfrefm@mee I n

addi tion, P {g@g known
refr|geran%§§%§%@%€§§h%st ﬁgﬁ%gﬁéﬁﬁéuﬁQ; Qgﬁgg%%%iﬁsf%?ggﬂ??ﬁégiﬁhh

5,167, 126nd 55,14,365,(&@@33%&!mwp&a@dhsneﬁgﬁraﬁ&mﬁ 205, 843; 5, 222, 369;

5,226, 300; 5, 231,980; 5,243,831; 5, 245,840; 5, 263,331; 5,272, 882;

5,277,032; 5,313,808; 5,327,735; 5,347,822; 5,353,603; 5,359, 859;

5,363, 662; 5,371,019; 5,379,607; 5,390,503; 5,442,930; 5, 456,841; 5,470, 442,
5 5,497,627; 5,502,974; 5,514,595; and 5,934,091, expressly incorporated
herein by reference. Also known are refrigerant property anal yzi ng systens,
as shown in U S. 5,6 371,019; 5,469,714; and 5,514,595, expressly

i ncorporated herein by reference. WD 2004/ 053404 PCT/ US2003/ 039175 SUMVARY
OF THE | NVENTI ON The present invention provides a system and nethod for
optim zing operation of a refrigeration system In nost known refrigeration
systens, control is exerted principally to assure that liquid 5 refrigerant
is not returned to the conpressor, and otherwi se to assure that the | evel of
refrigerant in the evaporator is presuned to be at a predeterm ned set

| evel . According to the present invention, the optinmum | evel of refrigerant
and oil in the evaporator is not predetermned. Rather, it is understood
that, over tinme, the system characteristics may change, as well as the | oad
characteristics, and that an optinmal control



10 requires nore conplexity. Likewise, it is understood that direct
measurenents of the effective |levels of relevant paraneters may not be
measur abl e, and thus surrogates may be provided. According to the present
i nvention, v pP@idsiads control | oops, an inner |oop and apceykanshPReR, are
provi ded. The tiner |oop controls the conpressor, than is, the notive force
for punping heat. This inner control |oop receives a single input fromthe
outer |loop, and optim zes 15 the conpréssor operation in accordance
therewith, for_exanple conpressor speed, duty cycle, inlet vane position,
and the like.S QF THE BYAENBIUNDbI e expansi on val ve (typically |ocated
between the c : =AY, t i 0 d wthin.this inner
control | oop. %g‘ﬁlﬁiﬁli %Iﬁg& fﬁ%@ﬂ%%ﬁ%ﬁ%tf&?g&é%@@gﬁ? r oﬂgglﬁ?%%g ?%etr%w(r)‘TOf %uppl y of
li qui d ré¢lrigeraticoiystem. t he evaporator. The outer control |oop controls the

partitioning frigeran etween the evaporator. and_ 20 a refrjgerant
accumul ator e errrrléﬁtk;' \L?\A‘gﬁﬁﬂi'ré?r%éonssyg?lg?hcoﬁtﬁoll aeéigﬁ?gﬁprg{c&auygo ?V‘HF@E’FLW‘%N a
"f uncti onefiigeraytdt motretuen@ fd the comprogior, bh®oBemiRtto @ésuréthit tBCIe M) of tefridddfi
accurul ator, is not critical i that this element allows a variation in

|
the amour? HEEVIRIFHITGR PLHme tg@;qu?@%qiqﬁerfnwgdﬁtslﬁ\gqlﬂ The accunul ator nmay be a
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this heatl a 833‘5“ on na be rreaf:}tér ed orblesti ﬁt ed froma variety of system
sensors, FHREIGH NG RAPBHHT 512y FPEeHmeagaable-Ang Ahus St asalss dods e pagiided-

evapor at or WatAeédrhﬁﬁﬁ Rethe Presént a@nGed, b @hir bECHREHAbYFL afREleMbES §ld B outd 30
possi bl y condenser headspace tenperature and pressure. The outer control

| oop det 79 AESTAMIeGpt Periiney logle pordiolsths sqmepapssen: than is e rentivisdorae . A direct
f . b e Eve] _
measur en%g@gl%h@& ghg%ﬁe%oﬁtﬁo\r %op'r&eiv:afg gﬁ%egﬁ Bbm fle Qiedf b gﬁ% élﬁlﬁ{nugérf%g .

reasons.: th e\(ap_or at or s fi erriger ant
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-9 such i a i.cal nsor for oi]l concentration es  npt

typi cal | ?}% 3%%8%@%{1 U{’]ldﬂgééiﬁ%%slfg%aerngﬁgc Olslt;rlcg%yr%eég%}ﬁ%vg Ve (%819?1??’ Ogaﬁ‘fem
shut down between thielcomiznsese ahd etapontorpy ake emoapaat@wthintRd $iteetontllbopuch

shut down .condj t.i ons typical | | low a repartitioning of refrigerant within
The var [0S e BrE PR BRERTLS 8duhal SHapioroohar Befar © i rrtPyer ant
and oi | bubbl ehabgef doair8l, 108p tkolshRS REGIRidErEribSaRtPefilddR R dvidRhol Adabe
determ ned. Rather a preferred nethod for inferri nlg t he anpunt® of

r ef r iZer aneftigpratipeciagior dewment vathiebe arstopm. cHigrmgewndeler isdymeallimplael y short

period Okgitionat? system element, in that the amount of refrigerant in the accumulator is not critical,

simply that this element 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 portion of the evaporator which does not significantly particulate in the cooling process.
25 During steady state operation, the feed of liquid refrigerant from the condenser will equal
the rate of gaseous intake to the compressor. Thus, the rate of heat absorption in the evaporator
will effectively control the inner control loop for the compressor. Typically, this heat absorption
may be measured or estimated from a variety of system sensors, including evaporator discharge
temperature and pressure, evaporator water/brine inlet and outlet temperature and pressure, and
30  possibly condenser 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,



time, is to nonitor the level of refrigerant in the accunulator, which is
preferably a | ower portion of the condenser or associated with the
condenser. Since this refrigerant is relatively pure, and held under
condensi ngwephaidssaas, the level is relatively easy to rmeasstesossirnce the
remai ni ng 10 system conponents include principally refrigerant gas, a

measur enent of the condenser or accunulator refrigerant level wll provide
useful infor rrati on for measuring changes in evaporator refrigerant |evel.
If the start l.evel s of both the accumnu| at or or condenser and evaporator

are knowfHs é‘?/ usiRg FHPUsalsRnion meilepaentrationndnes aat tpjedbundd peidaewient may
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contr ol
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 transter.
Energy may be supplied as electricity, gas, coal, steam, or other source, and may be directly
measured. Surrogate measurements may also be employed, as known in the art. Heat transfer
may also be calculated in known manner. For example, the heat transfer to the cooled process

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

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

30 may 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 changes, requiring
a different heat load dissipation, this will be represented by a change in inlet water temperature

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



surface. The outer |loop repartitions the refrigerant to achi eve opti num
efficiency. It is noted 5 that, while efficiency is typically considered to
be kWton, other nmeasurenments of efficiency may be substituted w thout
materially altering the control strategy. For exanple, instead of

opti m zi ngwhmoy/ef3udsger ati on systemitsel f, the industrpatuprien@sssnay be
included. In this case, the production paraneters or economcs of the
process may be cal cul ated, to provide qmore gl obal optim zation. 10 In a
gl obal optim zation, other systens may al so require control or serve as

i nput s. o ated in known ner. Over tine, oil mgrates
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wi Il Pi kéhak whilgetficienen ifgapisalyi considesette ba& Wionbothki mepsaremantp bfefiitiendyl mayo
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m gr at i onpiimizingttherefigrpdivatspriem dsadf, tetimduatriahprotess by be glwibdt B thik c&degan
system 0e to eﬁti nmat e 2 t ot al armug{.h of oil. LEi n e|%surerrents of

evapor at 81° RIPLEHY RAaPeiRis &F SPRIcs ffthe prosess iy bega » RPIOWIEE DPH et and
outl et tenperatitiationd pressure, it is further possible to estinmate heat
transfer coefficients in the tube bundle, and inpairnents thereof. The
refrilfferant, ot #lobghartimiratien. SRSt wsteme gy alée ARdiita centidh 6r srryapsiipmus. | Thees nal

vari abl eg, ok gRoeRidarl i REoval hivilegnCcy of the evaporator. Over the short
. i o ,

term (and assunmng that oil is not intentionally added to the 25
evapor at or), Petntingsodmigiatesties tba by sefp etthe vempmsiontoahd edaperamonOnel

vari abl e, er-.J onger. peri ods il eductor nma e control l.ed based on
B err eq SR AP EG g Bl BRS 1 oty Blslent §HEh Blop R oo R By ori e
evapor at estintae aihleogitin ke cvhporatbr. Thietonaxl sadrdhdrafosy Madssres btieplepamen: my be

perfqormed tq correct heat transfer impairnents apd purify the refrigerant.
Such T o s 0P, SbiHrR B DS OHE) OHBE FBRERDe 8 & BB GOBLAS FIHYt e

control sysH @it thEof IS HANRME mdy R nGee Widh re%@ge%}aﬁﬂ‘t%&%%%ﬁnﬁ?_é‘le@@%@& ally to
i nredi atelﬁytune the control variable to an optimum state. his tuning is

t ri gger edvibh{ikely eiqnisg eompenpitivaesish avhidhailingrissagiplostipdl ta semavevelrigered. erhyi ng
Aot o SirPaRgR e o DR SHk Buer S DR PR, O Kt Elto bt o
contr ol s thesynduet éfivilokigdtios iuh ttesvepdrated et with a koowiVEAGY 414853 dIBdn system,
PCT/ %209(:? és 1%% e7a5tota1 z}r%iount of oil. Using measurements of evaporator discharge temperature and
pressure, as well as water inlet and outlet temperature and pressure, it is further possible to
estimate heat transfer coefficients in the tube bundle, and impairments thereof, The refrigerant,
oil and heat transfer impairments are the principle internal variables which conirol the efficiency
of the evaporator. Over the short term (and assuming that oil is not intentionally added to the
253 evaporator), refrigerant is the only effective and available control variable. Over longer periods,
an oil eductor may be controlled based on inferred or measured oil concentration to return the oil
level in the evaporator to an optimal level, Over extended intervals, maintenance may be
performed to correct heat transfer impairments and purify the refrigerant. Such maintenance
requirements may be indicated as an output from the control system. For example, the control
30 system operates automatically to immediately tune the control variable to an optimum state.
This tuning is triggered by a change in process conditions or some adaptive auto-tuning process.
In addition, overtime, the optimization control surface will vary. As this surface varies to reduce

