METHOD AND APPARATUS FOR OPTI M ZI NG REFRI GERATI ON SYSTEMS RELATED
APPLI CATI ONS The present application clains benefit of priority fromU. S
Provi sion Patent Application 5-Nos. 60/431,901, filed Decenber 9, 2002, and
60/ 434,847, filed Decenber 19, 2002, each of. which is expressly
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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 _quuid, and flows by gravity to the bottom
of the condenser, where it is fed through a valve or orifice to the evaporaior.
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 il
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



gaseous refrigerant and liquid lubricant are separated by gravity, so that
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20  system increases, the equthbnum Wlthln 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 eleciric expansion valve based on cooler pinch and discharge
25  superheat. This system seeks 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 performarce, 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 5

refrigeration system having a flooded cooler with a liquid level sensor.



-3- Each of these strategies provides a single fixed setpoint which is
presuned to be the normal and desired setpoint for operation. Based on this
control variable, one or nore paraneters of operation are varied.
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ciency, since temperature eq ration 1s Mnpaued, a larger temper ature erential must
be maintained to achieve the same heat transfer. The heat transfer unpedance 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 ﬂﬁid reﬁigerants
commonly used today typically include halogenated and partially halogenated alkanes, including
clﬂoroﬂuorocarbons (CFCs), hydrochlorofluorocarbons (HFCFs), and less commonly
30 hydroﬂuofocarbbns (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.



R11, R12, R22, R500, and R502, each refrigerant having characteristics that
make them suitable for different types of applications. -4 1In an
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reduced system efficiencies resulting from increasing oil concentration in the evaporat01 Thus,
buildup of large quantities of refiigerant oil within an evaporator will reduce efﬁczency of the
gystem.
In-line devices may be provided to continuously remove refrigerant oil from the
25  refrigerant entering the evaporator. These devices include so-called oil eductors, which remove
oil and refrigerant from the evaporator, returning the oil to the sump and evaporated refrigerant
to the compressor. The inefficiency of these continuous removal devices is typmaﬂy 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 cil. Therefore, only a small proportion
30 ofthe refrigerant leaving the condenser may be subjected to this process, result_iﬁ_g in poor
control of oil level in the evaporator and efficiency loss. There is no adequate syétein for

controlling the eductor. Rather, the eductor may be relatively undersize and run SC(fntinuoust.



30 of the refrigerant |eaving the condenser nmay be subjected to this
process, resulting in poor control of oil level in the evaporator and
efficiency loss. There is no adequate systemfor controlling the eductor.
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20 d1fﬁcu1ty of measurement of the amount of refmgerant is compounded by the fact that, during

operation, the evaporator is boiling and froths; measuring the amount duri_ng a'system shutdown
must account for an}; change in distribﬁtion of the refrigerant between the oihei' 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 sysiem 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. Howevet, in typical designs, by providing this -1mge refrigerant
charge, the operating etficiency 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



charge, the operating efficiency of the systemat reduced | oads is reduced,
thus requiring nore 30 energy for the sanme BTU cooling. Bailey, Margaret B.,
"System Perfornmance Characteristics of a Helical Rotary Screw Air- Cool ed
Chiller Operating Over a Range of Refrigerant Charge Conditions", ASHRAB
Trans. 1998 104(2), expressly incorporated herein by reference. Therefore,
by correctly selecting the "size" (e.g.5_cooling capacity) of the chiller,
efficiency is -6- enhanced. Typically t%e chiller capacity is determ ned by
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incorporated herein by reference. It is also possible to control conpressor
speed ushewplais dPeembaint %00y (or 1€ oAneiher knginiterhaigus sieke lplier thy rotgyjonal
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| evel for Xi mum ef f.i ci " st at ed. v L |l evel i.n in the
evapor at Qﬂf’l,qa?q PSR 15 r&%a%%%ﬁﬁéq‘g?lfldgﬁ§% tacg%rg%z%‘%iatﬁla? ﬁlg ep gﬁ%’% ﬁﬁéﬁi’ect on
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unit, 20 typically tons or British Thermal Unit (BT (the amount of energy
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a mni ml  MeagUEATERLBiabR! fol MeBRCKs tHoRUiHRS ofa RANE! | IEL RiidetdIRR
voltmeter, amteter), and thernoneters and flowneters for the inlet and
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NOS- 4. AR petatite of one BHAsh ton 3 oater 1), THid, % inimal méasurement of efficiopcy

requires a power meter (timebase, voltmeter, amrmeter), 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 systen:_i 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, 5,479,733; 4,244,749; 4,750,547; 4,645,542; 5,031,410; 5,692,381; 4,071,078;
4,033,407, 5,190,6 64; 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



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
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present iandes314gos mxemsde ncarmysddirardnby rafdrlred, f or optim zi ng operatlon of a
refrigeration system In nost known refrigeration systens, control is
exerted principally to assure that liquid 5 refrigerant is not returned to
t he conpressor, and otherwi se to assure that the |evel of refrigerant in
the evaporator is presuned to be at a predeterm ned set level. According to
the present invention, the optimum/level of refrigerant and oil in the
evaporator is not predeterm ned. Rather, it is understood that, over tineg,
the system characteristics may change, as well as the |oad characteristics,
and that an optinmal control 10 requires nore conplexity. Likewse, it is
understood that direct neasurenents of the effective |evels of relevant
paranmeters may not be nmeasurable, and thus surrogates may be provided.
According to the present invention, a pair of control |oops, an inner |oop
and an outer | oop, are provided. The inner |oop controls the conpressor,
than is, the notive force for punping heat. This inner control |oop
receives a single input fromthe outer |oop, and optim zes 15 the
conpressor operation in accordance therewith, for exanple conpressor speed,
duty cycle, inlet vane position, and the like. If present, a controllable
expansion valve (typically | ocated between the condenser and evaporator) is
al so enconpassed within this inner control | oop.



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

accunmul ator is not critical, sinply that this elenent allows a variation in
the amount of refrigerant el sewhere in the system The accunul ator nmay be a
| ower portion of the condenser, a separate accunulator, or even a reserve
portion of thaﬂQMhpuRﬁKERTHEHEM&E@ESmmot significantly particulate in the

cool i ng proce 25 Duri steady sta t he.feed of uid
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effectively control the ipper control |oop for the conpressor. Typically,
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“functional” system element, in that the amount of refrigerant in the accumulator is not critical,

(

snnply 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 orevena
reserve portion of the evaporator which does not significantly partlculate m the coolmg 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 absorptlon in the evaporator
will effectively control the inner control loop for the compressor. Typlcally,.this heat absorption
may be measured or estimated from a variety of system sensors, including EX}apofator discharge
temperature and pressure, evaporator water/brine inlet and outlet temper_afui'e and pressure, and
30  possibly condenser headspace temperature and pressure. o
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 evapofater contents,



t he evaporator, and broad enbodi ments of the invention are not limted to
the preferred nethod of neasurenent. The present invention provides,
however, that there is a partitioning of refrigerant, with wvariable control
over the amount within the evaporator. The outer |oop controls this-level to
20 achieve an optinmumstate. In a refrigeration system efficiency is
calculated in terns of energy per unit heat transfer. Energy may be
supplied as electricity, gas, coal, steam or other source, and may be
directly neasured. Surrogate neasurenents nay al so be enpl oyed, as known in
the art. ddeles Ryrusiefaaoptipel yenspsior bid consrrtiatianaives potitnmomlynaeld nesful résolts

cxaml e, i 05 LIRS Dk 8 OB PISA R BMR e b FRL LR €0 DY
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i nst ead ahlculepeti m zing the refrigeration systemitself, the industrial

process may be included. In this case, the production paraneters or .
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control or, serve as inputs. These nmay be accommodated in known manner. Over
time, oi lofMegTER"ENNf rom the oil sunp of the conpressor to the evaporator.

