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dat a cedmnrtedt lnca'ﬂperattkﬁitl@m&ﬁﬂreé fortaflglufposes. a | arge sectl on of a large data
center, typically has an open-plan construction, i.e. no permanent 25
partitions separating the air inmpoexpRduehH the data center fromthe air
in another part. Thus, in many cases, these data centers have a commobn
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i nian aémm‘rﬁmrd anddaoniidiol oftdomnicangpeceat dig.casadad exist in data centers containing server
computers. More, specifically the present invention can relate to efficiently maintaining certain
environmental conditions by increasing or decreasing an operation level (e.g. starting and

stopping) of respective units (modules) of an environmental control system.

[0003] Modern datacenters use HVAC systems to control indoor temperature, humidity, and

20  other variables. It is common to have many HVAC units deployed throughout a data center.
They are often floor-standing units, but may be wall-mounted, rack-mounted, or ceiling-
mounted. The HVAC units also often provide cooled air either to a raised-floor plenum, to a
network of air ducts, or to the open air of the data center. The data center itself, or a large
section of a large data center, typically has an open-plan construction, i.e. no permanent

25  partitions separating the air in one part of the data center from the air in another part. Thus, in
many cases, these data centers have a common space is temperature-controlled and humidity-

controlled by multiple HVAC units.

[0004] HVAC units for data centers are typically operated with decentralized, stand-alone

controls. It is common for each unit to operate in an attempt to control the temperature and



WO 2011/ 022696PCT/ US2010/ 046228 humidity of the air entering the unit from
the data center. For exanple, an HVAC unit may contain a sensor that

det er m nesotha/m2esvper at ure and hum dity of the air entercmgstoie/ouwg. Based
on the measurenments of this sensor, the controls of that HVAC will alter
operation of the unit in an attenpt to change the tenperature and humdity
of the air entering the unit to align with the 5set points for that unit.
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which case it may be necessary to stop and start several units throughout the day. Furthermore,
20  the complex and tightly coupled airflow patterns in a data center make it difficult for an operator

to know which HVAC unit will be the most effective to restart should a need be identified.

[0008] Therefore, it is desirable to provide methods and systems that can automatically reduce
operation levels of redundant HVAC units (e.g. without triggering elevated temperatures), and

that can automatically increase operation levels when necessary and in an efficient manner.

25 BRIEF SUMMARY
[0009] Embodiments of the present invention can provide systems and methods for controlling
environmental maintenance modules (e.g. HVAC units) using sensors. In various embodiments,

a system can heat and/or cool an environment. The sensors can measure temperatures at various



[ 0010] For exanple, stopped nodul es can be started (or otherw se have an
operation | evel increased) for cooling when a sensor tenperature is too
hot. | n owe 2enimedosent, the nodule for 5starting i s onePChAtS2019/0p2egli ct ed
to have the greatest or at least a sufficiently |large effect on the
tenperature of a hot sensor. As another exanple, a nodule can be stopped
(or otherw se have an operation |evel decreased), if the sensor
tenperatures are within range, and the decrease in operation |evel is
predi ctigehtidnd witRinGRUGE irdAmentt arff thisagBgereaRdbddbatk canbeRE] RIHARHeRBatioR
transfer matrix is used to performthe above predictions. In one aspect,
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condi t i[60119f Aecoeting roammeritodindtnt,| seasthodnfconfrolling apleniviedninteptabmatntmanaedul es
currently running is—analyzed. 25 The.system estinmgtes sensor | ues, of
Che. serredr i Rist R B Ratel Petp P U uRL S R g R G o Al e
decr easgslufalityadf sbr@dfl wlepiRdeh drihRefranalnd of HpHyksicsltcositiofbf &he nodul es
currently running that have none of the estinmated sensor val ues oqutside of
a flidr stenViEpyBets AGERXF Rinrddiidentificsiyuhose sesor wlus is Sreagireq tadsoutsifls dddul e of
the fingloeSeor bthd@ar RAR 8 Poltidn 7 SRANSEIIEY QPfeﬁIc'téllQ:hEHg’étva% P4 indnge
condition wll not occur (e.g. that none of the estinated sensor values are
out si deéEash pBWidiesl dhiangst valuermyedicts anex2thitGRAEIGPETY ISR L A GLERS rds P L83
Accor d'rrrll(gdutleo 3l ésqgé se%g(g"ovcaillurreng] fasudd E;E}QOQ n?ifﬁe!iglr;[sl aé‘,lldz‘l RS S SHEQoyTent al
mai nt enance Systemis provi Jed P EECRY modut'e Therided e "o mor & 8cY uat or s.
A fir stbaseingothe paddiveed\bhange wabieel VRelopapitioddevel of the Relecehmodsle iSshapgdrtat i on

| evel of at |east t actuators of the dul es is changed at a sane tine.
Af t€r tqﬁ@cwﬁtﬁﬁgcza‘?%?\,%ﬁ@rsﬁ‘?%Hallué\‘?éﬁeé‘,sor mecond sensor val ue 5Y2 is received
for each sensor. A difference between the first sensor value Yl and the
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i ncl ude¥ 2N PRUETEIH- n&%@asaom plse PL\*{% REVF H&dagﬁﬁwé%le/dvnn%lslﬁlaﬁ%edt he

di fhser eneaydien SHNSeS sers@VA1UREYT AG séhsors that would result if an operation level of the
module were decreased by at least a predetermined amount. A first set of the modules currently
running that have none of the estimated sensor values outside of a first range is determined. An
operation level of at least one module of the first set is decreased in response predicting that an
out-of-range condition will not occur (e.g. that none of the estimated sensor values are outside of

30  the first range).



denom nator including the change in operation |level for actuator P; and
conbining the first ratio with at |east one other ratio. The at | east one
ot her ratwo 20s/ded9er m ned from a previous change of thePpropasatioomkevel of
actuator P that resulted in a previous difference in the sensor values for
sensor S. 15[0014] According to another enbodi nent, a nethod of
initializing an environnental maintenance systemis provided. At |east one
processor determines a transfer matrix TM For each one of the nodules, a
first $6013p" A@bMEhYS ahSthERGRERer Y mEBEN oLhitlliging &R Sidmnaeh first
sensor val ue is received when the respective nodul & has a first operation
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and conputer 25readabl e nedia associated wi th nethods described herein.
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matrix element is calculated using the difference, thereby obtaining a transfer matrix TM that

provides a relation between starting and/or stopping a module and resulting changes in the sensor

values for each sensor.