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



condensabl e gas purge (typically fromthe condenser), or the like. Over a

| onger term the <control may nodel significant paraneters of system

operation with respect to a nodel, and determ ne when a service is

requi red, @idhsioshpgause the systemis failing, or subsp@fiigahszoi7s

inefficiencies are apparent, such as inpaired heat transfer through the tube
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is controll ed to achieve a maxi num efficiency. The system senses or tests
efficient§! diong f unction of the control variable, in order to compensate for

changes in s@gsHRMik® R SR-oulk? cohtfl IRpdedakd QfudNRL VidhtSteRt sfshén R@ﬁin%: for
refrigerant partitioning as a _control Strategy is provided.” Chil

ef f i &) enpyncRabe hasedon ay epemigetigneitagingle Yaneblaorfitpernbprsdiioning, M@thw@n@tms e and
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cycl e. Upgtene¥drirhétgrs tdtch 106 £ o5&t s Jatenséfm;len@ as indicated in Fig 6A, a

hi gh- pressure_ m xture of hot tgas and oi | passes. .through an 0|I separ at or
bef 0f® ent eri & PheOvoapagnt thyfdhgse petiol lops asldhenalaeriieirsiap spiatationne

may be merged, and indeed hybridized, the general strategy remains the same. At any operating

point, the partitioning of refrigerant is controlled to achieve a maximum efficiency. 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. Chiller efficiency depends on several factors, including subcooling temperature and
condensing pressure, which, in turn, depend on the level of refrigerant charge, nominal chiller
load, and the outdoor air temperature. First, subcooling within the thermodynamic cycle will be
examined. Fig. 6A shows a vapor compression cycle schematic and Fig. 6B shows an actual

30 temperaturc-entropy diagram, wherein the dashed line indicates an ideal cycle. Upon exiting the
compressor at state 2, as indicated in Fig 64, a high-pressure mixture of hot gas and oil passes
through an oil separator before entering the tubes of the remote air-cooled condenser where the

refrigerant rejects heat (Qh) to moving air by forced convection (or other cooling medium). In



refrigerant rejects heat (Qh) to noving air by forced convection (or other
cooling nedium. In WO 2004/053404 PCT/ U52003/039175 -12 the |ast several
rows of condenser coils, the high-pressure saturated |liquid refrigerant

shoul d be wvhogodised, e.g., | OF to 20F (5.6C to 11.1 Ggrasmedsig to
manuf acturer's reconmmendati ons, as shown by state 3 in Fig. 6B. This |evel
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20 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 transfer associated
with condensing and a corresponding decrease in sensible heat transfer area used for subcooling.
Therefore, increases in heat sink temperature result in decreased subcooling temperatures and

25  increased condensing 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



30 resulting in an upward shift of the curve connecting states 4 and 1. As
the evaporating tenperature increases, the specific volunme of the
refrigerant entering the conpressor also increases, resulting in increased
power i nputwoaodshsssconpressor. Therefore, increased | evelg @boo¥hlqa04/ 053404
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may be returned to the condenser or fed to the evaporator.

As discussed previously, an increase in heat sink temperature causes an increase in
discharge pressure, which, in turn, causes the compressor’s suction pressure to increase. The
curves connecting states 2 and 3 and states 4 and 1 on Fig. 6B 3 both shift upward due to
increases in heat sink temperature. An upward shift in curves 4 through 1 or an increase in
25  refrigerant evaporating temperature results in a decrease in the evaporating approach

temperature. As the approach temperature decreases, the mass flow rate through the evaporator
must increase in order to remove the proper amount of heat from the chilled water loop.
Therefore, increasing heat sink temperatures cause evaporating pressure to increase, which leads
to increased refrigerant mass flow rate through the evaporator. The combined effect of higher
30  refrigerant mass flow rate through the evaporator and reduced approach temperature causes a
decrease in superheat temperatures. Therefore, an inverse relationship exists between heat sink

temperature and superheat temperatures.



Therefore, increasing heat sink tenperatures cause evaporating pressure to
i ncrease, which leads to increased refrigerant mass flow rate through the
evaporator. The conbi ned effect of higher 30 refrigerant mass flow rate

t hr ough t heyexapenaisor and reduced approach tenperat ur epEpySRF/@o179€Cr ease
i n superheat tenperatures. Therefore, an inverse relationship exists between

heat sink tenperature and superheat telqgeratures. WO 2004/ 053404
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where the refrigerant charge is sufficient, the evaporator may be artificially starved as a part of
20  the control strategy.

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

25  pressure.

A systein 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. If the capacity is insufficient, the underlying process may fail,

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



A system and net hod for neasuring, analyzing and mani pul ati ng the capacity
and efficiency of a refrigeration systemby instrunenting the refrigeration
systemto neasure efficiency, selecting a process variable for

mani pul at i e 2o8dasd3@lt eri ng the process variable is promgeshozlaeHpr ocess
vari abl e may be varied during operation of the refrigeration systemwhile
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example due to non-condensable gases, these factors will be apparent in an adequate set of

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 made to the system by
returning 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,



returning it to an optimal state, and to performa cost-benefit analysis in
favor of any such efforts. 25 Typically, before extensive and expensive
system nmai ntenance is perfornmed, it is preferable to instrunment the system
for real twiEopgsshpamance nonitoring, rather than sinplgeréRéR;anal ysis.
Such real tinme performance nodeling is typically expensive, and not a part
of normal system operation; whereas a gquate information for a state

anal ysis may be generally available from systemcontrols. By enploying a
real tineg ponitoring syste anal ysis of 30 operational characteristics in a
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communication over telephone lines, or computer network. This communication may also permit
20  immediate notification to the service organization of process shift, potentially in time to prevent
subsequent and consequent system failure.

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

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

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

operation.



20 imedi ate notification to the service organi zati on of process shift,
potentially in time to prevent subsequent and consequent systemfailure. In
this case, the systemis performance nonitored frequently or continuously,
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to map the entire operating space. On the other hand, in the case of a single variable, it is

20  preferred that the variable be altered continuously while measurements are taking place in order

to provide a high speed of measurement.
Of course, it may not be possible to measure orthogonal (non-interactive) parameters.

Therefore, another aspect of the invention provides a capability for receiving a variety of data
relating to system operation and performance, and analyzing system performance based on this

25  data. Likewise, during a continuous system performance monitoring, it may be possible to
employ existing (normally occurring) system perturbations to determine system characteristics.
Alternately, the system may be controlled to include a sufficient set of perturbations to determine
the pertinent system petformance parameters, in a manner which does not cause inefficient or
undesirable system performance.

30 In an adaptive control system, the sensitivity of the operating efficiency to small
perturbations in the control variables are measured during actual 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 or characteristics change
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optimality. Further, adaptive controls may be complex and require a high degree of intelligence.
Advantageously, the control may monitor system operation, and select or modify appropriate
events for data acquisition. For example, in a system operating according to a pulse-width
modulation paradigm, the pulse width and/or frequency may be varied in particular manner in

25  order to obtain data about various operational states, without causing the system to unnecessarily
deviate 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
Peregrinus LTD (1981). There are three main approaches to adaptive control: model reference

30  adaptive control ("MRAC"), self-tuning control, and pattern recognition adaptive control
("PRAC"). The first two approaches, MRAC and self-tuning, rely on system models which are

generally quite complex. The complexity of the models is necessitated by the need to anticipate

unusual or abnormal operating conditions. Specifically, MRAC involves adjusting the control
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20  operation may begin, EXACT requires a carefully supervised startup and testing period. During

:':

11

this period, an engineer determines the optimal initial values for controller gain, integral time,
and derivative time. The engineer also determines the anticipated noise band and maximum wait
time of the process. The noise band is a value representative of the expected amplitude of noise
on the feedback signal. The maximum wait time is the maximum time the EXACT algorithm

25  will wait for a second peak in the feedback signal after detecting a first peak. Further, before an
EXACT-based controller is put into normal use, the operator may also specify other parameters,
such as the maximum damping factor, the maximum overshoot, the parameter change limit, the
derivative factor, and the step size. In fact, the provision of these parameters by an expert
engineer is 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
techniques which commence without a priori assumptions, since an unguided exploration of the

operating space may be inefficient or dangerous.