One aspect offyt Bf’eéén@ﬁﬁz@ﬁﬂi&fbr@ﬁ@é’ﬂ, H6Rer, B R is 8 YaktBidhitpiof RiiBaaH Ve, Of |

consunption, in order to . )
variable control over the amount within the evaporator. The outer loop controls this level to

20  achieve an optumum state.

In a refrigeration system, efficiency is calculated in terms of energy per unit heat transfer.
Energy may be supplied as electricity, gas, coal, steam, or other source, and may be directly
measured, 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



estimate oil level in the evaporator. This control systemtherefore neasures
oil replenishnment 15 into the sunp, oil return fromthe outlet of the

conpressor, and oil return fromthe eductor. It is noted that the oil in
the sunp may be mxed with refrigerant, and therefore a sinple | evel gage
will likely require conpensation, such as by boiling a sanple of oil to

renmove refrigerant, or by wusing an oil concentration sensor, such as an
optical type sensor. Thus, it is possibleto estimate the amount of oil
mgration into the evaporator, and with a known starting state or clean
system 2eepesitesvidihiea Ganstenbhangeiomertigipniog| Belded orgn negsuntionwithsoutcting
evapor at ' : gﬁg&g- t : ol ; | l.as Ll et and
out | et tg{ﬁﬁg?%g{%?{ek arllﬁ pr g%lflrd{el?&li |tg_%ftﬁl;e? eefﬁfeﬁ%%gl [él‘hfsomgi%%?x :ijﬁam?oew%eat
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evaporator to_an optinal |evel. Over extended intervals, maintenance nmay be
per f or methernsodustionparampelass of peanemiss of Hsaressestnay bareloylated (o nrpdde amorgyer ant .
Such nai gfoﬁﬁlq#]‘ﬁﬂii_za'ﬁ@ﬂ.“i rements may be indicated as an output fromthe
control Syste or exanple, the control 30 system operates automatically to
i medfat el y t breeglobrd opiimizetion, wihet siisiemsmaryatsoapiviimennizel ar serve ayinguts.(Hhesy i s
trigger egl %egcé teid'?nﬂﬁtﬂﬁfﬁﬁnr%ﬁ”di tions or sone adaptive auto-tuning
process. e addi I on, Overtine, the optimzation control surface will vary.
As this surf aOeentbnd, e migratesdiwoethe oil ewap bf f tomprenwy to the cwapdmtor. Omer ect i on

controls nma i.nvoi.ced, such as oil _ eductor, non -11- condensabl e gas
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control saimdadsieleveiiatd dvaporhto Al ldNBinBHBsySlemSlisrtfome HPAuRE oll AepMidishmeaspect to
a nodel, ,an% det erm ne when a SFrv%tﬁe is required, either g]gcguse hhe
syst &m i &9 tespmy, olletan Gemdhe puifet of the poprvessat ard ol peturg fom TR eductofe it 18 s
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control | OOE’EﬁhS generally insulated fromdirect response to _changes in
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process. Vi Fequise pRIBPIVREI0By Bk ARkIOROIlRg e e ofl 1o aemp e Biectape of Bher
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over time, except bui non- condensa asses i'n the condenser, which

are r el athevglopniefojl migrdtion énto hesvapasrion ard ik hénevn starting staterma clean systems| y
easy,Lt0 pu o i r ‘ | rdi ng
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turn, al bressreyas well as wateeinlat and owlet tefnperagxaapl messuws ibis fopbadoesdible &t vane
position ’estl%{]a e ‘ﬁe)ép gannss ec1)' r(‘:oe\:/f%lci\égts (ijrg’tli'lte ru?ole bu}lcﬁe,%.%d impairments thereof. The refrigerant,

oil and heat traﬁsfer impairments are the principle internal variables which :control the efficiency

of the evaporator. Over the short term (and assuming that oil is not intentibndlly added to the
25 evaporat;)r), refrigerant is the only effective and available control variable. Over longer periods,
-an oil edhctor 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 coﬁec’c heat transfer impairments and purify the refrigerant.' Such maintenance
requirements méy be indicated as an output from the control system. For ekample, the control
30  system d_perates-v 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 additié)n, oveftime, the optimization control surface will vary. As this surface varies to reduce

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



effected based on a static systemnodel, to achieve optimal efficiency under
a variety of conditions. On the other hand, the outer control |oop seeks to
control the short termsystemresponse 15 principally based on an

optim zation of a single variable, refrigerant partitioning, wth variations
in systemload. Wile a static systemnodel is difficult or inpossible to

I npl ement, while achieving the reqU|red accuracy, such a control is readily
i npl emented in an adaptive fashion, to- bonpensate for changes in the

system and indeed, over a period of time, to correct deviations in system
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| ast several..rows of condenser coils, the high-pressure saturated |iquid
refrlgerﬁﬂ? %ﬂﬁuld be subcooled, e.g., 10F to 20F (5.6Cto 11.1 O,

accor di ng to manhé ahénhaed, tlie macummlda:i;i 2 eiss to @sntral fievshold Yersi sgtemIespdndel J.
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and a coPfEeHehbe AHuERd Aecurey.Shgh aoontrphis gepdily ;rgwiﬁmeltt%a@wda@a@éﬁh@nt e heat
renoval  ¢aRaGIshY fH chidlRs BVRE YshD and Qdéad of alpRBo b th& o Sorfedf ddvaRioR N

charge increases, the accunulation of refrigerant storéd in the condenser
on the hﬁgﬁ@@?@@@@ﬁe’é‘#M@leacb’?rsﬁlﬁ@ffggiﬂ’sé?ﬁlﬁff§€¢ﬂplhcreases An increase in the

amoupp  of It is, of course, apparent that these control loops and their algorithmic implementation

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 efﬁciendy. 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 temperature-entropy diagram, wherein the dashed line indicates an ideal cycle. Upon exiting the
compressor at state 2, as indicated in Fig 6A, a high-pressure mixture of hot-gés 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 convecetion (or other cooling medium). In