[0015] Other embodiments of the invention are directed to systems, devices, and computer

25  readable media associated with methods described herein.

[0016] As used herein, an environmental maintenance module may be an HVAC unit, a
computer room air conditioner (CRAC) unit, or any device that receives control signals and
provides an output that is designedl to achieve or maintain an environmental condition in a
specific area. A use herein, an operation level can be a value of an operational parameter (input

30  or output) that measures how much effort is being expended by a module to perform an



environmental conditions within a building according to an enbodi nent of
the present invention. [0022] FIG 5 is a flowdiagramillustrating a

met hod 50Woabi/meddsal i zi ng an envi ronnment al mai nt enance PeyaiSemmojonelaidi ng a
plurality of nmodules (e.g. CRAC units) and sensors according to an

enbodi nent of the present invention. 20[0023] FIG 6 is a flow diagram
illustrating a nethod 600 of controlling an environnental naintenance
systemto maintain sensor values within a desired range with high
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FIG 7 is a flowdiagramillustrating a nmethod 700 of controlling an
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embodi BeYsy TGt De SRS ERY JrAMRRLdeRRr 2l BN RESERINRRL GNhE BRRGE To ensure
that an environnment (e.g. a data center) is sufficiently cool or warm

st dAdargvenfelper ati ng procedure is to operate extra HVAC units (or other

envi ronnment al mai nt enance nodul es) beyond what is marginally required.

Howev erf0o19lic IF10t 2 caipliioniamyo e apei-pian waddiag emelitipned Yauhioarg rerflopdinitent s can
anal yze sensors throughout .the environnent (e.g., sensors across nodul es or
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transf tri an he used in performng t above determ natiopns. I n one
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sensor in the system 20[0030] Another problemwth running many redundant
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i f f ewsnaibfetfeGee nystesn wehdingsaduralityefdnsivkar @e. ERA G ene aat wnsoreageotindhi gher

%icﬁgsgi”F“\PMF‘%ES’AI%%‘&QW@%%S@“%‘s“"g“ed"?‘g used, the tenperature can be higher

20 [0023] FIG. 6 is a flow diagram illustrating a method 600 of controlling an environmental
maintenance system to maintain sensor values within a desired range with high efficiency

according to an embodiment of the present invention.

[0024] FIG. 7 is a flow diagram illustrating a method 700 of controlling an environmental
maintenance system by decreasing operation of actuators according to an embodiment of the

25  present invention.

[0025] FIG. 8 is a flow diagram illustrating a method 800 of controlling an environmental
maintenance system including a plurality of modules and sensors by stopping modules according

to an embodiment of the present invention.



t he sanme anobunt of heat fromthe servers. In other words, a greater airflow
(with the higher 25nunmber of HVAC units) for extracting heat fromthe
servers meEansihatIét he di scharge tenperatures fromthe PEARTS20M00$6228N be
higher. As a result, a concrete slab floor or a raised floor will not be as
cool, which dimnish disaster recovery capabilities. For exanple, having a
cool floor increases the tine available to recover froma cooling failure
(e.g. when power is cut off for an entire building) because the slab and

fl oor g602%]asFIco9ks SUSK @&graﬁﬁﬂiuﬁritfh@%tméh(FH(QOO dF coM¥dlling an environmental
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Lo powet, iRl 1 By (O] ehbo HSTEIMERLEWLARRL] FIG 1 shous a floor plan

of a data center dccording to an e Iment of the present 5invention.
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uni t ar pyseuiapdrerethotihadcophiny/iodenbadmidnovo fithe preeendaiventmant er t o cool servers
in server racks 4. In one aspect, HVAC units 2 can cool, heat, humdify, or

dehum dify air that passes thepah ghemscrprTIiIcMeEnt al sensors 3 are
devi ces that neasure environnental paraneters, such as tenperature or
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to an enbodi nent. of the tpresent invention. In this exanple, the HVAC units
are rodPedipmadylescapegptely redused gad whetlgn incrsased ogeratien sirepsiitgd (§-HisugE wal |
of . . AN y _ . r e 3
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and resulting temperature differences for each sensor in the system.

20 [0030] Another problem with running many redundant HVAC units, particularly when they
deliver air to an underfloor plenum is that the discharge air temperature from the HVAC units
can be higher than if fewer HVAC units were used. The discharge air temperature can be higher
because, with more HVAC units being used, the temperature can be higher while still extracting
the same amount of heat from the servers. In other words, a greater airflow (with the higher

25 number of HVAC units) for extracting heat from the servers means that the discharge
temperatures from the HVAC units can be higher. As a result, a concrete slab floor or a raised
floor will not be as cool, which diminish disaster recovery capabilities. For example, having a
cool floor increases the time available to recover from a cooling failure (e.g. when power is cut

off for an entire building) because the slab and floor acts as cool storage media (heat sink). A



enbodi nent of the present invention. Conputer roomair handling unit 300 is
an exanpl e of an environnental naintenance nodul e. As shown, conputer room
ai r handlwogouni2e69800 has a cooling coil 310, which nmayPconiSaé/oedres | ed

wat er nodul ated by a chilled water valve 320. The WO

2011/ 022696PCT/ US2010/ 046228 conputer roomair handling unit 300 al so has a
reheat coil 330 (e.g. an electric coil) and a humdifier 340 (e.g. an
infrared hum difier). [0035] In one enbodinent, fan 350 is a centrifugal
fan dricegRer kargﬁfhnﬁé ©f h AE6ICIah @BepME Qérverd BEoIbMURLthO VL Of it BRY ndtVichiAg

vari abl e speed (frequency) drive VSD 355 for changing its speed. A

5wi 1 el €3 CRURToF-2 384 RPAVET Rang @tt@ffh air tenperature, a wirel ess sensor 370
measures di scharge air tenperature, and a wireless control 380 to control
the VS Y i ge air tenperature sensor 370 and return air
tenpergtﬁ?nggrﬁgrggﬁggf may be probes tethered to the wireless control 380
r at her hﬂ?ﬁ ﬁ@e\?\; te vm'ﬁel ess sensors. [0036]. I n one enbodi nent of

oper at i B Ut Ml shevssalauplay o a5t osnist awnilingRdnfbogient phide PFs#idi o to
a wisr eligastibe! PRiketSal VR Yhay BB i hPRRES Sval I a@NRhQr HOXh&p&GRARLEQhalCOPUL er
e.g. which contains superviSory controller 15 of FIG 4. %uperw sory