recognition adaptive controller known as EXACT is described by T. W Kraus
and T. J. Myron, "Self-Tuning PID Controller uses Pattern Recognition
Approach," Control Engineering, pp. 106- 111, June 1984, E. H Bristol and

T. W Krauggoddidssiox th Pattern Adaptation,”™ Proceedin 2&?%91%79” can
Control Conference, pp. 888-892, San Diego, Calif. (1984), and K J. Astrom

and T. Hagglund, Automatic Tuning of PLD Controllers, Instrunment Society of
Anerica, Research Triangle Park, N 07251988). See also U S. Pat. No. Re.
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adaptive controller is described by Chuck Rohrer
20  Controllers, Instrument Society of American, Research 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 output and other methods are based on the frequency response while under some form
of feedback control. Open loop step response methods are sensitive to load disturbances, and
25  frequency response methods require a large amount of time to tune systems with long time
constants. The Ziegler-Nichols transient response method characterizes the response to a step
change in controller output, however, implementation of this method is sensitive to noise. See
also, Nishikawa, Yoshikazu, Nobuo Sannomiya, Tokuji Ohta, and Haruki Tanaka, "A Method
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 time constant estimates may

be significantly 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



10 and Cay G Nelser in "Self-Tuning Using a Pattern Recognition Approach,”
Johnson Controls, 1Inc., Research Brief 228 (Jun. 13, 1986). The Rohrer
controller calculates the optiml control paraneters based on a danping
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controlled variabl e( If the systemdeterm nes that the operati ngj poi nt
i s i Hef f didErential (RIRD) eapiol asigaq See, U.S. Patent Nos. 5,568,377, 5,506,768, and 5,355,305,

expressly incorporated herein by reference. On the other hand, parameters which have

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 time-varying simple
control loops, which together efficiently control the entire system, as in the preferred

25  embodiment of the invention.

Alternately, a neural network or fuzzy-neural network control may be employed. In order
to train a neural network, a number of options are available. One option is to provide a specific
training mode, in which the operating conditions are varied, generally methodically, over the
entire operating space, by imposing artificial or controlled loads and extrinsic parameters on the

30  system, with predefined desired system responses, to provide a training set. Thereafter, the
neural network is trained, for example by back propagation of errors, to produce an output that

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



vari able(s) are altered in order to inprove efficiency toward an opti nmal
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vari abl es may be, for exanple, oil "concentration in't refrigerant and/or
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20  correspond to the map or model, the control seeks to generate a new map or model. It is noted

that such a map or model may itself have little physical significance, and thus is generally useful
only for application within the specific network which created it. See, U.S. Patent No.
5,506,768, expressly incorporated herein by reference. It may also be possible to constrain the
network to have weights which correspond to physical parameters, although this constraint may
25  lead to either control errors or inefficient implementation and realization.
See, also:
A. B. Corripio, "Tuning of Industrial Control Systems", Instrument Society of America,
Research Triangle Park, NC (1990) pp. 65-81.
C. ). Harris & S. A. Billings, "Self-Tuning and Adaptive Control: Theory and
30  Applications”, Peter Peregrinus LTD (1981) pp. 20-33.
C. Rohrer & Clay Nesler, "Self-Tuning Using a Pattern Recognition Approach”, Johnson
Controls, Inc., Research Brief 228 (Jun. 13, 1986).
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The adaptive fuzzy controller (AFC) is a nonlinear, multiple-input multiple-output

(MIMO) controller that couples a fuzzy control algorithm with an adaptation mechanism to

15 continuously improve system performance. The adaptation mechanism modifies the location of
the output membership functions in response to the performance of the system. The adaptation
mechanism can be used off-line, on-line, or a combination of both. The AFC can be used as a
feedback controller, which acts using measured process outputs and a reference trajectory, or as
a feedback controller with feedforward compensation, which acts using not only measured

20  process outputs and a reference trajectory but also measured disturbances and other system
parameters. See, U.S. Patent Nos. 5,822,740, 5,740,324, expressly incorporated herein by
reference.

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, and removing 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 evaporator, to remove oil, providing clean refrigerant to the evaporator in an auto-
tuning procedure. Over time, the oil content will approach zero. The system performance is

30  monitored during this process. Through this method, the optimal oil content in the evaporator
and the sensitivity to changes in oil content can be determined. In a typical installation, the
optimum 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.



Fuzzy controllers may be trained in nuch the sane way neural networks are
trained, wusing backpropagation techni ques, orthogonal |east squares, table
| ook-up schenes, and nearest nei ghborhood clustering. See Wang, L.,
Adaptive fuzzy systens and control, New Jersey: Prentice-Hall (1994);
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In a typiPe@fofnstal | ation, the optinmumoil concentration in the evaporator

I's ngar 0% whi lc@mmgs%r HA? alRY Bl &%Hﬁlﬁte&,%rr anfntpfqur controlling a compression ratio,

compressor speed, compressor duty cycle (pulse frequency, pulse width and/or hybrid
modulation), compressor inlet flow restriction, or the like.
While the immediate efficiency of the evaporator may be measured assuming a single
compartment within the evaporator, and therefore short time delay for mixing, it is also noted
25  that an oil phase may adhere to the evaporator tube walls. By flowing clean refrigerant through
the evaporator, this oil phase, which has a Jonger time-constant for release from the walls than a
mixing process of the bulk refrigerant, is removed. Advantageously, by modeling the evaporator
and monitoring system performance, by removing the oil phase from the refrigerant side of the
evaporator tub walls, a scale or other deposit on the water-side of the tube wall may be
30  estimated. This, it turns out, is a useful method for determining an effect on efficiency of such
deposits, and may allow an intelligent decision as to when an expensive and time consuming
descaling of the tube bundles is required. Likewise, by removing the excess oil film from the

tube wall, efficiency may be maintained, delaying the need for descaling,
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integrated in the system, either by way of further elements of the neural network (or a separate
20  neural network) or by analysis of the sensor data by other means.

Feedback optimization control strategies are may be applied to transient and dynamic
situations. Evolutionary optimization or genetic algorithms, which intentionally introduce small
perturbations of the independent control variable, to compare the result to an objective function,
may be made directly upon the process itself. In fact, the entire theory of genetic algorithms may

25  be applied to the optimization of refrigeration systems. Seg, 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.
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independent benefit to system operation, it therefore provides an efficient procedure to
determining the need for system maintenance. On the other hand, refrigerant purification
consumes energy, and may reduce capacity, and results in very low, possibly suboptimal, oil
concentrations in the evaporator, so continuous purification is generally not employed.
25 Thus, it is seen that a perturbation in system response in order to determine a parameter
of the system is not limited to compressor control, and, for example, changes in refrigerant
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  variables 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 that the on-

line control computer will evaluate the consequences of variable changes using the model rather
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20  second derivatives (or higher order, as may be appropriate) of sensor data or transformed sensor

data may be calculated and fed to the network. Alternately or additionally, the output of the
neural network may be subjected to processing to generate appropriate process control signals. It
is noted that, for example, if the refrigerant charge in a chiller is varied, it is likely that critical
timeconstants of the system will also vary. Thus, a model which presumes that the system has a
25  set of invariant timeconstants may produce errors, and the preferred system according to the
present invention makes no such critical presumptions. The control system therefore preferably
employs flexible models to account for the interrelation of variables.
Other potentially useful process parameters to measure include moisture, refrigerant
breakdown products, lubricant 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 depaosits in the brine tubes (a small amount of mineral
deposits may increase turbulence and therefore reduce a surface boundary layer), and air or water

flow parameters for cooling the condenser.



concentrations in the evaporator, so continuous purification is generally
not enployed. 25 Thus, it is seen that a perturbation in systemresponse in
order to deternmine a paraneter of the systemis not limted to conpressor

control, apd.2dfs@ss@xanpl e, changes in refrigerant purigepudhehibgsy ant
charge, oil level, and the like, nmay be nmade in order to explore system
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efficiency between the initial optimization and a subsequent maintenance to restore the system to
20  efficient operation. Therefore, the optimization preferably determines an optimum operating
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 measured.

In this way, it is not necessary to continuously control the process variable, and rather the

implemented contro! algorithm may, for example, include a wide deadband and manual
25  implementation 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 conduct further efficiency
measurements; rather, the prior measurements may be used to redefine the desired operating
reginie.