10 refrigerant in the condenser also occurs as the load on the chiller
decreases due to less refrigerant flow through the evaporator, which results
in increased storage (accumul ation) in the condenser. A flooded condenser
causes an increase in the anount of sensible heat transfer area used for
subcool i ng,. and a correspondi ng decrease in the surface area -used.for |atent
or isothermal heat transfer associated with condensing, Therefore,

i ncreasing refrigerant charge | evel andlZlb decreasing chiller |oad both
result in increased subcooling tenperatures and condensi ng tenperatures.
Accor di nghe lasttsérverg) reseot condansertcoils) thet High-presaues satthgied hqudé refidgeran slsuddipall at or

are provi ded ore e Lhefficiency resulting fromvariable, storage of
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heat sink.tenp : i creased subcooling tenperatures and 25
i ncreaseger%ondgdﬁgl%&tt%ﬁ%g#’%?ﬂg?g@' Referring to Fig. 6B, an increase in
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subcool i increases, heat is.added taq the evaporator, .30 resulti in an
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t enper at W foddeg t@ASARr cAlies MG Edst @ 1O kbnt OF sdrbidld 1ehf ir@8fen ks 8QHTH Ng t he
conpressor, al so: ipcreases, resulting. in increase%'#gower input to_the

conpr ess 8LC09lg 1 eorrespRolgeerepss b b swface rea used hor s it isethermgbhethd

decr easegafdpilak@biateaatatQRdidsiRPhdigoM] IncleRsih chfReeld cBRRORAY kY. Whi ch

| eads to increased conpressor power input. Superheat |evel is represented by
t he $fi gHecrasingehidler load bethyesuli iy inereased spboopling emppighwesrand cprdgpsiseg ¢ he

saturati %%pg}h@%g as shown at state 1 in Fig. 613. Vaporized refrigerant

| eaves t he C Al er's evaporator and enters the conpressor as a superheated
vapor . Accor dAngprding tcibe press mitventiony theteifere, the fmmdamseuion acoimalatorarh @atvided not
constant, and .V ; i Ndi L hi eve efficiency.
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Deased outdoor air or other heat sink (condenser heat rejection mediu;rh) temperatures
have an opposite effect on the opetation of the condenser. As the heat sink tempéraﬁne
increases, more condenser surface area is used for latent or isothermal heat transfer éssociated
with condensing and a corresponding decrease in sensible heat transfer area used for subcooling,
Therefore, increases in heat sink temperature result in decreased subcooling teinbera;ttures and

25  increased condensing temperatures. |

Referriﬂg to Fig. 6B, an increase in subcooling drives state 3 to the left, while an increase
in condensing température shifts the curve connecting states 2 and 3 upward.: fﬁgh condensing
temperatures can ultimately lead to compressor motor overload and increased compressor power
consumption or lowered efficiency. As subcooling increases, heat is added to tihe evaporator,

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

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



However, any anmount of superheat generally represents an inefficiency.
According to the 10 present invention, the "cost" of |ow superheat |evels
may optionally be included in the optimzation, in order to account for
this factor. Qtherw se, systens nmay be provided to reduce or control such
probl ens, allow ng | ow operating superheat |evels. Superheat level in the
~condenser may be increased, for exanple,_ by an accunul ati on of

non- condensabl e gasses, which cause thé?ﬁﬁdynanic i nefficiency. Therefore,
according to one_ 15 aspect of the invention, superheat |eyvel is nonitored,
and i f itreﬁrﬁgeqa@tafé@%e@@%meaéefh@%%l%‘eﬁdi cgpaHonsyesrin Msrpesfsabrooligasvigeh ge
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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 iilcrease 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 E;effc—::ct 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.



and increase in superheat and suction pressure. Thus, an inverse

rel ati onship exists between refrigerant charge | evel and superheat
tenperature. 10 According to the present invention, the discharge fromthe
condenser includes a conpliant reservoir, and thus may provide increased
opportunity to achieve the desired | evel of subcooling. Likew-se, because a
reservoir is provided, the refrigerant charge is presuned to be in excess
of that required under all operating ci-léunstances, and therefore it wll

not be limting. It is also possible to have a hybrid control strategy,
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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 temperaitu‘refland suction

25  pressure. |

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

30 measuriﬁg efficiency thereof.

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

target to a desired lével. If the capacity is insufficient, the underlying process may fail,

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



renove excess oil), and refrigerant-side heat transfer surfaces, and purging
of non-condensable gases may be perforned al one or in conbination.
Efficiency is also inportant, although an inefficient system does not
necessarily fail. Efficiency and system capacity are often rel ated, since
inefficiency typically reduces system 10 capacity. Accordi ng to another
enbodi nent of the invention, a set of state nmeasurenents are taken of the
refrigeration system which are then anéﬁyzed for self-consistency and to
extract fundanental paraneters, such as efficiency. Self-consistency, for
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pneumati c systens.
example due to non~0011densable 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 estunate 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 optlmal state, and to perform a cost-benefit analysis in favo_1 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 expensix}e;_ and not a part of
normal system operation; whereas adequate information for a state analysis-@ai_be_ generally
available from system controls. By employing a real tine monitoring systefﬁi; é?n}alysis of

30  operational characteristics in a fluctuating environment may be assessed.

This schenja'e may also be used in other types of systems, and is not Yimited 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 bperatiefnal parameters,



Preferably, the efficiency is recorded in conjunction with the process

vari ables. Thus, for 5 each system the actual sensitivity of efficiency,
detected directly or by surrogate neasures, to a process variable, may be
measured. According to a further aspect of the invention, a business nethod
is provided for naintaining conplex systens based on a cost-savings basis,
rather than the typical cost of service or flat fee basis. According to
this aspect of the invention, instead ofléservicing and 10 naintaining a
system for a fee based on a direct cost thereof, conpensation is based on a
syst em pestigtammneiatamatceiptocetioe, aappt ef a esbbeefii avelysiys Spsimpeiofvhictathize i s
nmeasured. Thereafter, .a..mnjmums em.capacity i.s defined. .and,the system
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anal ysi s @mnunudcatinnmbyer telephone lines, or computer network. This communication may also permit

20  immediate notification to the service organization of process shift, potentially;iﬁ time to prevent
subsequent and consequent system failure.

In this caée, 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 éapacity is
substantially diminished below a prespecified reserve value (which may vary séasonally, or
based on other factors), service is required. However, even in this case, degrefdation in system
capacity may be duetoa 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 refuned to
ensure that pre-service or pre-maintenance parameters do not erroneously govern system

operation.



I nteraction between variables or conplex sets of tine-constants may require
a conplex control system A nunber of types of control nmay be inplenented
to optim ze the operation of the 5 system Typically, after the appropriate
type of control is selected, it nust be tuned to the system thus defining
efficient operation and the relation of the input variables fromsensors on
the efficiency of the system Oten, controls often account for tine del ays
inherent in the system for exanple t oldvoi d undesirabl e oscillation or
instability. In many instances, sinplifying presunptions, or segnentations
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this 25 %%ernﬁm %}lléevm se, during a continuous system perfornmance nonitoring,

it may be 3 S to enpl oy existing (normally occurring) system
perturbati ons Fooexdeipty mtheses:yﬁd erinchhdbodinhent ofsthe tventiof iten“lﬁmfeﬁb&thatthe system
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i naccur at@map thesaipspetaEng spaeh 08 therather bk inghe easp @ﬁa wlglewan%@setrlﬁ stics
changg - L@sferred 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 ﬁossible fo
employ existing (normally occurring) system perturbations to determine systei;n charécteristics.
Alternately, the system may be controlled to include a sufficient set of perturbﬁti_ons to.determine
the pertinent system performance parameters, in a manner which does not caﬁSe_ineﬁiéient 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



after training or testing. Manual tuning, which requires an operator to inn
different test or trial and error procedures to determ ne the appropriate
control paraneters, is typically not feasible, since the characteristics of
each installation over the entire operating range are not often fully
characterized and are subject to change over tine. Some nmanual tuning

nmet hods are described 5 in D. E. Seborg, T. F. Edgar, and D. A Mellichanp,
Process Dynanmics and Control, John Wl ey8-& Sons, New York (1989) and A B.
Corripio, Tuning of Industrial Control Systens, Instrument Society of
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optimality. Further, adaptive controls may be complex and require a high degreg of intelligence,