cont r olcommaigigl el dmgsaefpanaietaghssare nidagedenter NgkideomplugilitcepVidérunitad send
actuati Qe ' t Wi ch.r cop nds to
the wi r(g{]%tgs coﬁ r o‘%n?%g'ga?m%a{n%%zﬁg% égwﬁaem)ys@e% 1r8$$%ﬁ%1 Ségsr%)fsa Iq‘gg%peed
drive 3IBmralityf0a3et]radis@. Ak shewa, thk 6I0KA diuagy aacahp@ercobinrail coayisivasn 400 f or
provi di i nt enance of environnmental conditions within a building
accordi(ﬁgAt UiHS-embodi ment of the present invention. In this exanple,
control system 400 conprises HVAC units 2 (such as unit 300), a plurality
of 18nvilp nn&ne s@hedmen3 HVa uaitshigre uuitary equiposattbit psevideairfighy whhé ncl udes
one or r C f rm I i e units 2

i ncl uded;% C%gg g)ocﬁ)t% ?%Féeé g‘rrsgﬁ{ers& g{gomc%glag Cg%{a\%gg@ gsrzsi'[glll @%’fﬁ,@atf or fans,
val ves huoridifye wpdehainidi€y @k drepdsses tidougihthemy Heirosm@entilnsensirat aderlieviged thet
environnment of .a space. |nputs and outputs of the.actEuat ors y correspond
Lo operiirs SMECRIENGE ParaRBiGT SIChES TR Rl A B HOUREISHReES 3

super Vica@ igngfnineMutdienlk aka 0alc@ntdddhest BRafy MadnsCRRh bOby GhelB NGt have
operation |levels (including on and off, and variations 1n between% to

pr dvi deoBypitiohersdaenMedbes R €rsny iis WM AXs Sreedreny rihar spplicablount

of energy cﬁ.“’ﬁ%%?ﬁdnﬁh%@ i ] ONE, [ rvisory
controlﬂfaepC 12 can coor Hﬁﬂ%@ﬁgéror%g@ge?i%ér@g? rrur%?%%g %ﬁ%ﬁ(ﬂﬁ?;ﬁg% by
conput icogposrawteds with ohepunsrelzoafsoeamiprédCnenified 2onditiensodthimthd slaar e

comput ed _based on the environnental sensor readings fromthe sensors 3. The
w0 201FF8%2696PCT/ US2010/ 046228

[0033] FIG.2 is aplan view of an open-plan building conditioned by unitary rooftop units

20  according to an embodiment of the pfesent invention. In this example, the HVAC units are roof
top units (RTU) 2. Perimeter wall 5 is an outside or inside wall of a commercial building such as
a retail store or space within such a building or store. As depicted, a wired communication
occurs between the RTU 2 and sensors 3 near that particular RTU, but wireless communications

may also be used. Merchandise racks 6 and a store checkout counter 7 are also shown.

25 [0034] FIG. 3 is a schematic diagram of a computer room air handling unit 300 according to an
embodiment of the present invention. Computer room air handling unit 300 is an example of an
environmental maintenance module. As shown, computer room air handling unit 300 has a

cooling coil 310, which may contain chilled water modulated by a chilled water valve 320. The



inputs 12 may correspond to a variety of different HVAC units 2 and/or
devices or circuits within the H/AC units 2. [0039] In one enbodi nent,

i nput 1 oVoMvVA®M2ee9t | may correspond to the operati onalPCparsanmwies22of one
actuator (e.g. a fan, tenperature setpoint, humdity setpoint, or valve
position), 5and the input 2 of HVAC unit | may correspond to a different
actuator of the sanme HVAC unit 1. The operational paraneter may have

di fferent operation values (levels), each resulting in a consunption of

di f fer @B ﬁﬁPHﬂhﬁmpﬁmﬂﬂﬁﬁ9%t3@ﬁﬂ§ﬂﬂ%ﬁﬁ%h&$@9ﬁlﬂﬁﬁ 1a§98@m@£mzﬁﬁdHVAC units
2 have on one input for control of an operation|evel I n ot her
enmbodi ﬁ@mléfe@@éﬁﬁoﬁlwfrﬁ@ﬂ humedifierper at ure of an HVAC un|t 2 can al so be
10provi ded from supervi sory controller 15. For exanple, a setpoint may be
the deq003sj tlewpeecmabadiment fant3e0ad & c@h’tﬁfogzarfgedh\teyi byhe AAZARIUtibE mdtoroThe he

desired e erature of the al returning to.th O i nputs could be
the set nmrorm?é%w Harab e(%pfﬂeﬂﬁ@qh by eﬁﬁéﬁ%&ﬁ Fang&}g P&hethd t o
a vari ahldesk %&ﬁmxnéarsm@rewﬁla)r tethfi4ilile, b viRNREs {ARAA70BHasur&AG fehbeAC uni t

has the same number of inputs, each 15corresponding to one actuator of that
HVAC unirttemperatyreotitrba Wirrlsesiomisal 3800 foptrad e @SeniThedigghprgsaie a di fferent

number té‘}g e@&h Sﬁtegsr& 37¢ I%ﬁxl;’n ?lp %ﬁg?qur@%a#sbrs rﬁ%{%%’r?&fs tét e?écP{oS[hémy be

t he sane egar €SS 0 actuat n- par a reason the
vnunber\mﬁﬂasnmﬂnﬁ3&mymﬁtaman@uaammeksshﬁ&ause each sensor nmay affect each
actuator, and vice versa. For exanple, a tenperature actuator (e.g. cooling

val ve) [669s] aflheat ehb&difem Fob¥radén, MRYwRABRKENIORETH0,320 seRNEENA& Sef SHENMS ON
the cooling coil if the environnment is cold enough. Likewi se, hum dity

actlfat 6adjo {ea yireiepfreawerd gaiemat Whieh pasaprdhe sigpds rd seatrebesimmierag vegh af f ect

the te%ﬂaﬁ%?@&rwé‘cﬁy @&éftrd?r%ﬁ'?%f -0, §g&ér@fsgg[%g%l?li5%%{ Be J@dn?ﬁa%?‘égét%t y or

evaporative C ers’ral se sors ronne ensors 3
can neaseif.eThe wmkrobcanfipuerphy semdazlctuaomdcdmmmcbfto thie v bedesy gatowag iwhiclsigllys as