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.



data nmay be calculated and fed to the network. Alternately or additionally,
the output of the neural network may be subjected to processing to generate
appropriate process control signals. It is noted that, for exanple, if the
refrigeranyoeharng®ed n a chiller is varied, it is |ikelydhgboskhishiscal

ti meconstants of the systemw || also vary. Thus, a nodel which presunes
that the system has a 25 set of |nvar|?[ﬂt ti meconstants nmay produce errors,
and the preferred systemaccording to present invention nakes no such
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sensitivity to the sensed paraneter is preferred i n_other instances,

an adaptdistillatemproenss whighidoesnat Lxpasy & evapegtor Eor AL, E,}&gé‘glbﬁa%@tsbﬁml ng
e gl e P B U L 1 ST EI10 HE 5
opti mal dompﬁx th&rtnep@sarmtfme‘hlsq)hmoset HéSpadae dle. %.377, 4951, exmm,slyah@mgeatgd/er tinme,
€920 t t.i‘lerem lby re?erence tﬂust Ig]r%w% ap ggr%EfgrdeWcé %or refrigerant reclamation. In this system,
refrigerant may be purified on site, rather than requiring, in each instance, transporting of the
refrigerant to a recycling facility. U.S. 5,709,091, expressly incorporated herein by reference,
also discloses a refrigerant recycling method and apparatus.
In the oil separating device, advantageously, the refrigerant is fed into a fractional
25  distillation chamber controlled to be at a temperature below its boiling point, and therefore
condenses into a bulk of liquid refrigerant remaining within the vessel. Relatively pure
refrigerant is present in the gas phase, while less volatile impurities remain in the liquid phase.
The pure refrigerant is used to establish the chamber temperature, thus providing a sensitive and
stable system. The fractionally distilled purified liquid refrigerant is available from one port,
30  while impurities are removed through another port. The purification process may be manual or
automated, continuous or batch.
One 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



increase, so it is desired to select an initial condition which will provide
the maxi num effective efficiency between the initial optimzation and a
subsequent mai ntenance to restore the systemto 20 efficient operation.
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zone, and the process variable established at the |ower end of the zone
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ton devices which draw 4160V at 500A max (2 MW). Therefore, even small changes in

20  efficiency may produce substantial savings in erergy costs. Possibly more importantly, when

efficiency drops, it is possible 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
concentration in the evaporator to increase above 10%, and the overall capacity of the system to
drop below 1500 tons. This can result in process deviations or failure, which may require

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

efficiency, may be quite cost effective.



15 conpressor inlet. In this manner, closed |oop feedback control may be
enployed to maintain the systemat optinmumefficiency. It is noted that it
is also possible to enploy an active in-line distillation process which
does not bygagsekiig evaporator. For exanple, the Zugi beashistdessnsisem
(Hudson Technol ogies, Inc.) may be enpl oyed, however, this is system
typically larger and nore conplex thag%necessary for this purpose. U S
Pat ent No. 5,377,499, expressly incorporated 20 herein by reference, thus
provi des a portable device faor refr%gfrant reclamation. In this system
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Vot st i durangp fibe bufdletart bt oA ey loRR O 1enefh ot e RO cRORRRGE e 1 s
used togﬁggﬂﬁbﬁsh t he chanber tenperature, thus providing a sensitive and
stable system The fractionally distilled purjified liquid refrigerant is
avai | abl e fr &g 3riBoWdt schematicipymgiohp pastiel fﬁ%ﬂlaia@l psteBon gl Ee e ner
port. Theppubhf iGRkldm, Process may be manual or automated, continuous or
batch. One~aspect of the invention derives froma relatively new

undeldst andi nd'ig. Hahowhe schomelinefra diller Eigiency meashemenbysieas or of a
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si gni f i caaporator diheoredsftiativency of the process and may change over tine. The

optimal oil level need not be zer for exanple in fin tube evaporators,
Uhe opti mal 78 SAPGIOR RGBS RL A STEBH 41 @ WHCEFOTRESEM BiSBBT 85 and
forms a tehpdrafuffertlgy Blabengur f aces, increasing heat transfer coefficient. On
the ot her hand, so-called 5 nucleation boiling heat transfer tubes have a
substant i al | igsoier Bowdi7freshow; qesﬁé%%hfilff?ﬁnéhl%‘* fliggragg of  cprdeos a¢RElinGbout
1% See%h%&qﬁ&mﬂﬁhﬂ&ﬁb& a 0%oil concentration may itself be inefficient,
since the oi renmoval process may require expenditure of energy and bypass
of refrigerarftg. Sshowan sopeschemary dagyam efa fehizeration wstam coviellphapgprdingte|  of

| eakage. , Fur .0i{ level in the condenser may al so 10 inpact system
efficieﬁ%gyﬁ%%?gwﬁ%%%é%k%nconsistent with the changes in efficiency of the
evapor at or. Fig. 9 shows a schematic diagram of a control for a refrigeration system according to the

20  present invention.



Thus, this aspect of the invention does not presunme an optinum | evel of a
particul ar process variable paraneter. Rather, a nethod according to the
i nvention explores the optimum value, and thereafter allows the systemto

be set neagobhignebs mum Li kew se, the nmethod 15 per m pgrRRbJuHHsE75s t UNE- ups”
of the system rather than requiring continuous tight maintenance of a

control paraneter, although the inventjion also provides a system and net hod
for achi eving continuous nonitoring amd/ or control . The refri geration

systens or chillers may be Ig{}ge i ndustrial devices, for exanple 3500 ton
devi ces whi CPEG“H'%WQR%IWP&?T RFEHE PRERFRREPHBBOMMENS en snmal | changes

in 20 effici | | . costs. .Rossibly
nore i rrportaﬁ?%ﬁr%#ggﬁ?gggig%%ps é%?%{éﬁ?%é?)%@iggﬂ%é&%hng I%foﬁlem hiller is
unabl e thecared morgireadili eppwant tsthosakiled irethe wit tdwhich tHeendhasibn eettairangen Duri ng
ext ende rati.o for ex Lt. is.possible for.the oil. concentration
in the g?/tg%g?egtk’é}?e%gowgr%%%g% (geﬁcg%mﬁ@g/gneaﬁ&het[ﬁét Bodss 2?11 CaE?fB&EPTttﬁe of the
syst ém tigventisrg pvhbe bansidefzdOn tanfimnctidiivith GRmcE@Sithying BraNiRCRSFhideMtREEONS OF
fail ure,ﬂ_‘vé\)/né.ch ma% requi r.e 25 i medi engr expens|ve renedi ati on. Proper

mai nt engMEadmegis oL fliedy nHOIh?rﬁﬁh‘HBfar"ﬁf#?fc ¢4 e %%{}}IHWOB@QHPE@ cost

ef f ect i Ugnitah, 20RA41953404 PCT/ US2003/ 039175 -32 BRI EF DESCRI PTI ON OF THE
DRAW NGS: The invention will now be described with reference to the
acconpanyi ng , in which: Fig. 1 is a schematic view of a known tube

$
ol at o showt f3 TReT Page iy SpRebibe b dbfhedt oA R0 R St Eeligld
bundPe, temsh ckehéing strargiarmynaniadylipdadabsigllh &bt arbgs B afheldia posidon eithhanger
VP ot ek BRI ARSI, SRR Bl PR g B LED .
schemat ifiest@paca 6¢Euntihesus efifhi thé @R GRS tibedTE HonSy §dc61idl spatd8, con®iieWswah
cVApOr A TIOr GO BHRET 3t PBICH B oreid LT EIPURE A RSt oo 4 o5 schemat | o
of a vappil %R QB Sé6d £ faNkktdbuthe B At BsaRldieRYrof A5k 145 Figs 7A
7B and 7C show, respectively, different block diagrans of a control
accdédi riiggrough the tubes 2, and thence back to a conduit 11, In the case of volatile refrigerant, the
system need not be symmetric, as the flow volumes and rates will differ at each side of the
system. Not shown are optional baffles or other means for ensuring optimized flow distribution
patterns in the heat exchange tubes.
As shown in Fig. 3, a refrigerant cleansing system provides an inlet 112 for receiving
20  refrigerant from the condenser, a purification system employing a controlled distillation process,
and an outlet 150 for returning purified refrigerant. This portion of the system is similar to the
system described in U.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 oil 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 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 from the partial
distillation apparatus 105 is received by the evaporator 103 through the isolation valve 102.
The partial distillation apparatus 105 is capable of boiling contarminated refrigerant in a
30 distillation chamber 130, with the distillation is controlled by throttling the refrigerant vapor.
Contaminated refrigerant liquid 120 is fed, represented by directional arrow 110, through an inlet
112 and a pressure regulating valve 114, into distillation chamber 116, to establish liquid level

118. A contaminated liquid drain 121 is also provided, with valve 123, A high surface area



to the present invention; Fig. 8 shows a sem -schematic di agram of a
refrigeration systemcontrolled according to the present invention; and
Fig. 9 shows a schematic diagramof a control for a refrigeration system
accor di ng wo 200833480 present invention. WO 20041053404 pPCT6452008/5039775

- 33 DETAI LED DESCRI PTI ON OF THE PREFERRED EMBCDI MENTS The foregoi ng and

ot her objects, features and advant age(sj3 of the present invention wll becone
more readily apparent to those skilled in the art to which the invention
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condenser output temperature. Thus, oil from the condenser 107 is removed before entering the
evaporator 105. By running the system over time, oil accumulation in the evaporator 103 will
drop, thus cleansing the system.
20 Fig. 4 shows an instrumented chiller system, allowing periodic or batch reoptimization,
or allowing continuous closed loop feedback control of operating parameters. Compressor 100
is connected to a power meter 101, which accurately measures power consumption by measuring
Volts and Amps drawn. The compressor 100 produces hot dense refrigerant 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, including a portion of mixed oil, if
fed through line 108 to an optional partial distillation apparatus 105, and 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 pressure gage 156, The

chilled water in inlet line 152 and outlet line 154 of the evaporator 103 are also subject to