Advantageously, the control may monitor system operation, and select or mo%ciiifjiﬂappropriate
events for data adqu_isition. For example, in a system operating according to %Lpiﬂse’-width
modulation paradigrjn, the pulse width and/or frequency may be varied in partlculal manner in
25 order to obtain _daéria'about various operational states, without causing the syst_éen'ffto unnecessarily
deviate from ab‘ceptable operational ranges. |
Numerous adaptive control methods have been developed. See, for example, C. J. Harris
and S. A, Billiﬁgs_, Self~Tuning and Adaptive Control: Theory and Applications, Peter
Peregrinus LTD (1 981). 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 systeni _mo_dels which are
generally quite cdmplex. The complexity of the models is necessitated by fche;heéd to anticipate

unusual or abnormal operating conditions. Specifically, MRAC involves adji_iSting the conirol



unusual or abnormal operating conditions. Specifically, MRAC invol ves
adjusting the control -19- paraneters until the response of the systemto a
command signal follows the response of a reference nodel. Self-tuning

control involves determ ning the paraneters of a process nodel on- |ine and
adjusting the control. paraneters based upon the paraneters of .the process
nodel . Methods for perform ng MRAC and sel f-tuning control are described in

K. J. Astromand B. 5 Wttenmark, Adaptil¥e Control, Addison-Vesley
Publ i shi ng Conpany (1989). In i ndust rial chillers, adequate nodels of the
syst em arperapgiens atilyhewespcnise abihe systam tmommdm@ahfnﬂoweﬂm resppnss©f at hat
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for a second in the feedbac gnal after detecting a first peak.
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defi ni ti chisgbriod)iat baineep detatnines tho bpiirsal irstig) wehesrfoedoﬂoélpr 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 amphtude of noise
on the feedback s1gnal 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 cont_roller 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 gez1erally appropriate in the installation process for any control of an industrial

30  chiiler, and therefore such a manual definition of initial operating points is. preferred over
techniques Wh10h commence without a priori assumptions, since an unguided explorauon of the

operating space may be inefficient or dangerous.



t echni ques whi ch conmence wi thout a priori assunptions, since an ungui ded
exploration of the operating space maybe inefficient or dangerous. -20-
According to the present |nvent|on t he system operational paraneters need
not be limted to an a priori " saf e” operating range, where relatively
extrenme paraneter values might provide inproved performance, while

mai ntaining a margin of safety, while detecting or predicting erroneous or
artifact sensor data. Thus, using a node&l-of the system constructed 5 during
operation, possibly along with manual input of probable normal operational
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frequency response while under sonme form of feedback control.- Open | oop

step Fespwissdandafunechange fagns A inpyt gy g o arptflitnBas sysigythdis  r equency

response GRIRQLS &R @nRol Akdft@sount of time to tune systems with |ong
time constants. The Ziegler-Nchols transient response net hod characterizes

the response tangakiiaipg ot legngean takalirg Brp.crpasinly dor pracsage svith slaw| ement at i on
of this r’@,g]%ig. | L MBat 284 i PeE e 5 %fen @y\ﬁj}; Siids34y. Nobuo
Sannoni ya, o'%s’ lﬁcl%‘:lﬁ%hl g I—al%r u Tglchaka el‘%}A I\/leteE‘t %‘Qﬂ]f% S‘l}:ﬁg tuni ?I%Hof Pl D
Cont r ol Fean‘achrears déscnb@@méxﬁm, K.ld |, e T Aaggod, Aytomstd Tuning of PID
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 fo load disturbances, and

25  frequency response methods require a large amount of time to fune 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, Nishilcawé, Yoshikazu, Nobuo Sannomiya, Tokuji Ohta, and Haruki Tanaka, *A Method
for Autotuning of PID Control Parameters," Automatica, Volume 20, No. 3, 1984,

30 For s{)rﬁe systems, it is often difficult to determine if a process has reached a sieady-state.
In many systems, if the test is stopped too early, the time delay and time constant estimates may
be 51gn1ﬁcant1y 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



30 For some systens, it is often difficult to determne if a process has
reached a steady-state. In many systens, if the test is stopped too early,
the tine delay and tine constant estimates nay be significantly different
than the actual values. For exanple, if a test is stopped after three tine
constants of the first order response, then the estimated time constant
equal s 78% of the actual -21- tine constant, and if the test is stopped
after two tine constants, then the esti+4#t-ed ti ne constant equals 60% of
the actual time constant. Thus, it is inmportant to analyze the systemin
such a wayimeaenstamt,acd ifithe ks e pedmfimetwiol tinee @astahtarthen thd bstinatédntinae constant

sel f-tuni ng sysk th l.gorithm btain tuning.data from.nor nal

por t ur bat PEAE A T el o ooty Bies, 08 Elebreptie SRS e S EB R Wit y o
the pl ?lnt ad 10 a0REe: %lsz d?a?ﬁmF ]lflﬁteir-]dbﬁﬁatﬁboums}ih% selpirad ﬂ@teﬁgﬁﬁta@ﬁtﬁﬂmm _
controlled  variable : t he system determnines that {he operating point
is ineffi g‘i’t@lﬁt“,mnﬁ% tfe:%ﬂﬁw@dvew%ﬁlmog%w 5B, %IW@F’@B&?@YG?SHBE theo i npr ove
ef fi ci encyentiBvey s 89 pRRE b FddeaRRiAbER s BRbR the ofeRtin@bbihEHERE YorFBYed e

determ ned on an absolute basis, such as by measuring kWatt hours consuned

(or ot her v&iablety). Edhastyaise dotermines fhaj ths epergfmg pefintdpiseitisient, dhe eontroliegh
t € . I OF TR
surrogat e fyRe ll%@ SHERERd H orHEr £ g\f/lv%g gtﬁig&g%gﬁal agfe 0 a%%h b}%gahr% tht2%he

tenperature o erentials and f . ~ near ‘the conpressor
and/ or watfBicieney misebesdetermdzadyon| ap epsoligea basish suchwa py meesvrinp &3 atidwootsagemed

Wh . . . Ctf
sour ces. airab ey sPnffip o BARAS por BIU P bocE M WohPELFIGBE LaGhBhERL oL - o
i N ecbhoneergyeonmnghidn op toolingeshich ecemgemly/diffedehianamiflow Baa ef fefidgeemey

cal cul ation pay be nodified i ncl udi ther relevant "costs". 15 A full
power - e PR A PR o oo dtert R DAt fishanih e

ef fi ci encWhefdosyrr BTUE sotdvbstayecither fcaist deet de gEReing ot@tes @oOglabRN6 the

avail abi li t%/, or ot her onsiderations. In many |nstances, paraneters wll
vary | i ne®tsh YAriRp P¥FT FEe SRS HeER T eRonBRIfFmS ARF oaBIngsd agdqrringly.

si npl i fyi DEewRaliSificid d&w_ulﬂﬁbﬁhﬂ?b& h@mfiea%?mch(ﬁa@otherlréx@% fcosts”.
proportional -integral- 20 differenti aIMSSF_’I D)) control design. See, US.