R o R e e e R

comunisggti on neans (such as Mdbus, BACnet, W-Fi, WMAX, ZigBee, or any
ot her applicable protocol) Exanpl es of sensors i ncl ude t enperature

sensor gﬂﬁﬁz m gt X i e&ig%t‘aﬂ%f Qrc‘ca)ﬁt?ylrs%t@]’ﬂ 190 FSr rpr@\/ aan %aﬁt?ﬁﬂ%@ Lf may be

able t sure nu vironnental “conditio ree of the
WO 201bh@ﬁﬁﬁ@ﬁﬂﬂ?bMﬁﬁ@ﬁ@%ﬂmﬁaB&kh@@meoubm@«Mm@mﬁmdmhmteﬁvepanﬂﬁmﬁahu$ensors

2 RS BNS RO Yot REEL PADA 0y SO P iUy, o0
i ndi vi @daikdnmdpkac&dors 3, and a supervisory controller 15, which includes one or more processors
10 for performing calculations. The HVAC units 2 include final control elements (also called
20  actuators), e.g., for fans, valves, or temperature elements, which may be used in maintaining the
environment of a space. Inputs and outputs of the actuators may correspond to operation levels
of a module, as mentioned herein. In one aspect, supervisory controller 15 can control the final
control elements to have operation levels (including on and off, and variations in between) to

provide stable environmental conditions using a reduced or minimal amount of energy.
25 Modules (HVAC Units)

[0038] In some embodiments, supervisory controller 15 can coordinate the operation of
multiple HVAC units 2 by computing commands to inputs 12 of each HVAC unit 2. The

commands are computed based on the environmental sensor readings from the sensors 3. The



100431 In sone enbodi nents, supervisory controller 15 causes tenperature
sensor readings F 5 to be within a tenperature range R, e.g., as specified
by an asswoi2atied2eet of reference val ues 8. The range canT4disoqiop4dres | ess
than a certain tenperature (e.g. less than 78 degrees Fahrenheit). The
range can al so be specified by two tenperatures. Such a tenperature range
can be as small or as large as is desired. Such ranges can also be applied
to heating. Certain enbodinents can attenpt to maintain a specified

t enper ahpiite 17 MAYCor@poRPBh ViafBR T Atfréht (A AC @hity D hkdlorRYicBEorl@diitd er ent or
be the sane for each tenperature sensor) while using a m ninmal anmount of
ener gy .WVitton4wHY AComés énbodi ment, supervisory controller 15 internally
stores the set of desired reference values 8 for each environmental sensor,
e. g. irM063xshnmaeempodigashmpudt oDHNAC wiii 1 by eomespond/to thao@rdienal

enbodi nents, the reference values 8 may be .stored.externall eu%..i? a

di sk drRAANT %80T Rraef (F el %“nteﬁ‘ﬁé‘iaair%/é?ﬁ?o‘% WP SPHOIeb At }(/{HV‘?B 11408,

adj yst sn@RRS iaphtLAIEVECIINA hiM LorkeBpbdls a AiffePerlt @8Ratb &S tHAbdh@SH /A Mnit 1.
environnmental sensors 3 with the specified range using a m ninmal anount of
ener gy (he.ageraggna agriamgter may havedifferspsancrition yakias develsgrmathigswiting s

exceedi . ) hment ,
uper vi e ok BB Bo e ey T o e e o D AT R <
12 and haveonigede dippefor byntfodof 41 oykatoonevebl el enents (e.g. actuators) in
HVAC units 2. These commands sent to the inputs 12 may be provided, e.g.,
by W r gdo4u] Wnlofle@ SmbAIMANRI £akpdPit fOEHRE fompERRSE of NPBAS ukteY c&i 85d be St Op,
or change any nunber of operation |evels of the HVAC units 2. 100461 In
andtherpre roFs sEpergispiy contsdiey 1 Hoherrespmale, a setpainiinele Be Aerisd emrsTatie

i nputs : I Qk:tal : i
nicropf%?géggg-}ggggbgﬁﬁﬂ?gﬁgﬁnbﬁgghﬂ%ﬁ%%kggﬁﬁ&%%&ﬁkhgﬁ%&gg%gggg%%g%h i nput
t o t he unitc &thetiigputadouddt the kétpoinofor thelmimidiga(or thehomdd fierocoammand), wakor of t he
unit. The lo %I di%iia$ contrﬁél?gFﬁﬁn then determ ne the final conmands
sent t PR ANVED VelUeRpetit Y FPr exanple, the I ocal digital
controller may convert a digital signal to an anal og signal for the

act uat dP04Ur laong empodimspipeesbdiVoF unpeas fhysame pembe afdemie ey an WO
203}/ 022698RGdhE'R? OO4RAR7 28 A€ HYA©lnit. TRENbACAmB@Fh L] difGRh QYR yRY
al so operate to maintain an actuator at a particular setting through a
| ocal comtrayk aldoidgrent Tinmder sfigotators dnypudoan enpbddenert Sheraymberofaergotshmay

set points, of 1ocal control ops,.in.the local digital contrqgllers rather
Ehan_aitednd T R ok FRA e REpeR° 2 pftbh kRon R et Rkt s

[ 0047] rhay semethe sinelismetduse Sdeh8EnsoBMaY affediieac dcratotparldasce@asas Fof exaaphd, Vi ng
status indicators 13 fromthe environnental sensors 3 and/or the HVAC units

2. I n GHEMASPBET 2ty (§€atA9ENE Ml Defi2B ACA TG BT BB PGP HEFT on as to
whefphercoaiedsMA%Hidich tBe Qoliflg SEDF e chvirdnRERIERSIH ¥nQARAT AbleANR! hurhfditgnot her
aspect, the status indicators 13 can provide settings of the HVAC units,
10such astatoes (¢rg inffared lnmpdifistaand evafiosthvarcgelingvyapees paffackthe pempdrgnre( . g.

per cent f the acitv.of .t.he unit, that | i use all i n
byt hfapkOS B Falek rlpidifers HId bttty bbe BBLAM ¢ BRI D™ o
320) is open._The status indicators 13 are shown separated fromthe HVAC
units 2 and s¥H&¥¥s 3 for illustrative pur poses, and may actually be

received fromthe HVAC unit 2 or sensor 3 thensel ves.
[0042] Environmental sensors 3 can measure a value of a physical condition of an