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 byottrmneMaporator 103 through the isol ati on valytaisifese]fe parti al
distillation apparatus 105 is capable of boiling contam nated refrigerant in
a 30 distillation chanber 130, with t?g distillation is controlled by
throttling the refrigerant vapor. Contam nated refrigerant liquid 120 is
fed, represented Ré directional arrow 110, through an inlet 112 and a
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will be much narrower than in a periodic maintenance system. The oil separator (e.g., partial
distillation apparatus 105 or other type system) in a closed loop feedback system is itself
typically less efficient than a larger system typically employed during periodic maintenance, so
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 transmitter, e.g., Henry
Valve Co., Melrose Park IL LCA series Liquid Level Column with E-9400 series Liquid Level
30  Switches, digital output, or K-Tek Magnetostrictive Level Transmitters AT200 or AT600,
analog output), optionally system power consumption (kWatt-hours), as well as thermodynamic
parameters, including condenser and evaporator water temperature in and out, condenser and

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



Volts and Anps drawn. The conpressor 100 produces hot dense refrigerant
vapor in line 106, which is fed to condenser 107, where | atent heat of
vapori zation and the heat added by the 25 conpressor 100 is shed. The
refrigeranvoemnnssess a small anount of conpressor | ubri eaffyssiokezefiae
condenser 107 is subjected to neasurenents of tenperature and pressure by
tenperature gage 155 and pressure gage 156. The liquefied, cooled
refrigerant |nclud|ng a portlon of mxed oil, if fed through line 108 to
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boundary 161 gf gperating reginme, systemefficiency drops and it is
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Ther ef ore, i mh sc@l ahtedendnd ofthe eadhﬁssksteaysnﬁnys fetrforchiasd apinwzdmhwesolt he

| OV@O b%‘d@%&%X as gaow%r}g F 1é3 hg' Pb go i sﬁo%s a signal-flow block diagram of a computer-based

feedforward optimizing control system. Procéss variables 220 are measured, checked for
reliability, filtered, averaged, and stored in the computer database 222. A regulatory system 223
is provided as a front line control to keep the process variables 220 at a prescribed and desired
slate of values. The conditioned set of measured variables are compared in the regulatory system

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

30 224B. Also note 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

discrepancies arising from simplifying assumptions incorporated in the model 227. In this case,



will be much narrower than in a periodic maintenance system The oil
separator (e.g., partial distillation apparatus 105 or other type system
in a closed | oop feedback systemis itself typically less efficient than a
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advant ages to each type of arrangenent. 25 EXAMPLE 2 Fig. 7A shows a bl ock
diagram of a first enbodi nent of a congzol system according to the present
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nodel of thee@ég@%pé‘tbased on neural network 203 technol ogy. The vari abl es
are preproc produce a set of derived variables fromthe input set,

as well as toAd@BHRSERlg. PCILMRALRYPANIIRB6EIQBSEEh Bshild frigdabacagks. The
neural network 203 evaluates the input data set periodically, for exanple
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t he neurpbvided incrdata@® 23¢, simich skgpteittbe opwationall spaqedditle systbmyisto@mul®4s ofand t he
neural network i.s update 05 to reflect.or take in 10 a nt the
Merror+ RSP et BB G S8R bt mineSEh i PG ol S P b 205,
whi ch  niayinfass 23tieglaptiedy déteinihdiebynbeisalrondiribgropelatiors @pandad ie opiifthecat es a

Iikel% error ipn.either the sensors and network itself, or the plant being
cont tbl | BYEYFRETGHt rol |l ed variable is, for exanple, the refrigerant charge

in the systemai B aRbdRITed B thd @MADAR 1381k tOIBE &lling d'ehsﬂif'idi* tHeQfpklaflSfA Mack,r om t he
evaporator 211 is transferred to a storage vessel 5 212 through a val ve

210. | n whenehe se obiagutparamaiess identifiegagedipoprletedirggaoranfithaenerafiontlebanened to the
compr e BhRidyRiek B0 Ehial Loy Ruyvel e athusy bRl oRggaT
subj ect edthtrcdhandiaf ths regicana tiwuspefatioadlisparve is poorly populated, the control 230 provides a
20  slow, searching alteration of the outputs seeking to explore the operational space to determine
the optimal output set. This searching procedure also serves to populate the space, so that the
control 230 will avoid the naive strategy after a few encounters.
In addition, for each region of the operational space, a statistical variability is determined.
If the statistical variability is low, then the model for the region is deemed accurate, and
25  continual searching of the local region is reduced. On the other hand, if the variability is high,
the control 230 analyzes the input data set to determine a cosrelation between any available input
235 and the system efficiency, seeking to improve the mode] for that region stored in the
database 234. This correlation may be detected by searching the region through sensitivity
testing of the input set with respect to changes in one or more of the outputs 231, 232, 233. For
30  each region, preferably a linear model is constructed relating the set of input vartables and the

optimal output variables. Alternately, a relatively simple non-linear network, such as a neural

network, may be employed.



EXAMPLE 3 A second enbodi nent of the control system enploys feedforward
optim zation control 20 strategies, as shown in Fig. 7B. Fig. 7B shows a
signal -fl ow bl ock di agram of a conputer-based feedforward optim zing
control sywbemsnEi@sess variabl es 220 are neasured, chagkad§Bk39175
reliability, filtered, averaged, and stored in the conputer database 222. A
regul atory system 223 is provided as front line control to keep the
process variables 220 at a prescribed and desired slate of values. The
condi ti oned s t of neasured variables are conpared in the regulatory system

25 223 with (e cRFasmaliregiops, o srampiey @%ﬁéh%@l&rat@gaﬂ;ﬁp@ﬁ?dnfeﬁfawz ation

routine s@%ﬁﬁed%ﬂ%r&" 1efﬂ§ér%tcﬁﬂfg@fe§elt ﬁ'@rﬁ _48%dq H@O%%@ﬁéﬁ%@oﬁ@gﬁt&ﬁl bractions
that are then transmtted as outputs 225 to final ontirol elenents in the

process xgnoratgely GéYorfram Pirto A%, aréigmnmqssqr spsedt fsom 2 Binametodemiimen irilfher

from ope O%Hriggreﬁlé}f?ftjtlt %?af'f‘ p%%séﬁlé 9{@ -mﬁf Ex{hgr SBQ&%II%%onaSt J) On r g&ja?lu 224B.

Not e tha di Fec pon

arri A ngsizt wgmlsdqai;ddrmlthsmnsmmtmf thd cartp.ltém g4 Bana@doﬂfs)atﬁ@stpécttd&@brtiolneofmdel
227 is tBdat edpﬁv? means of a special routine 228 just prior to use by the
optim ze e feedback update feature ensures adequate nmat hemati cal

process  deschiRbhted) syshens Risé Bro@fdesTh RR LS §pRitl OB eit sy QBm Stakt@p Gndshehtdoiwi.
addition, will caonpensate for _discrepancies arising fromsinplifying

assunpt | DI 1 AiSHRE Foede nprodh apergingp! podes, in ghat presexcaffeienands pU@aragbian 4
PCT/ US2QQ34.039 gﬁlerahélz dbRe tuﬁﬁs@a ggéxﬂx@rg Mﬁrﬁe@ﬁ%@mﬁaycogﬁol ifQEs ‘%f*ﬁgéva

conpressor speed, al one or Ition to refrigerant charg The

i nputd vauonaﬁetre@na}oetanu s sodea slep pwivivielogtionsdor ¢ootrel dyste@xninpliztidn andhcl udi ng
refri gertgﬂj %héar I evel optionally system power consunption

(kWatt pgg as thernodynam c 5 paraneters, including condenser
and evapor at dns\nateélthalt ametk&tremefeﬂ Apdatctine for tieasyeienderelainey iepapemnaal wat er
flowrates a pr.essure, npressor _RPM suction and@ijﬂwgharge

pressur & 'a‘ﬂ%fgtc%‘ﬁﬁblé’i‘%&’?aé( beé]ﬁ‘H eﬁ‘ﬁ’&ﬁeéﬁﬁm ¥ 8%%@?‘@%@8@%9&9&?%‘{%%% LE 4 As
shown i npdritifim [V6r ARIGR NP Rbces¥E hRMIng 30inlSwPKP Gk HRM! Wak 6Pt Gk, and

refrisiglerant charge 10 | evel 231, conpressor speed 232, and refrigerant oil
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inputs which 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 detects an
abnormal state, either in the plant being controlled or the controller itself, it is preferred that
information be communicated to an operator or service engineer. This may be by way of a
stored log, visual or audible indicators, telephone or Internet telecommunications, control
network or local area network communications, radio frequency communication, or the like. In

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

The foregoing deécﬂption 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 modifications and variations are
possible in light 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 invention pertains.



15 energy efficiency. Data is also stored in the database 234 as to the
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20 4. The method according to claim 1, further comprising the step of estimating an oil

migration into the evaporator.
5. The method according to claim 1, wherein said outer control loop is adaptive.

25 6. The method according to claim 1, wherein said inner control loop comprises a

feed-forward characteristic.