Pat ent3 Nos. 5,488! mwer nsmagrsnepbsystegn@§Ms) 35wt samired inqsderds pytinize fiepor at ed
her ei n by e : t L .gh : pfactori al
dependenc?fgggggly e qﬁog%ev‘gég?%]gh@erg%{b\?@q (iler(lf[ IQtﬁgl S @Si%o%a%geﬁgjgﬁ%%&%%gbl eto
segnent ¢dnsidersiiensol systeminto |inked invariant nultifactorial control

| oops, and tine-Vv ' i I . AN heiently
control the entir egr gﬂfga?% n%’ B%?% Ftﬁﬁﬁﬂ g V%P'el 1§%§§Vé1%a§ %%%%%%5%§t %@3&
i nvent i onvariblee thnatsehplifymgrealysd ardgtennittingdradftionaly(e.ge linedr, proportiodal-droegralol  may

ava 1 3bi o ety PR ety it P d S it oy 0008 397, I e and V10523, 21 €

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—ﬁraryhlg simple
control loops, which together efficiently control the entire system, as in the prefeﬁed

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

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



training node, in which the operating conditions are varied, generally

nmet hodi cal |y, over the entire operating space, by inposing artificial or
controlled | oads and extrinsic paranmeters on the 30 system wth predefined
desired system responses, to provide a training set. Thereafter, the neural
network is trained, for exanple by back propagation of errors, to produce an
out put that noves the systemtoward an_optimal operating point for the
actual |oad conditions. The -22- controffad variabl es may be, for exanple,
oil concentration_in the refrigerant and/or refrigerant charge. See, U S
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that such a map or model may itself have little physical significance, and thus 1s ;generally useful

only for application within the specific network which created it. See, U.S. Péfént No.
5,506,768, expressly incorporated herein by reference. It may also be possiblé to constrain the
network to have weights which correspond to physical parameters, although-t]:ji;s: 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 Parle, NC (1990) pp. 65-81.
| C.J. Harsis & 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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Control", Chapman & Hall, London, 1993.
Gene F Franklin, J David Powell & Abbas Emami-Naeini: "Feedback Control of

20  Dynamic Systems", Addison-Wesley Publishing Co. Reading, 1994.

George E P Box & Gwilym M Jenkins: "Time Series Analysis: Forecasting and Control",
Holden Day, San Francisco, 1976.

Sheldon G Lloyd & Gerald D Anderson: "Industrial Process Control", Fisher Controls
Co., Marshalltown, 1971.

25 Kortegaard, B. L., "PAC-MAN, a Precision Alignment Control System for Multiple |
Laser Beams Self-Adaptive Through the Use of Noise", Los Alamos National Laboratory, date
unknown.

Kortegaard, B. L., "Superfine Laser Position Control Using Statisticéﬂy Enhanced
Resolution in Real Time", Los Alamos National Laboratory, SPIE-Los Angeles Technical

30  Symposium, Jan. 23-25, 1985.

Donald Specht, IEEE Transactions on Neural Networks, "A General Regression Neural
Network", Nov. 1991, Vol. 2, No. 6, pp. 568-576.
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Laser Beans Sel f-Adaptive Through the Use of Noise", Los Al anps Nati onal
Laboratory, date unknown. Kortegaard, B. L., "Superfine Laser Position
Control Using Statistically Enhanced Resolution in Real Tinme", Los Al anps
Nati onal Laboratory, SPIE-Los Angel es Technical 30 Synposium Jan. 23-25,
1985. Donal d Specht, | EEE Transactions on Neural Networks, "A General

Regr essi on Neur al hbtmnrk", Nov. 1991, Vol. 2, No. 6, pp. 568-576. -24-
Fuzzy controllers may be trained in nuciythe sanme way neural networks are
trai ned, using backpropagation techni ques, orthogonal |east squares, table
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S 100, 92 R SRR AR 0 oBREL b Byt S B o GUBRR 0 5
evapor at @echalidinScay &t ingdall «ff-Hmy/ ondline,foa atcombmatidrontl botlc The ARG @d be iyqdissal | y by
removal <!lb¥wk contro?ler 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 outpuis and a reference trajectory but also measured disturbances and other system
parameters. See, U.S. Patent Nos. 5,822,740, 5,740,324, expressly incorporéfeci herein by
reference. '
As discussed above, a significant process variable is the oil content 6f 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 Signiﬁcéant length of
time, and removing added oil is itself inefficient. To define the control algorit}ﬁn, 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 évapo:}ator in an auto-
tuning procedure. Over time, the oil content will approach zero. The systelﬁ pejrformance 18
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 mstétllaﬁon, the
optimum oil concentration in the evaporator is near 0%, while when the systemjis retrofitted

with a control system for controlling the oil content of the evaporator, it is well ;a.bove optimum.
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speed, conpressor duty cycle (pul se frequency, pulse width and/or hybrid
nodul at i S§2HOBonpressor inlet flow restriction, or the like.

20 The compressor may also be modulated, for example by controlling a compressi.on 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 longer 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 :wa.lI may be
30 estimated. This, it turns out, is a useful method for determining an effect oﬁ efficiency of such
deposits, and may allow an intelligent decision as to when an expensive and time consuming
descaling of the tube bund]es 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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Feedback optimization control strategies are may be applied to transient and dynalmc

situations. Evolutmnary optimization or genetic algorithms, which mtentmnally mtroduce small

perturbations of the independent control variable, to compare the result fo an Ob] ectxve funcnon
may be made d1rect1y upon the process itself. In fact, the entire theory of geneti algo
25 beapplied to the optimization of refrigeration systems. See, e.g., US Patent Nos 6 496'5761
6,493,686, 6,492,903; 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; 6,1 10;214;
30 6,064,996; 6,055,82.0; 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, 5,649,665; 5,581,657, 5,524,175; 5,511,158, each of which is expressly iﬁcbrporated

herein by reference.
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mdependent benefit to system operation, it therefore provides an efficient procedure to

determining the need for system maintenance. On the other hand, refrigerant pﬁriﬁbation
consumes energy, and may reduce capacity, and results in very low, possibly suhoptimal, oil
concentrations in the evaporator, so continuous purification is generally not emléloyed.