25  environment, such as temperature, humidity, and pressure. Environmental sensors 3 can send
their readings back to supervisory controller 15, e.g., by wired or wireless communication means
(such as Modbus, BACnet, Wi-Fi, WIMAX, ZigBee, or any other applicable protocol).
Examples of sensors include temperature sensors, humidity sensors, and pressure sensors. A

single sensor may be able to measure multiple environmental condition, e.g., all three of the



15[ 0048] In one enbodi nent, the status indicators 13 for the HVAC units 2
may be obtained fromlocal digital controllers of the HVAC units 2. These
| ocal di givoabiieedosol | ers can be queried by supervi soryPcoruseaiboloer2245 t o
determne if the local digital controllers or the HV/AC units 2 are "on" or
"off'. If aunit is "off", then the status indicator 13 for that unit's
actuators could be a certain value, e.g., zero. 20[0049] In another
exanpl e, the environnmental sensors 3 have sone well-defined and easily

det ect g@lo{@ddndliRnIOARSenvirBnRBRIBEROEL 3 mAP8e h&itidHeg rdRERIY & RBording to a
“unreachabl e", which nmeans that a gateway, e.g. a network interface of the
super virsglg pessemnyr dihe epvitdmeptsh srosore & mraYrAlwdteeorgini4ed ivireclusiers of senggipoher
failure i out -of -range voltage (either 0 volts or 1.5 volts),
wher e dn®g%§@hﬁ%%gﬁés that the sensor probe has a short circuit and 1.5
volts indicates that the sensor probe 25has an open circuit or i S m Ssing.
Any of Bide Faome FRSONEYISeRRFRISORY @NEPHTTUS Prit LRIRSFAYF SeSPLIeFPEL Fat
sensor .1, bOWRIn AdRipBAHRPEIEE ROB g Ofs {6ty B) 8T A8 atel At ofkdferBficetvaRicyAC
units 2 may be running in an attenpt to conserver energy. However, system
400 maylhgetrgetcan simplspolesy baga certaireiepoeatue &% dess dranF 8alsgrges Fahrenheitience

t enper r ar ev r r ol heat | I t WO
2011/ 02950uke LA B pEHED eV R S RERv & AR Rperd L Lhe: el it e
whi ch nodsilaggeshiaulairbdveudhtrangep edredlsive dpplied to heatiga s@dtafreergbodirheritheannodul e
shoul d be turned on). S.§t€n1400 may al so dg;ernine m%@n it.is acceptable
to decr&get faﬁn%éwmpsﬁ PG iFAIPCratirg Fange Ff gt P mppraiie (AE Wiristmay P& ong
Wity Wi g8re iVAGe B dafhe Forddath REFRRkAEL&SHN rwfﬁ'l%%i‘ﬁ?%inﬂgm\!ﬂl ekt cfakskNg

sensor readings to go out of range. 5As part of these determ nations, a
transf NGt I . i used. 11.

I NITI AﬁP%‘f%GC’#ﬂﬁ%gﬁﬁﬁlﬁ%ﬁ%ﬂa@%ﬁb&tﬁﬁg‘nﬁﬁe@ F@(Sgl‘i“g%é’tag?sgﬁgf er

f unct i aoaferaate valudsBMor echannie@suaneal oénsbh e.gefnf fesh neindrnecadas omghdraniable
potentially equiyal ently decreasjn an environpnent gl mai nt enance dul e on
B Vi TR ST eler S TS B4 by PRSOtH & BTN e o & dGr y
Sensor drive bRBptfaPABB. 1R bpdrtiSdn, SuRPViddrP BofolleNES SENEOEFeration 1R FIPELE, the
nunber of rows J of TM can equal the nunber of enV|ronnentaI'sensorsa&also

callbed wiF d takegpdheehucsdeont envispmeniehisnsas  siihghomacifigarangy usiggd mikEmahunber
f col t i | 1R . Thus,
Th oo ERBREAL BRI, DA DUENEL oL R ENERIS R R c 8T

i n one enbodi nen y on eac uch an
enbodi nemperatuteeaegedoul d be 15only one neasure of the energy consunption of
a nodule, i.e., one paraneter for which an operation |evel is determ ned.
I n anot her enhpghk MM 4dshere may be nore than one row for a nodule, and
thus there can be nore than one paraneter, each providing a neasurenent of

an Operﬁéisi\lnslg%\égkm%dﬁn@ﬁg, Eﬂﬂ?ﬂlgf{y D en c&mﬂﬁxéés nids A HOBRVITRY 1he

swi t ched. the term may be any i'ndexable array of val ues.

20[20052hputs | Laskare beed directdy for fiaal copeolaténmmtd @\eehetoaorshe BYWACnhmuts 2or an

out put %aelseuc%mrrlfgnrds sent to the inputs 12 may be provided, e.g., by wired or wireless
communication means. These commands may start, stop, or change any number of operation

levels of the HVAC units 2.

[0046] In another embodiment, supervisory controller 15 computes commands to the inputs 12
25  that are used by a local digital controller (e.g. having microprocessor-based controls) in an
HVAC unit 2. In one aspect, each input to the local digital controller of a unit corresponds to an
actuator of the unit. The local digital controller can then determine the final commands sent to
the final control elements. For example, the local digital controller may convert a digital signal

to an analog signal for the actuator, or convert a protocol of the signal to be usable by an

10



exanple, an input command (e.g. a voltage or digital value) of no power can
be an operation level of 0, and an input of full power can be an operation
| evel of wOQ%1026one maxi mum val ue. The operation | evelPCtas2@abses2de an

i nput value for a particular actuator, e.g., a fan speed, tenperature
setpoint, humdity setpoint, or valve position, or an output neasurenent of
the 25positions of such actuators. In another enbodi nent, the operation

| evel can al so be an output level, e.g., a level of cooling or heating
provi degwaibhi $hOMEDWigilab¥fhrof@mBEaiso HREASH LBt anl RAiBRb@barfiboy rel ative
to a designed val ue, which can be exceed thereby providing a percentage of
gr eat ersettihg thrawghos oy epntrH doqparidmetseperyisorysontyel put S vrly semmand the sewainte one

or nore.i t d ri.abl t . WO
2011/ 035 bRRer IR o S HesB8 kS teh s SRR ey PRef e AR IR, .y
met hod chfdolelenteantst i al i zi ng an envi ronnment al mai nt enance systemincluding a
plurality of nodules (e.g. CRAC units) and sensors according to an