7. The method according to claim 1, wherein said outer control loop compensates
for oil migration into the evaporator.

30

8. The method according to claim 1, wherein the outer control loop compensates for

alteration in refrigerant charge condition.



networ k cal cul ati ons maybe i nplenmented serially on a general purpose
conputer, e.g., an Intel PentiumIV or Athlon XP processor running W ndows
XP or a real tinme operating system and 15 therefore specialized hardware
(other thap the data acquisition interface) is typicall sary. It
is pref er r 8@ PHEP*%e control system provi de a di agnost]%(%f}@{ffmp:’@%%G whi ch
"explains" the actions of the control, for exanple identifying, for any

gi ven control decision, the sensor inp@t-s which had the greatest influence
on the output state. In neural network systenms, however, 20 it is often not
possi bl e to canpl elied iethat dcondinigze clatin O idikin afldist BRY of i RIner ddRBoISYSE €M
detects an, .abnor mal lstate,_ either in the plant being controlled or the
cont r ol | &d the QRiex contrpl logp Berfir 4 Gost-PRARIZAUORS or mat i on be communi cated to an
operator or service engineer. This may be by way of a stored |og, visual or

audi bl e indicators, tel ephone or Internet tel ecomunications, control
network or |obdl aFksameibedwserrdingrioralaine At Wisngin atlaeit eng ofdheinnescontipkioen cat i on,

or the I ] g : i C (o0 |- tected and
wher egt he p hgh?telgg)r? %?%B%@r&?ﬁ;f& ate%ﬂgﬁlgaéﬁggfﬁ P 1;2)‘6;6753 %r e Otgfr %1%§?t%ﬁpr ovi de a
"f ai | saf eticonpessatg thowirigepation gydtinh ambititastrane cempenenbef a Pantfeorphethg thhe

foregoin clleesré:tgoin%tétglﬂ of the preferred enbodi nent of the invention has been
presente ﬁf%r purposes of illustration and description and is not intended

to be exhaustive or to 30 limt the invention to the precise forns

di scl osed, since n di fications an ariations are possible in |ight of
The above. t eabhi nol ISP RITEdD FBHS L+ BT SuERES e Boa riHae

specithi catdpansor pRABNBEBsefRYtiQCE Hroh PeftiBOSS 1 HelrbBGerafiod §Bteal t t 0 which
t he i nvent ipgn pg?t ai ns. \Xf) %04/ 053404 PC%QUSZOOCSIIOB ?L?S Qgg CLAI M5: What
is clained is: 1. A nethod for optim zing operation of a refrigeration

For optim zi ke staaTa) Ao IPELR e SR AR R P BRI 40, 0P

for optimzing a sup I qul orator;” and
def i ni ngadaptiseitedel o titerrefrigeratgn systemolot prediztingpp @spoaved! tbé systshr fogbarges inian t he
evapor at or SSsvai.cL eout er control | oop defusing a supply rate for said inner
control F%dSB b&g%& ‘'on an optimzation including nmeasurenent of evaporator
perfqsmance, 10 said inner control loop optimzing liquid refrigerant supply
based on said_ defined supply . ) .
13, A refrigerafion system comprising a compressor for compressing a refrigerant, a
condenser for condensing refrigerant to a liquid,  an evaporator for evaporating liquid
refrigerant from the condenser to a gas, and a controller which optimally controls both a supply
of liquid refrigerant to the evaporator and a level of refrigerant in the evaporator.
20
14, The refrigeration system according to claim 13, wherein the controller uses a

genetic algorithm to predict an optimal state.

15.  The refrigeration system according to claim 13, wherein said controller
25  comprises:
an inner control loop for optimizing a supply of liquid refrigerant to the evaporator; and
an outer control loop for optimizing a level of refrigerant in the evaporator,
said outer control loop defining a supply rate for said inner control loop based on an
optimization including measurement of evaporator performance,

30 said inner control loop optimizing liquid refrigerant supply based on said defined supply

rate.



rate. 2. The nethod according to claim1l, further conprising the step of
predicting a need for refrigeration systemservice. 15 3. The net hod
according to claim1l1, further conprising the step of providing a buffer for
supply of refrigerant to the evaporator, the |l evel of the buffer being
responsi ve W0 28@i0840put er control |oop. 20 4. The net ho®CAASE300MIX 0 cl ai m
1, further conprising the step of estimating an oil magration into the
evaporator. 5. The nethod according to_g{faim1, wherein said outer control

| oop is adaptive. 25 6. The nethod according to claim1l, wherein said inner

O Ol gD I ey LRBAL WA 1S BARGLSbALAE bl TP DRI

according to claim1l, 'wherein said outer cont conpens 4for oil
mgrati orte$en‘tec9fﬂlh@dev®1g@m or. 30 8. The nethod according to claimil,
wherein the outer control |oop conpensates for alteration in refrigerant
charge condition. WO 2004/ 053404 .PCT/ US2003/ 039175 -40 9. The net hod

accor di ng to dWai rTTI’]he sy&fbﬁfﬁicmd&igtbeﬁﬁﬁ 1enghepdin b el drederiedRful et @Rt isand

t he ouyter a;fé 8 form a cost-optimzation. 10. The nethod according
to cl d mepntr SW*QFm QBt one of the inner control loop 5 and the outer
control |loop performa cost-optimzation of a process, said
cost-optimzation enconpassing the refrigeration systemand at |east one

conmponent of a,plant refri rat ste 1. The net hod
according to cl gl r‘]\lm%{‘iqglrit rcggté‘%)ﬁr]%ﬁg PRI HE eragl " Flyosggln? % Mo
evapor at or evapshi renpesing: separatlng 0|I fron1refrigerant in the

refrigeration system 12. The nethod according to claim1, further

conpri si ngPrPH'é“@taéﬁ“Hf’ll%rf%rv‘ioﬂfrﬁﬁméﬁle rafigstation Sypisue passe op heedpagky thger ati on
system for predicting a response of the systemto changes in a process
vari able. 15 13. A refrigeration systemconprising a conpr essor for
conpr essi ngpniroliidgrisgepipof liqud refrigerant to the evaporator with an inner control loop to

maintain an evaporator refrigerant level; and

controlling a level of refrigerant in the evaporator to be maintained with an outer control
loop,

said outer control loop defining a supply rate for said inner control loop based on a
measurement of evaporator performance, wherein the supply rate for said inner control
loop 1s increased or decreased by said outer control loop to maximize the measured
evaporator efficiency,

said inner control loop controlling the liquid refrigerant supply based on said defined

supply rate and a cooling demand.

19.  The method according to claim 18, wherein the refrigeration system has a
range of normal operation, outside of which the refrigeration system is impaired, and
needs a refrigeration system service, further comprising the step of predicting a need for

refrigeration system service.

20. The method according to claim 18, further comprising the step of
employing an adaptive model of the refrigeration system for predicting a response of the

system to changes in a process variable.

21. The method according to claim 18, further comprising the step of predicting a

need for refrigeration system service.



condenser for condensing refrigerant to a liquid, an evaporator for
evaporating liquid refrigerant fromthe condenser to a gas, and a
controller which optimally controls both a supply of liquid refrigerant to
the evaporator and a | evel of refrigerant in the evaporator. 20 14. The
refrigeration systemaccording to claim 13, wherein the controller uses a
genetic algorithmto predict an optine{y state. 15. The refrigeration system
according to claim 13, wherein said controller 25 conprises: an inner
control loop for optimzing a supply of liquid refrigerant to the

evapor at or; and?. Hr nethat accomdingab clagop 8f forthopbimpiizing theastdpenfgirowading @f ri ger ant

in the ev ator, sai uter control | oop. defini upply rate for said
i nner conf@g{er F%prpi%ggﬁﬁ' mé‘ﬁ% @f)f"l’ar?lo?é‘{ri @ﬁ?eivﬁ@?f?}g‘f ﬁ‘tﬁ 598 ement  of
evapor at orrefjRhiio¢ BAREoutdQob@bldodgIner control | oop optinm zing |iquid

refrigerant supply based on said defined supply rate. WO 2004/ 053404
PCT/ US2003/ 039175 -41 16. The system according to claim 15, further

i Si by# f ' f o liguidrefri t. 17. Th
Cyatem accor di ag (S e etk el By cobp Mol leGien FEHMR g gor ant

is 5 contadlil egrdipnsatodhcotvaperalonop. 18. A method for controlling operation
of a refrigeration system having an evaporator, conprising: providing a
controller for controlling the refrigeration system based on feedback, the

control | er: con rfeldtbPacesilgho Bfairh i SUUKb&iR Lil 961ABS kP 1dohgs €Vapor at or
with an inner control loop to "maintain an evaporator refrigerant |evel; and

control | i ragagtiveevel of refrigerant in the evaporator to be maintained with
an outer control |oop, said outer control |oop defining a supply rate for
said inner control |oop based on a neasurenent of evaporator perfornmance,

wherein the supplThemadilod Reodaigdo cRNMEN 8 GARrEiRkaid RRP corirol MopRBHBHsRr
decreased by said outer control |oop to nmaxim ze the neasured evaporator
ef fi ci ency? eed-forward characteristic.

26. The method according to claim 18, wherein said outer control loop

compensates for oil migration into the evaporator.

27. The method according to claim 18, wherein the outer control loop

compensates for alteration in refrigerant charge condition.

28. The method according to claim 18, wherein at least one of the inner control

loop and the outer control loop perform a cost-optimization.

29. The method according to claim 18, wherein at least one of the inner control
loop and the outer control loop perform a cost-optimization of a process, said cost-
optimization encompassing the refrigeration system and at least one component of a

plant employing the refrigeration system.