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 refriéerant
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 leop. Note that the on-

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




back, if necessary. Since this process of purifying the refrigerant is
relatively sinpler and | ess 20 costly than descaling the evaporator to
renove wat er-side heat exchange inpairnment, and is of independent benefit
to systemoperation, it therefore provides an efficient procedure to
determning the need for system mai ntenance. On the other hand, refrigerant
purification consumes energy, and may reduce capacity, and results in very
| ow, possibly suboptimal, oil concentr#fions in the evaporator, so

continuous purification is generally not enployed. 25 Thus, it is seen that
a pert ur Weaninsrubingdlespropsss i83sb rieh ppredictize methemationl model isthszefereefer  of t he
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than perturbing the process itself. Such a predictive nathematical nodel is
t her ef or €&t PI§AAeElNg stafis eApvariagees apied pw theprisedh 1q adiyshepriain kve of system
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nust be ap, accurate representation of the process. To ensure a one-to-one
correspondence wth the process, the nodel is preferably updated just prior
to each use. Nhodglers, urpadnbf thg rélsvaat Spemnsthity e vexyrlong f Whide tiaeludensholni ch
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real time controller, it also nakes correctigns slowt | enent, and
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direct tenporal control sensitivity, a |arge nunber of Input nodes nay be
requi r edin ige timgriegesncy repsesgatedon, petgg-wavelet representation. For example, first and

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, Alternatsly 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 ﬁkély that critical
timeconstants of the system will also vary. Thus, a model which presumes that ﬂle system has a

25  set of invariant timeconstants may produce errors, and the preferred system éccpirdii:tg to the
present invention makes no such critical presumptions. The control systein therf%efofe 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 deposits in the brine tubes (a small amount of mineral
deposits may increase turbulence and therefore reduce a surface boundary layef); and air or water

flow parameters for cooling the condenser.



Preferably, tenporal calculations are therefore nmade by |inear conputational
nmethod, with transforned tinme-varying data input to the neural network. The
transformnmay be, for exanple, in the tine-frequency representation, or

ti me-wavel et representation. For exanple, first and 20 second derivatives
(or higher order, as may be appropriate) of sensor data or transforned
sensor data nmay be calculated and fed to the network. Alternately or
additionally, the output of the neural 2%1et wor k may be subjected to
processing to _generate appropriate process control signals. It ‘is noted
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algorithmis pre
zone, and the process variable established at the lower end of the zone after measurement. This

lower end may bp zero, but need not be, and may vary for each system measured.

In this W;ay, it is not necessary to continuously control the process variable, and rather the

implemented control algorithm may, for example, include a wide deadband and manual
25  implementation :df the control process.

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

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

maintaining appfopriate operation for a suitable period.




15 In the case of autotuning processes, after the optim zation cal cul ati ons
are conplete, the process variable, e.g., the oil content of the

evaporator, nay be restored to the optimal level. It is noted that the
process variable may change over tine, e.g., the oil level in the evaporator
will increase, so it is desired to select an initial conditi-en-which wll

provi de the maxi num effective efficiency between the initial optimzation
and a subsequent maintenance to restorefhe systemto 20 efficient
operation. Therefore, the optim zation preferably determ nes an optinum
operating zofveclfigivacy measyrasesss o1 yrrdgalsnecasuremneni(ss feegl, compr¢seor apyperagend of
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£ eedbhokorau hizh 1o R PRt e bR sato T Sy e dager ed
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measures the oil contént 10 of the refrigerant. A setpoint control,
pr opor t i itliatiogproeess avhichoes nofhygess theceyppargpr. Fog szgmpledhe Zegbrasi® sysiemy he

like i's yapgod PechlbdieY, i AHBASSertAbNe, Hoeter! B ik SR ypiliaft} lakdeRbaPRofeVi Ce,
which is typically ovérsize,” and operating well wthini1ts control limts.
As t he ofdmplesibin ncpgspderthisimuppse. U.S. Patent No. 5,377,499, expressly incorporated

20  herein by reference, thus provides a portable device for refrigerant reclamation. In this system,

refrigerant may be purified on site, rather than requiring, in each instance, ftr‘ansporﬁng of the
refrigerant io a re@yr.fling facility. U.S. 5,709,091, expressly incorporated herein by reference,
also discloses a reﬁig’erant recycling method and apparatus.
In the oil s§péraﬁng device, advantageously, the refrigerant is fed into a fractional
25  distillation chamber controlled to be at a temperature below its boiling pOiht, and therefore
condenses into a bu]k of liquid refrigerant remaining within the vessel. Rélatively pure
refrigerant is prese1£t m the gas phase, while less volatile impurities remain in the liquid phase.
The pure reftigerapf 1s used to establish the chamber temperature, thus providing a sensitive and
stable system, The f}actionally distilled purified liquid refrigerant is availéble from one port,
30  while impurities are removed through another port. The purification procéss 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




| evel at which efficiency is inpaired, the refrigerant is distilled to
remove oil. The oil is, for exanple, returned to the conpressor |ubrication
system while the refrigerant is returned to the 15 conpressor inlet. In
this manner, closed |oop feedback control may be enployed to maintain the
system at optimumefficiency. It is noted that it is also possible to enploy
an active in-line distillation process which does not bypass the
evaporator. For exanple, the Zugi beast@ty system (Hudson Technol ogi es,

Inc.) may be enpl oyed, however, this is systemtypically |larger and nore
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renoval proc . j i. : Y o\V] i gerant,
procasgg réfﬁgﬁifde]frﬁyﬁt@mgépﬁg%%&%bé)far Qﬁ&llﬁﬁa?ﬁélzll&g@fgxaa&{éﬂé 500l 9

and an operating as a ut” contlnual [eve e. Further,

the oi | thedetices whichairase AtNsairS0RAymax (8 31W0. Thpefore, Sxﬂytsalﬁﬁl@?lﬁﬁggﬁ ancy, in a
AN | BEQARY BaF %}odﬁ'cé Rt RARERSy bikr§ d0s! BOSYIP Ino}fnﬁlp?ortanﬂy, when

efficiency drops, it is possible that the chiller is unable to maintain the process fparameter within

the desired 1'ange. During extended operation, for example, it is possible fo1f the oil
concentration m the evaporator to increase above 10%, and the overall capaclty of the system to
drop below 1500 t_bns. This can result in process deviations or failure, Whi(;:]li £nay require

25  immediate or @Xpehsive remediation. Proper maintenance, to achieve a thI'l pt1mum

efficiency, may l_je'- quite cost effective.




evaporator. Thus, this aspect of the invention does not presune an optinmum
| evel of a particular process variable paraneter. Rather, a nethod
according to the invention explores the optimum value, and thereafter
allows the systemto be set near the optimum Likew se, the nmethod 15
permts periodic "tune-ups" of the system rather than requiring continuous
ti ght mai ntenance of a control paraneter, although the invention also
provi des a system and met hod' for achi@ing continuous nonitoring and/or
control. The refrigeration systens or chillers nmay be | arge industri al

devi ces, for B&E CRIBOION OF THBVPBASVIMF®h draw 4160V at 500A max (2 MA .
Therefore, e AR a8 d L1 Cd : j al
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it is podséhbl e that the chiller is unable to maintain the process paraneter
within the desired range. .Duri.ng extended ration. for ex le, it is
possi bl e for%ligh lsoﬁcliw ccgﬁvarog?gg%wqwg?th%@ﬁﬁpg@ﬁgqsvarpﬁﬁgse above 10%
and It‘she over gig. 2@H¢warid ' endazﬁevmﬁat?yesl?lem mm@rtﬁé)raldﬁllm\ayrﬂlﬁeﬁictm%enﬂﬁdi@f can
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ef fici eRgporai@ybe quite cost effective. it -32- BRI EF DESCRI PTION OF THE
DRAW NGS: "The_ invention wil| now be described with reference to the
acconpanyi ngFi awhewgsa sqhpmatigirawing pf g partial; distillatiemeiviem for yamaying oibiignswn t ube
in shel&fg%?hﬂ%ﬁﬁp&& ( evaporator; 5 Fig. 2 shows an end view of a tube