enbagdi ment ofgiheniessnt invention. In describing the method, reference
will be made to FIG 4. The initialization involves the creation of the
transf trix TM. | e_enhodi nen t T ini-tialized
by incﬁ@%s'ndngﬂﬁ %Pmﬁggﬁé%xIHgmr”%g%Ppghﬂﬁggee%ﬁ%@ﬁ?%%xﬁ%gaﬁégﬂ%%#éﬁ

st arti ng feondtheteapipénngdnial asrdoitsa@kind®r shedil VAEraiite 8. redvesped ahppsgnat ur es before

and after. the change jn. operation |level. |In one _enbodi nept, the nodul es
are dedPUstea AR PRIE EEEG dait MATIS A0HYACHAE 24 S4CRPRa)S PR her
embodi mRBtaond] N £RIHEFRDe&f thf Mattls8ndiBitdrs ab ke kobMe SRBREH dT9hd NT AQPGTBL | ON

| evel s of nmultiple nodules at a tinme. 10[0054] In step 510, a first sensor

vall@le ‘yuch s rgturr ainjseartatire, disphared tamperavreppasteuieed pprseintbelthy eapagisy ¢f the at
controller, 15), for .of .t he . f | t
censor WA e g A i R aRRRRT S Fistion KA BELARY Tuudh o B biple? | )
as a reabiet(e.9f328) ivepsnr Ehestbtus didivateds 1 Dare passi swphmteddtem thedd VAComgh2a port
able to receiv ransmtted nmessages. The first sensor te ture Yl for a
S peci f R0 SERESP 57 (5 e RO ST for e e FfoP Rt JOMLEE OOt 9 15 may
be obt abneds angReREs. My be obtained nultiple tines. For exanple, the first
val ues Y1 nay be obtained before the operation | evel of any nodule is

h .ai A s at A f
parier o 2 EnBRIRERE fho SRR BUPRPRTAT ! BV ACTHRL) PAFL DALY 21 Les
Yl , ot Heom ebluBsgitaiegntindlersend oredid o A Cswrits 2a S hase logé datitabeonirelleh caf beoperied nor e

operational paraneter a . nodul e. anpl es, of ration par ters
Chout Serapsig o s §p R0 ShaBN R 68 o aien B S bt PR AE RIS
(e.g. freopnysensorfs Qs Forrfkien tRY statdt Saltatod €3 faRealiyhesatos. @uldfbe@m
sensors 370), and flowrates (e.g., design flow rate times VFD percent
comandertpinyale fidso-has a VFD) may be measured and stored, e.g., in a
menory conmuni cably coupled with controller 15. [0056] In step 520, one or
mor® o[fed4di dn ahethed sxamblepthe eovirormentaivehsbss tave saohawgddefidad andeasily

detected failure modes. In one aspect, one failure mode is an "unreachable", which means that a

gateway, e.g. a network interface of the supervisory controller 15, cannot communicate with the

sensor. Another failure mode is an out-of-range voltage (either 0 volts or 1.5 volts), where 0

volts implies that the sensor probe has a short circuit and 1.5 volts indicates that the sensor probe
25  has an open circuit or is missing. Any of these failures may result in a status indicator of zero for

that sensor.

[0050] During operation of the system 400, not all of the HVAC units 2 may be running in an
attempt to conserver energy. However, system 400 may detect a hotspot (e.g. a temperature

sensor 3 above a reference temperature) or other event where more cooling (or heating in other

11



25enbodi nent, all of the operation |evels of a nodule are changed, which
may be just one level. |In another enbodinent, only sone of the operation
| evel s ofwea 20ndub@sar e changed. The operation | evel s noPCTthsages46zay be
changed at another tine, or may not be included in the calculation of the
transfer matrix. In various enbodi nents, operation levels fromnmultiple
nodul es may be changed at the sanme tinme. WD 2011/ 022696PCT/ US2010/ 046228
[0057] The amount of change in the operation |evels may vary or may be
equi val iod irferfREIARAN B (HER e @AATE L RichSASIIORBLAMH00RL oRel RIBLR( that is
changed can be changed by the sane percentage (e.qg. 50% 25%etc.).
I n one1nmp$@ﬁ@mgafmgnnﬁakﬁbaﬂ@bsunmabuﬁeéyagaﬂﬁgnwaa&eﬁc@nemewéﬁnﬁuW1vaIue
for the 00% o e des b1 flo
Sposst LD EEHeabEdh APyl YrEa B ORES L ST 2ealoaf Mo rbler' 2o
t hus t hevperuanbageaccgithide be dgcrealisy witivan c&ﬁ&‘gﬁsexﬁéaaﬁﬁamig'@tocg@t@m o1 maegd. he
exact amount of change achi eved for the operation | evel of a Bartlcular
par amet/ey Parefiipess G?té%lﬁﬁmmaya rnstea dencyen fRE Y MR érloak aFix 4L PRGN gy
command,.hasy been delivered. If the operational paranmeter is an output
val ue, the new operation |l evel may not 10 be known directly fromthe change
command. For instance, the change command may be to increase an airflow,
and t hdi.dNIfBA 12180 MR AN FER BUBCT8ONANDIL @ ADKRMARRYEeR®er al | y what airfl ow
corresponds to the command, but the actual value for the airflow may be
obt ai nqUOSMT ETROEMERE RlnkiSYmBRAIIVE TR ncadkSOF ths OBt PRIGRESRE GnbRY Not be
known at all except by neasurenent of an output value. In other
errbodl rRotRngially eurivahently dlesrgasos @aten\swaumqn@\l/malrﬁﬂvan@%%%@n%@n'mntklnown