30. The method according to claim 18, further comprising the step of modifying

evaporator performance by separating oil from refrigerant in the refrigeration system.



said inner control loop controlling the liquid refrigerant supply based on
said defined supply rate and a cooling demand. 19. The nethod according to
claim 18, wherein the refrigeration systemhas a range of nornmal operation,
outside of which the refrigeration systemis inpaired, and needs a
refrigeration systemservice, further conprising the step of predicting a
need for refrigeration systemservicel3 20. The nethod according to claim
18, further conprising the step of enploying an adaptive nodel of the
refrigeration systemfor predicting a response of the systemto changes in
a process vari ablTae methodmseordingiio alabie dridithay covpdsiag thesgp of praviding conpri si ng
the step of i.Ct | r igerat..on s e yice 42 22. The
ot hod accbraigeri Bt R R Rtb A ALLAR TR S i ng
buf f er f orchsuyeplnya plocesefvniigbdr.ant to the evaporator, the level of the buffer
being responsive to said outer control |oop. 23. The nmethod according to
claim 18, further conprising the step of estimating an oil magration into

the evapor at or 33 2 meHag f&%ggﬁzi_ﬁl%sperrgidaq)ffa%ﬁlgeéaﬂa)#%ste\mﬁmr%ansai d outer

control loop is adaptive. e nmethod according to claim18, wherein

sai d i nnerevepnatooind legmgcoepirdlsestemdof eatofliogwanpp!y haliaod egfrigerpnt.to 26. The

nmet hod acggrdingﬁ%o claim 18, wherein said outer control |oop conpensates

for oil nlg?g@P “nto the evaporator. 27. The method according to claim 18,

wher ei n t eHARKETERIMEDAN TI9AP conpensates for alteration in refrigerant
charge condition. 28. The nethod according to claim 18, wherein at |east one
of the i nri@rinessKeRtEl loapdp defiied fenpptiguiziag a swmly of liquishys figerans igihg
cost - opt i nd, 28§ @R .and9- The nethod according to claim18, wherein at |east
one of the inner ‘control |oop and the outer control |oop performa

cost - opt i mnzaitdr contofl l@pproddssior sptimizngst leved pf reffii geadrit anthe regrpassi ng t he

refrigeration system and | east one ¢ onent of a | ant l,oyi ng the
Fof i gor at MORCIS Y B 30O 1908 Sy ROt 2B BARG G el saioL op FAe Hir
conpr i si NGant ¥ nSEa8Bn ebmp@ehd ¥ hidGsurement of evaporator performance, and

wherein the inner control loop optimizes a liquid refrigerant supply based on the defined

supply rate.

33. The method according to claim 32, further comprising the step of predicting a

need for refrigeration system service.

34. The method according to any of claims 32 and 33, further comprising the step
of providing a buffer for supply of refrigerant to the evaporator, the level of the buffer

being responsive to said outer control loop.

35. The method according to any of claims 32 through 34, further comprising the

step of estimating an oil migration into the evaporator.

36. The method according to any of claims 32 through 35, wherein said outer

control loop is adaptive.

37. The method according to any of claims 32 through 36, wherein said inner

control loop comprises a feed-forward characteristic.



evapor at or performance by separating oil fromrefrigerant in the
refrigeration system 43 31. The nethod according to claim 18, further
conprising the step of providing an adaptive nodel of the refrigeration
system for predicting a response of the systemto changes in a process
variable. 32. A nmethod for optimzing operation of a refrigeration system
havi ng an evaporator and having a comgrol systemfor controlling a supply
of liquid refrigerant to the evaporator, CHARACTERI ZED I N THAT an i nner
control loop is defined for optimzing a supply of liquid refrigerant to the
evaporator; and an outer control |oop provided for optimzing a | evel of

refrigerant in evaporator, wherein .the outer control |oop defines a

supply rate fo;’é'[]'ﬁ‘@ ”?q?i}ﬁ@racﬁ?fﬂﬂgd? 6% l"ﬂﬁ'§§a tlHH“g}a?ﬁb‘%'ﬁeﬂﬁ PYH conpri si ng
a measur en®itoldboPUARRN AN foPEN HBRICE0 tAOE BRI N the inner control | oop
optimzes a liquid refrigerant supply based on the defined supply rate. 33.

The met hod according to claim 32, further conprising the step of predicting

a need for rekgigerati rvi Ge ) t had.according to any of
ol aims 32 and 35 P ORbEr BT AR Glnsd Ly T S SIRG R A B Fer o

supply of dwoefrslilgey amipehaatéshfor slwapivhath efigdrivg chavetorditidnhe buffer being
responsive to said outer control |oop. 35. The nethod according to any of
clainms 32 through 34, further conprising the step of estinating an oi

X . . ) i : | ai 32
mgration int 04@.%6%@%&%&@1@3@@;\{%1%@ b@%r@ﬁ%ﬁjﬂﬂgreﬁ@%gg%t e df @l s

t hrough 35, wherein said outer oop IS aptive. The net hod
accor di ng thoinagycopfrolcloap amd B2 otifar cangriol B6p pudiemed cossaptiinizatier.  control | oop
conprises a feed-forward characteristic. 44 38. The method according to any
of clainms 32 through 37, wherein said outer control |oop conpensates for oi

M gration int o4t hghe@NARY RL&Hing39 anyl BecldTRk RO thrae@ O (ihgrdiPaiaeast &fe il ai s 32
t hrough 38, wherein the outer control |oop conpensates for alteration in
refriger arthe vl gatrelaap aadihe outer control loop perform a cost-optimization of a

process, said cost-optimization encompassing the refrigeration system and at least one

component of a plant employing the refrigeration system.

42. The method according to any of claims 32 through 41, further comprising the
step of medifying evaporator performance by separating oil from refrigerant in the

refrigeration system.

43. The method according to any of claims 32 through 42, further comprising the
step of providing an adaptive model of the refrigeration system for predicting a response

of the system to changes in a process variable.

44, A method, comprising compressing a gaseous refrigerant; condensing
compressed refrigerant to a liquid; evaporating liquid refrigerant to a gas in an
evaporator,

CHARACTERIZED IN THAT

a liquid refrigerant supply to the evaporator is controlled with a first timeconstant to
meet an immediate cooling demand; and process conditions which alter operational
efficiency of the evaporator in a load-sensitive manner are controlled with a second

timeconstant, longer than the first timeconstant.



40. The nethod according to any of clains 32 through 39, wherein at | east
one of the inner control |oop and the outer control |oop performa
cost-optim zation. 41. The nmethod according to any of clains 32 through 40,
wherein at | east one of the inner control |oop and the outer control | oop
performa cost-optimzation of a process, said cost-optimzation
enconpassing the refrigeration system4gnd at | east one conponent of a plant
enploying the refrigeration system 42. The method according to any of
clainms 32 through 41, further conprising the step of nodifying evaporator
performance by separating oil fron1refrigerant in the refrigeration system
43. The nethod or di to a of . cl 32. t hrough 42 urther conpr|5|ng
the step of p? 89%?13%?8 C@%{% \951% B‘freltnﬁg Pré???slsﬁg?dé??%r‘fog\%?em f or
predicti ngnavé@g@@ma%fhqﬁldtrﬂagsmﬁttlﬁrﬂnet@ag&at@ges in a process variable. 44. A
met hod, conprising conpressing a gaseous refrigerant; condensing conpressed
refrlgerant to a liquid; evaporating liquid refrigerant to a gas in an
evaporator, CHER ﬁ'ﬁ%ﬁ&%%&%} c?al%'ﬂu%qeréﬁftﬁé Eé’%@tcoéolf (ws%oﬂl rlgéﬂ'e
evaporator is contro irst tineconsta t to nnedlate
cool i ng denmngpsimdoplipodsdrigromdiin themsapaitah al t er operatlonal ef ficiency
of the evaporator in a | oad-sensitive manner are controlled with a second

ti meconstant, longer than the first timeconstant. 45 45. The net hod
according to chai Wﬂéme%@%@do’ﬂdxh%ﬁ) YT eRnEANEI 46l GRSrcOAPpice&san average
level of liquid refrigerant in the evaporator. 46. The nethod according to
cl ai m 44, C\m@tleﬁ&pomvélsw@emsmb@lhdissqlmﬁls}nélmrpfrlgg@nt @ thopywsiatiron of |iquid
refrigerant in the evaporator. 47. The nmethod according to any of clains 44
to 46, wherein the process conditions conprise conpressor oil dissolved in
t he refrigeranusinTh@emeMapammmmgUJm@&ﬁcmhﬁsmemmudwaaebﬂﬂépgmé@ any of
clains 44 to, 47, wherei q1 process caondi ns ar %fl changi ng a
rati o of I‘ioaﬁln‘FIB“Sr%W“‘d%(p%F AWRAHESGITRUG o Ay fé éﬁﬁ&”éf' ol ‘“4 ee 8'3HEt hod
according to any of clainms 44 to 48, further conprising t he steps of.

measuring a refrigeration efficiency of an operating refrigeration system
49.  The method according to any of claims 44 to 48, further comprising the

steps of:

measuring a refrigeration efficiency of an operating refrigeration system;
altering the process variable of the refrigeration system;

determining a process condition which achieves optimum efficiency; and
establishing the operating point of the refrigeration near the determined optimum

efficiency.

50. The method according to claim 49, wherein a further process conditions
comprise refrigerant charge condition, the operating point being established based on

both compressor oil dissolved in the refrigerant in the evaporator and refrigerant charge

condition.