pl at e, s?‘uo ng the ra fally.syn’mejtri c arrangenent of tubes of a tube
bundPe, eachFieufehaya esebiemeticntiaahillgr efificisgent heasismgntsystemt he heat exchanger
evaporator; Ei . i .0 j i.stiilation
system for rg1 gffgﬁﬁgc?%fzgg?nébg&g@% ‘r%leglg@gaﬁﬁ?%?aﬁ{&v%ﬁtgtq?@g%% fgél%%ég%n 4 shows a
schenmat ieeapofat@ adliohéamtragérf;i ci ency neasurenent system Fig. 5 shows a

stylized represent atiue, efficienc raph with respect to.changes,in
evapor at or OF & %%%%hﬁrsg?‘f”orﬁs;pe%‘ﬁyy’ 85?“5 %W%%thas‘ﬁa Wp 9 §%S¢§]é’f]1° é?)?l,ld% schemati c
of a vapafipeeupieaaspyodiagyal e and a tenperature-entropy di agram

15 Figs 7A, 7B and 7C show, respectively, different block diagrams of a conirol according

to the present invention;

Fig. 8 shows a semi-schematic diagram of a refrigeration system controlled according to
the present invention; and

Fig. 9 shows a schematic diagram of a control for a refrigeration system according to the

20  present invention.
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15 Figs 7A, 7B and 7C show, respectively, different block diagrans of a
control according to the present invention; Fig. 8 shows a senmi-schematic
diagram of a refrigeration systemcontrolled according to the present
invention; and Fig. 9 shows a schenmatic diagramof a control for a
refrigeration systemaccording to the 20 present invention. it -33-

DETAI LED DESCRI PTI ON OF THE PREFERRED EMBODI MENTS The foregoi ng and ot her
obj ects, features and advantages of the3present invention will becone nore
readily apparent to those skilled in the art to which the invention pertains
upon ref er eMRTAREDBESCRIPAVONOREHBIPREFERESD EMBOMMENDSE of the best
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t ubes 7, a(taln}laws%qgnd space 8, continuous with the exterior of the tubes
2. Typic doried flow distributor 9 is provi ded at each end of the
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froma condui,t 10 15 h t he bes .2 .and thence back t o
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condensét”
System Not shown are optional baffles or other means for ensuring opt1m1zed ﬂow distribution

pattems in the heat exchange tubes.
- As shown in Fig. 3, a refrigerant cleansing system provides an inlet 112 for receiving

20 refngerant from the condenser, a purification systetm employing a controlled dxstﬂlatlon process,
and an outlet 150 for returning purified 1efr1gerant This portion of the system 1s s1m11ar to the
system descr1bed in U.S. 5,377,499, expressly incorporated herein by reference. '

The compressox 100 compresses the refrigerant, while condenser 107, sheds the heat in
the gas.: A small amourit of compressor oil is carried with the hot gas to the condenser 107,

25  where 1t cools and condenses into a mixed liquid with the refrigerant, and exits through line 108
and fr ttmg 14. Tsolation valves 102, 109 are provided to selectively allow msertzon of a partial
dlstﬂlatlon apparatus 105 within the refrigerant flow path. The refrigerant from the partial
dlstlllatlon apparatus 105 is received by the evaporator 103 through the 1solat10n valve 102.

The partial distillation apparatus 105 is capable of boiling contaminated reﬁlgerant ma

30  distillation chamber 130, with the distillation is controlied by throttling the reﬁ‘lgerant vapor.
Contanunated reﬁigerant liquid 120 is fed, represented by directional arrow 1 10 through an inlet
112 and a pressure regulatmg valve 114, into distillation chamber 116, to establish liquid level
118. A conta:mnated liquid drain 121 is also provided, with valve 123. A high surface area



25 where it cools and condenses into a mxed 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 fromthe partial
distillation apparatus 105 is received by the evaporator 103 through the

i sol ation valve 102. The partial distillation apparatus 105 is capabl e of
boiling contaninated refrigerant in a-386 distillation chanber 130, with the
distillation is controlled by throttling the refrigerant vapor.
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Fig. 4 shpwhuanlcamsstgrtbergsteed chill er system all owi ng periodic or batch

opellt i o par dk s g toll i B bERRRe TR SRR oA )
whi ch aegulidtiet yormBasudsepvop feedbackonidl of opyratinpamttatgs. 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 Jine 106,
which is fed to .c_:on&enser 107, where latent heat of vaporization and the heat ad_ded by the

25  compressor 100 is shed. The refrigerant carries a small amount of compressor lubricant oil. The
con&enser 107 is subjected to measurements of temperature and pressure by temperature gage
155 ;aud pressure gage 156. The liquefied, cooled refrigerant, including a;portic;n of mixed oil, if
fed ﬂlrough line 108 to an optional partial distillation apparatus 105, and hence to evaporator
103, In thé absence of the partial distillation apparatus 105, the oil from ﬂle condenser 107

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




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
refrigerant carries a small anount of conpressor |ubricant oil. The
condenser 107 is subjected to nmeasurenments of tenperature and pressure by
tenperature gage 155 and pressure gage 156. The |iquefied, cooled
refrigerant, including a portion of m-3d oil, if fed through line 108 to
an optional partial distillation apparatus 105, and hence to evaporator
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will be much narrower than in a periodic mainienance system. The oil separator (e g., partial

distillation apparatus 105 or other type system) in a closed loop feedback systern 1s itself
typically less efficient than a larger system typically employed during period}c maiﬁtenance, S0
there are advantages to each. type of arrangement. ' ' |
25 EXAMPLE 2
Fig. 7A shows a block diagram of a first embodiment of a control system according to
the present invention. In this system, refrigerant charge is controlled using an adaptive control
200, with the control receiving refrigerant charge level 216 (from a level 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




distillation apparatus 105 or other type system in a closed | oop feedback
systemis itself typically less efficient than a |arger systemtypically
enpl oyed during periodic naintenance, so there are advantages to each type
of arrangenment. 25 EXAMPLE 2 Fig. 7A shows a block diagramof a first

enbodi mrent 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-3harge |evel 216 (froma | evel
transmtter, e.g., Henry Valve Co., Melrose Park IL LCA series Liquid Level
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is, for exanp the refrigerant charge in the system In order ' to renove
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cont r ol | 8Hl. Refuigdrans irpths stopagelviegpal 21 2medyrtiegubiacted fuanpbydis tnd piréicetiemor at or

211. Refri ger%ﬁe storage vessel 212 may be subjected to anal ysis and
purification. 3 A second enbodi ment of the control system enploys
f eedf orwar d ofvtsecond atnbodineondfiild control system employs feedforward optimization control

20  strategies, as shown in Fig. 7B. Fig. 7B shows a signal-flow block diagram of a computer-based
feedforward optimizing conirol system. Procéss variables 220 are measured, checked for
reliability, filtered, averaged, and stored in the computer database 222. A reglilatory system 223
is provided as a front line control to keep the process variables 220 ata prescr;ibed and desired
slate of values. The conditioned set of measured variables are compared in thé regﬁlatory system