, h t and
fH% [8%%%]??ﬁﬁgﬁggmhgnngt?é%ﬁ%%hgggs ﬁkﬁgtﬁgh% S%?gpgielvgdgpg¥f@gch one
of t he ssesvsorls.ont aspertethembodienefitbys & of Tveran(egua) the minttier af ewlrosmardtalgur abI e

period) is s rte ation.l eve nodul e, j.s a
Gt aul sehPrelapR Rl el ins s SRR CrR PSS rh A% TREH b 8 BB Vol vee
Y2 ar e Jrhasis QA eqddl ee lubiteestbn®frodhentilini@htendnde anatlker Tiarbadingent , t he

val ues are 20 continually neasured after the change command has been gi ven,

and t heemhodbpnt.<hers byonluprpecolmn for eaclymgdyls t @rwtﬂh%n prabedimer. tharesdldbie to

a quasisnf SadfeshRlR t}?éoé?lgf'gty'c‘aﬂsunl:&fron X amdGle, { doreHangR er Mt WitB aPf the
sensors nmay have a certain'rate of change affer’ the perturbation. Once the

rat e ofopetetingéevdkis detggrised ellnmnpdnet ¢mxihoknd, thelsemaybequersithantangdyw serat e

he. out BOt0E S Pl Hell i ho IR Pl PPl PR e 08700 '

di f f er esperatibelevelst thambdalor Negphitdhd1@wsiang tolamins aray be spactade AY, drdersecond
sensor values Y2 is calcukated gf.q. by processor 10). Thus, if there are N
sensor s "HEhgmesRyany ipdsxablegrray 8t WNesr especti ve val ues of Y2j-Y 1| for
each operational paraneter that was changed, where J runs from1l to N This
di fX0er dABR2] medys descilsli eraja aproparaon level, carnbpnan dipuyorfagroutioé yalug-nkor i f t he

var uos B0 FHETRTpRA PR DR aSYR i IET ol A RERELELM SRyl 2205”

and eadbveY3f 0,¥Ind ah $npue gédul \peweAbsitbet appipeatiof daveloafdlOD gy sbfne tfa@imum
value. The operation level can also be an input value for a particular actuator, e.g., a fan speed,
temperature setpoint, humidity setpoint, or valve position, or an output measurement of the
25  positions of such actuators. In another embodiment, the operation level can also be an output
level, e.g., a level of cooling or heating provided. This output level can be a percentage of the
actual flow relative to a designed value, which can be exceed thereby providing a percentage of
greater than 100%. When the parameter is an output value, there can be one or more input

command variables used to change the output parameter.
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change is a decrease in operation |evel, then the tenperatures increase and
each Y2-Y1 j is positive. However, these relations do not always hold true.
For exanpWwe,20iffo2edse return tenperature of a nodul e i s arCorush@bows2as desired
di scharge tenperature, the nodule may turn off 5its cooling capacity. Thus,
t he nodul e woul d not provide cooling, but actually provide heating since
the air would still be blown by a fan, which causes sone heat to be
inparted to the air. Thus, sone transfer matrix elenments can have opposite
sign ofjpgdIpersg. whu &ho%%la%%‘rmlﬁxrsﬂrﬁwg' dth#Bed ﬁ&p@f]ihtlhpz@é £PerRABnméndM matri x
el ement’ is calculated, for each sensor, using the corresponding difference.
For exanzph@narm @ysém ml@@mumﬁtycqﬂrm@lqshegm%ﬁamrtsb@né|8@wema§cor4mﬁmr e N
is the nu S f e ers
changedn TogE L AE BRI el TG e B0 T RhRe Rl BRATELSLE
time, tHien4aThe mitigdize@dnuinvolcarnhdeeatpohaifeltt @dnster tiatrix TSl g osge émﬁsoﬂuhmtf or

each natrlx el enment. I n_another enbqdi ne if nore than on per ati onal

par anet'ds calumphanddramitglierhey mfrr%%nwd??rae&reé%%?ﬁ%at@fl éeV&Edﬁf*é‘d at a

tine, whidu& € %ng%érﬂﬁg ahP§ i ﬁgo)(ﬁrdgaklﬁ$§ dIfkkMdRe b&A3tn BfpRFAREs REIRAndISed to
update the matrix el enents. n step 560, it is determ ned whet her
any noreéteotbrerca@ng@nrahn pmr@tmtle‘r hmm embodivessh tshmndides yyedecreased tnsk e ar e,
then net prge% ugﬁt}/ ]l%ggeg ca {'tn% ng%gnL:rgg&}lme %Hggql&xnﬁst oiIm a?é rSt

i teration of method ecrease ust one 0 era Tonal paraneter In the
next |h&ﬁ@hnﬂn»wﬁhﬂﬁnéﬂ@opaﬂumﬂEVﬂdefmnnm&asomgmmmetMeweI of paraneter P1
to have an operation |evel of that before the last iteration, and step 520
can i nqoysig dx%fste%ezﬁbrwf@t LaV&!vaRl Yo R§erdide, HilMdity, OR Ere@ﬁ@é}% tEvaP! evel
is changed on the first iteration and two operational |evels are changed on
t he sedesd af cantratlprold) f@reael ofethbertisere fig-8- feam senaois 3pruThe Pusesesprarvatuieor | evel s
decr easi a I n t i ments can
use o riiorE O shleplely bIGRRARCT (UGN LHEE Bhepor BRI o s

i s desaonbeahdbed pavsivdl QOB Eined throuph eepdbmhlmn‘bcel\tdfr@smmeémmsmm OThedﬁrlehet her

any nore operatlon I s need to b ed g ent to her any
o GG IR L TIer e el £ PO ST T VTN Yot DS Ten s QP et Kt e | o
one| s0pahat bOsbthiR¥EInck OF iy Bedblameanthitifle inRer mrleqanblevaab fiBRhIRBSY &Ryon or
off, then the determ nation is whether to start or stog a nodule. In such

e

an enbdui abiined biefore Freraperstion kayekofmpy modyleringhanged @ M@y be obipsH&REh timke

st oppe h r nodul es may t hen be
stop gp l(tﬁet Ffrfaﬁﬁrelélo%egpae agfrlren’(tﬂslﬁ(ggl eg?ﬁgh%%lgrnatrl X. V\hen a W

ﬁglr”egﬁﬁﬁ?ﬁ ORI TS S s L STSEr A BTty R CHEs RSBl e

after té}ﬁrﬁlbﬁfléveﬁémefok fRke ePitions!. paiéh@e@&]s of AmdteR. Bx8mpleé bedpeadtiondf the
matri x el enents of TM have been calcul ated, the transfer matri x TM can be

st GHled NAFAMCIERS MUY SeAnes|98d E1RoTH SHOHIPHLARIUSRISHETEHARINE SREBHTCSTRE: fiPRnst er

sensors 360 in FIG. 3), discharge temperatures (e.g. from sensors 370), and flow rates (e.g.,
design flow rate times VFD percent command if the module has a VFD) may be measured and

stored, e.g., in a memory communicably coupled with controller 15.