51.  The method according to any of claims 49 to 50, wherein the operating

point is maintained by closed loop control based on the determined optimum efficiency

process conditions.



altering the process variable of the refrigeration systemy determning a
process condition which achieves optinumefficiency, and establishing the
operating point of the refrigeration near the determ ned optinmum

efficiency. 50. The method according to claim49, wherein a further process
conditions conprise refrigerant charge condition, the operating point being
establ i shed based on both conpressor 46| dissolved in the refrigerant in

t he evaporator and refrigerant charge condition. 5 i . The method according
to any of clains 49 to 50, wherein the operating point is maintained by

cl osed | oop cofdrollhpasdad gerordiag aequ&p@g@s Phtoi Yhurheret the efficiencypisocess

oLt o mcaflred Béring (e h A0 AEROL ALVAGioh & - Qles UM Bobidpe - 00! B

the efficiency Is uri ng operation mat € a devi ation of the
process cafedirhinedsptimomecfficencgererss coaditiopd.i mum ef fi ci ency process
conditions. 53. The method according to any of clainms 44 to 52, further
conprising the step of providing an adaptive nodel of the refrigeration

system for prest ctirRgmthod 88idihy td shyQft claltfs MV RILMlrPeCAGRMe tRe @ Process
variabl e conponent of the procesS conditions. 54. The nmethod according to
any of cl atapefprvidingdt adagtivhiepdd ohfheirefirigeratioesystamefes puidictidger mi ni ng a

sensitivity to. n i I t one of refrigerant ar ge, conpressor
oil dissd r\llstétgwﬁno ?lﬂeesgystg*nﬁf)gé?né”g?% Wne éi%/rglgkrcé)?" P ?enér?gn}eé? f6§er ati on
syst em | oadndidogs. defining an efficient operating regine based on the
determ ned sensitivity. 55. The nethod of any of clains 44 to 54, further

conprising the steps of. determning an optimum conposition range for a

m xture of _conwnemqémiemoafa&omgw S g LML AN &ws‘l@%@ﬁiveness
of renmedi ating a change in m xtufFe conponents within the evaporator to a

conposi ti ctepwiof:hi n t he opti num conposition range; and when cost effective,
remedi ating,the.m xture copponents. wthin th vaporator to wthin the
opt £ mum comBRrVTLh Ry ey BRMaR i Ity i ST g bk PPt o aller of n
sai d det erdiispivag irtdhe @EipeRIMin the evaporator, and refrigeration system load; and

defining an efficient operating regime based on the determined sensitivity.

55. The method of any of claims 44 to 54, further comprising the steps of:
determining an optimum composition range for a mixture of components in the
evaporator;
determining a cost-effectiveness of remediating a change in mixture components within
the evaporator to a composition within the optimum composition range; and
when cost effective, remediating the mixture components within the evaporator to

within the optimum composition range.

56. The method according to claim 55, wherein said determining an optimum
composition range compriscs determining an efficiency at a plurality of component

mixture conditions during a remediation process.

57. A refrigeration system control, adapted to control a system having a
compressor compressing a gaseous refrigerant, a condenser for condensing compressed
refrigerant to a liquid and an evaporator for evaporating liquid refrigerant to a gas in an

evaporator,



conposition range conprises determning an efficiency at a plurality of
conponent m xture conditions during a renedi ation process. 57. A
refrigeration systemcontrol, adapted to control a system having a
conpressor conpressing a gaseous refrigerant, a condenser for condensing
conpressed refrigerant to a liquid and an evaporator for evaporating liquid
refrigerant to a gas in an evaporatory; 47 CHARACTERI ZED IN THAT a liquid
refrigerant supply to the evaporator is controlled with a first tineconstant
to neet an i mredi ate cooling demand; and process conditions which alter
oper at i ondlHARACIERMLYD N THeT evaporator in a | oad- sensitive nmanner are
controlled]mﬁgg_g.sec?nd {in?constant,.longqr thgp %he.first titeconstant.
58. The r&f [UEFHIEBRT WPRPSHIROHEPYRIL SESREPIRY Wit & IR HINSSnSRAE ei n t he
process GRRdad inn&difebRdlingRleAAn@vgiage | evel of liquid refrigerant in the
evaporator, 59. The refrigeration systemcontrol according to claim57,
wher ei n tW@Cﬁﬁ&f@eé@onwh@ﬁﬁlt@me@@ﬁwpﬁ“@mcmﬁfb@mnomﬁordﬁ allpagai d refri gerant
L e ey AR ALy e TR IEL WS BT SYSIGI GO B BRCQEN 19 Lo any of
claims 5710 5, erein the process conditions ¢ ri'se conpressor oi

di ssol ved timectfweant.ef ri gerant in the evaporator. 61. The refrigeration
system control according to any of clains 57 to 60, wherein the process
conditions are altered by changing a ratio of liquid refrigerant and oil in
the evaporat of sg 67he Eifrelibh sPRIAEMRDI SHSEAMR CUMiR0I7, %&%mh@gmtc&sany of
clainms 57 to 61, further conprising the steps of. neasuring refrigeration
ef fi ci encyooditions periat amgverageiévgboiquachre§ysrantmin thakvaporatgr. t he process

vari able of the refrigeration system deternm ning a process condition which
achi eves optinumefficiency; and establishing the operating point of the
refrigeration pearhddfigdeikionRidaed conidl aruardisd fol Cdieny wherin thBgrdeedsr i ger ati on
system control according to claim62, wherein a further process conditions
conpri se rendifigeyortpricnacearesti afilighid retigegpeinds HEPpai%t bei ng

60. The refrigeration system control according to any of claims 57 to 59,
wherein the process conditions comprise compressor oil dissolved in the refrigerant in

the evaporator.

61.  The refrigeration system control according to any of claims 57 1o 60,
wherein the process conditions are altered by changing a ratio of liquid refrigerant and

oil in the evaporator.

62. The refrigeration system control according to any of claims 57 to 61,
further comprising the steps of?
measuring a refrigeration efficiency of an operating refrigeration system;
altering the process variable of the refrigeration system;
determining a process condition which achieves optimum efficiency; and
establishing the operating point of the refrigeration near the determined optimum

efficiency.

63. The refrigeration system control according to claim 62, wherein a further

process conditions comprise refrigerant charge condition, the operating point being



48 established based on both conpressor oil dissolved in the refrigerant in
the evaporator and refrigerant charge condition. 64. The refrigeration
system control according to any of clains 62 to 63, wherein the operating
point is maintained by closed | oop control based on the determ ned optinum
efficiency process conditions. 65. The refrigeration system control
according to any of clainms 62 to 64, 48herein the efficiency is nmeasured
during operation to estimate a deviation of the process conditions fromthe
determ ned optimum efficiency process conditions. 66. The refrigeration

syst em cortfiablishgd based pmbothsomyesst of|digsplyedsin the refigeranjie feiemappsiter

refrigera%hgRf§%§&ﬁqhgggg5ﬂhﬁ@ﬂp!oys an adaptive nodel of the refrigeration
system for predlcting sensitivity of the systemto changes in a process

vari abl e conponent of the process conditions. 67. The refrigeration system
control accordjng any of.clains 57 to 66, wherei.n said refrigeration
systgn1controlb%ettﬁ%?ﬁé?”ﬁ“@éﬁ%???g?P§aPﬁ”@“%H%ﬂﬁéﬁFH“@fg%@ﬁé% “one of
ref ri ger anthegdidii@@peRANPHEESRmaDithingl Bo@biadodponhi6l 884 bggeant in the
evapor at or and refrigeration system| oad; and defines an efficient

operating‘k@ﬁﬁﬁ@dB@@B@“@ﬁmﬂﬁ@Y@éﬁéﬂﬁWﬁ@d0@%nsitivity. 68. The refrigeration
systemcontrol of any of clains 57 to 67, wherein said refrigeration system
control determ nes an optinmum conposition range for a m xture of conponents
in the evapor aédr; Thetetigdrnes sasteasbatedl heatrdivgness «dfclaimseliccdd, ng a change

in mxture co nents wwthin the evaporator to. a conposition within the
opti mum cd%ﬁ%n?ﬁ]ec?ﬁft‘crl%{ﬁéé?: MESRYTSAUTEHNE SRErar i cppc aé‘f"f"é%‘fré(’fgh‘? enedi ati on of

the m xt UngoCNRARRRAS ¥tk fetdhfnedIpARREAL MLk Wbt BodditfonPt | mum
conposition range. 49 69. The refrigeration systemcontrol according to

claim68, wherein the optinmum conposition range is determ ned based on a
nmeasured efficipency, at .a pluralit of co nent. m xture ditions during a
r enedi at i on pr @eszhe refrlgeFr)atlon syste% control accrgr)(?mg 0 any SEcHifs SPI éSt,

wherein said refrigeration system control employs an adaptive model of the refrigeration

system for predicting a sensitivity of the system to changes in a process variable

component of the process conditions.

67. The refrigeration system control according to any of claims 57 to 66,
wherein said refrigeration system control determines a sensitivity to a change in at least
one of refrigerant charge, compressor oil dissolved in the refrigerant in the evaporator,
and refrigeration system load;

and defines an efficient operating regime based on the determined sensitivity.

68. The refrigeration system control of any of claims 57 to 67, wherein said
refrigeration system control determines an optimum composition range for a mixture of
components in the evaporator;
determines a cost-effectiveness of remediating a change in mixture components within
the evaporator to a composition within the optimum composition range; and
when cost effective, effects a remediation of the mixture components within the

evaporator to within the optimum composition range.
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69. The refrigeration system control according to claim 68, wherein the
optimum composition range is determined based on a measured efficiency at a plurality

of component mixture conditions during a remediation process.