25 223 with the desirfed set points from operator 224A and optimization routine 2;24B.5 Ertors
detected are then:used to generate control actions that are then transmitted as butputs 225 to final
control elements in the process 221. Set points for the regulatory system 223 ére derived either
from operator input 224 A or from outputs of the optimization routine 224]_3.:14;!'0’[6 that the
optimizer 226 operates directly upon the model 227 in arriving at its optimal s';et-point slate

30 224B. Also note that the model 227 is updated by means of a special routi:_lef 228 just prior to use
by the optimizer 227. The feedback update feature ensures adequate matheniaf:tical process
description in spite of minor instrumentation errors and, in addition, will corfrri)ensate for

discrepancies arising from simplifying assumptions incorporated in the mod?i 227. In this case,




20 strategies, as shown in Fig. 7B. Fig. 7B shows a signal-flow bl ock

di agram of a conputer-based feedforward optim zing control system Process
variabl es 220 are neasured, checked for reliability, filtered, averaged,
and stored in the conputer 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 neasured
variabl es are conpared in the regul atord/ system 25 223 with the desired set
poi nts from operator. 224A and optim zation routine 224B. Errors detected
are then ﬂ@wwakdgéﬁ@aﬂ@y &orfpr exampler somimesspratpeed; elopp enintadditientaq tebigerast

out puts 2ga.di@.diinal control elenments in the process 221. Set points for
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alone or in JB8PMHEE %o refri gerant charge level. The input variables are,
in this case, AsiHfnah Fi® 7008l syEea PIohs grovided wh@dh%n&ag Eéfﬂgéraﬁbharg@ar ge
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nunbng of si i.fied relationships are provided in a database 234, which
segment PHEEYGHEPEYonal space of the systeminto a nunber of regions or

pl anes based Wdta QilHftored fthS datdthige IPNSBItS théi fillinOdenbito B bpRitionnIshed® 230 to
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the set of input paraneters identifies a wel| popul at'ed:region of the
oper at i opther hapddbthe gegion of the operational space is poorly populated, the connol 230 provides a

_‘

20  slow, searching alteration of the outputs seeking to explore the operamonal 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 accu;rate' and

25  continual searching of the local region is reduced. On the other hand, if the vanabﬂlty is high,
the control 230 ana.lyzes the input data set to determine a correlation between any available input
235 and the system efficiency, seeking to improve the model for that regmn stored in the
database 234. This correlation may be detected by searching the region ﬂqrougﬂ sensitivity
testing of the input set with respect to changes in one or more of the outpﬁts 231,232,233, For

30  each region, preferably a linear model is constructed relating the set of mput variables and the
optimal outpurt va:t:‘iables. Alternately, a relatively simple non-linear network, sﬁch as a neural

network, may be employed.




rapid transition is effected to achieve the cal cul ated nost efficient output
conditions. On the other hand, if the region of the operational space is
poorly popul ated, the control 230 provides a 20 slow, searching alteration
of the outputs seeking to explore the operational space to determ ne the
opti mal output set. This searching procedure al so serves to -populate the
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in that energy efficiency is not generally a prinary consi deration during
t hese t rBmsrnilyrs Athlen Xdaracaseor semine Worows KT o queal timpyonseting sysensondi der ed

i mpoy4 a nﬂlere%?éaﬁa%mgﬂ%gﬁa?dsvga? e@fdﬂs\‘ hilg ﬂ%ﬁf-aﬁoa{&amgﬁﬁn ffl Jc% is W@aﬁ

initialization an operati I'S note S|nggthe required
updat e tiegessartfor the systemis relatively long, the neur al netvvork

cal cul ati ons rally.o L R ¢
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real tine apienabd thg cantstl gy exangplelifiertifidng ffor @ygh@nlcahmzle[dclhlan diwseasc(lot her
than t helndu 5 %hl%ﬁ %aa ﬁletglrgart]es Lﬂ&l%sr:r];cg%g outpt% Etatealln Meuraa netw I((: sys?e rsy 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 contrbller itself, it is§prefejrrec1 that
information be communicated to an operator or service engineer. This may bé by Way ofa
stored log, visual or audible indicators, telephone or Internet telecommunications, c%onh‘ol
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 canno_t b{e fully
deactivated, it is preferable to provide a “failsafe” operational mode until maintenance may be
performed.
The foregoing deécription of the preferred embodiment of the invention has been
presented for purposes of illustration and description and is not intended to be exhaustive or to
30 limit the invention to the precise forms disclosed, since many modifications and vatiations 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.



It is preferred that the control system provide a diagnostic output 236

whi ch "explains" the actions of the control, for exanple identifying, for
any given control decision, the sensor39inputs which had the greatest

i nfluence on the output state. In neural network systens, however, 20 it is
of ten not Eossible to conpletely rationalize an output. Further, where the
systemd n abnormal state, either in the plant being controlled or
the controller itself, it is preferred that information be comunicated to
an operator or service engineer. This may be by way of a stored |og, visual
or audi bl e indicat o%methbélcemhmm tbe stépstoérimenodyeheicalimedetiag & cifisgeratiomt r ol

net wor k di nuni cati on,
o the. 1 1 A sBhERIe ARt RPN B hnes RO IR SRR 0 an
wher e t heflpétafan darnon oi{welefugbﬂayt pudgaat icorapreddor fotver; sltgingfaca wlﬁtglammtpmow de a
"failsafe" N C
fore90|ném%g§§?€£¥gg%“®?%%§ug %ﬁméﬁ%ﬂxﬁw%a§%%gﬁ¥lQﬁmwﬁ%a&#% %Pgﬁ has been
presented for purposes of illustration and description and is not intended
to be exhaustize orrheenettdQ atdofdiig tblRRinh m\Aﬂmejm«Ebrﬁpaestdi@o@éra@insmﬂitwwpsat

di scl ose Si nc nmodi fi cati ons .and var.i ati.ons_ ar.e sgible in Iight of
he hhoy deasCor AT sy egal fhsh Rl R R RO Delif A BFseBRR M regbon. 9

speci fications, and others nmay occur to those skilled in the art to which
the invention jpert aiasncidd ac%d\@cﬂmmf‘ Rk i LRANDSIR RAndbienSt eps of .

t her nodynani cal |y nodeling a ref Tigeration systemw th respect to at |east
ref ri ger ahengingr leyel efignsowisprllagaspevlsrsinpr edi cting a t hernodynanic  ef f ect
of an alteration of a refrigerant purity and conpressor power; altering at a
refrigerant pyrity : timum
condi tion undgf opgﬁgggg%d%gn g§§g§g92W9$ﬁ19mégﬁhﬁﬁg%ﬁgﬂgﬁﬂh&£%gn §|n11
wher ei n comgiicelgedthmpower i s nDduIated by at | east one of speed control,

duty cycle control, conpression ratio, and refrigerant fIOM/restriction. 3.
The nethod according to claim1, wherein refrigerant purity is altered by
changing a | evel of non-condensi bl e gasses therein. 4. The nethod accordi ng
to claiml1l, wherein the predicting step conprises using a genetic
algorithm 11