[0056] In step 520, one or more operation levels of one or more modules are changed. In one
25  embodiment, all of the operation levels of a module are changed, which may be just one level.
In another embodiment, only some of the operation levels of a module are changed. The
operation levels not changed may be changed at another time, or may not be included in the
calculation of the transfer matrix. In various embodiments, operation levels from multiple

modules may be changed at the same time.
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Smatrix can be retrieved for determ ning whether to change an operation

| evel of an actuator. Such determ nation may be perforned, for exanple, in
nmet hods 680-2002243¢r t ai n enbodi nents for cal cul ati ng naPcrSedeneses of a
transfer matrix and a LOAD matrix are now descri bed. Calcul ation of a
Mat ri x El ement [ 0065] In one enbodi nent with one operational paraneter
being changed at a tinme, the matri x 10el enents of one columm of TMt hat
corresponds to the changed operational paraneter are determ ned after the

second [5e4¥5 OrTRéahIGRt A cBark RGR kS eratibn 1dV6Is AREIVALY ANy RASGAMNRLAT inisdmB - i ndX
(whi ch [hgjsﬁa one- onet cc?r?eggpondgﬁgrea 1wrilt h gg%l?dul}]e in yt hi sfﬁenbodlinrﬁerr?t) and

t he semsamei. fipexrxdnsplSicadxoperdimnaloapamaténthallieshangedmep Sadhanmed By thesame be

d as: - ol . Pi . : i .
valbe. corPlieptita QT Eh Gz A Yo ORI bientetby, HUBEEIs Kfealited MEURERZDL

Pifid, desigdiangaesnmWaliesot the paanser (a/al106%cathedpipnad mgxitaunsam fobef bise t he
operational paraneter Pindx is changed, and Al evel js a change in operation
| evél @PS%%}FWWWﬁaﬂowgfﬁmﬁ}aﬁi@q&éfgwge’mw tﬁv%%e BEC%E%%?,COE.%., i f
the chapgg.i@sndrdloothre same for each actuator. As described bel ow, an
energy factor can be included, which could be considered a normalization

factor. 00661 ,\When t he sensor .v e nodul es
functi JR% S]goo%%ter\‘}qé eutéese)(() ?W%’tp?&i@%&f %%%ngttf}%qﬁe:%%%#&g,l%?af? because
shut t i n@rtzifar paradiet,@ rheasueinkeyr malebs ade)f tbhparhidetondfer ¥2hgrgeab@mandaas VY |

and the change in erati I (Al [) i tive. A.siml | t
appenchest SRSt 1 RE OB BYIDF o A PUPHEY LI B et DRI Er AR

di fiper a8 oiva ditEARL i thedhhndd @¥fhanidS FBPFistahde thetdpuRMGOmnamd MRfItHeaped above
for step 540, the counter result can occur, 25which is counterintuitive.

[0067] iMveasaan bisflonsr andlthere ehay pelsomp aelibapted grttingsdo fpaw Bsoeedl gt girdem
correspaond t I f t he actual
change (ORcrredodBlRritid PR SN valab Br PR el SOBPELEIIPE o™ Toos
10 r pmaccirbelynstméeasueheme miscanmb @armretdrpini e dothe kanofvaet @t except by

measurement of an output value. In other embodiments, the change in operational level may be

15  automatically known (e.g., if the change is to turn off, particularly if there is only on and off).

[0059] In step 530, a second sensor value Y2 is received for each one of the sensors. In one
embodiment, a timer (e.g., with a web-configurable period) is started after the operation level of
the module is changed. As a default, the period may be 15 minutes. In one embodiment, the
second values Y2 are measured after the end of the timer. In another embodiment, the values are
20  continually measured after the change command has been given, and the second sensor value Y2
is stored after the measured values come to a quasi-steady state condition. For example, the
changes outputs of the sensors may have a certain rate of change after the perturbation. Once the
rate of change decreases below a threshold, then a quasi-steady state condition may be
determined. Absolute values for a threshold of changes in the outputs of the sensors is another

25  example

[0060] In step 540, a difference between each corresponding first sensor temperate Y2 and
second sensor values Y2 is calculated (e.g. by processor 10). Thus, if there are N sensors being
used, then there are N respective values of Y2;-Y1; for each operational parameter that was
changed, where J runs from 1 to N. This difference may be positive or negative. Typically for

30  cooling, if the change is an increase in operation level, then the temperatures (the sensor values
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WO 2011/ 022696PCT/ US2010/ 046228 so that every matrix elenment will have the
sane value in the denomnator. Thus, in later steps a change in operation

| evel carwbeougredsdani fornly to determ ne a change in prediraiSedoneszper at ur e
as opposed to the change in operation level being in different units for
each matrix elenent. [0068] In one enbodinent, the Alevel is a percentage
of the change in the operation level, e.g., 5100% for turning on to naxi num
capacity of the operation level, and -100% for turning off fromthe maxi num

oper at i gyl cdoﬂng)g%tcnﬁge Sanadi ?‘gﬁ?i ] iéhg%ég&e.irélslb ?y)?-i'&l kst cE@llin?gt, Mg tO

m ni mum i ncrenments u to create the tran t TM For example, if

t he i nothemgenis aidscrBase inlQ@ratpmleet, tnhtbe tomgletpturéd meteasti and epdr €2nY hge) , then a
change of. 10V, woul d be a val ue, of 2 and rpm woul d  be val ue of 3 if
Che U7 ASKEP HEPRISE Fieaefonoior SB7 bl S st RP Sr B A Soamot her
enbodi nemperatufe dembdadBfa€br BEAdW b XeRS ddcRate thniperdnint] e hageld ney ternEKI mum
| evel of operation across all nodules (e.g. maxinmum power or fan setting),

t her All&ceplipggsrpadtya hugdhe madple yauidnot prviderogling bubastusbly @royids heplpgnt

range ofin QRRL Ak BMdlsEN B bloBvnby a AREWHIRN cLAREs Mt TR b ARAGH t1f2i2000 rpm
and another 1000 rpm In one g'spect, Al evel coul d provide nornmalization by

i t sel f.THoeysonredtaapicemairix ddneenthendese epresitd siay st athas,sdmeh sepuenEvitiveul ar
15paranmeter then a nornalization factor may not be needed. [0069] In one

enbodi NeOs1] thetepBB0ad TONAhtriR@laiBat Blcakantddefon efidrseadol, sagakd ty %Cap of
heating/cooling flow that the npdule is operati nq. In this epbodi nent,
Al evel CHFSROGAMESHERRRNE 0 FogapMplife Aracksoc Hamge caleulals the ey mefrit flempssiul e. 1n

one€; oAS Pefdre Nl theVRkbRr O sciféParidl itht AMbQTorBpaati ol bgr%qet@m%z%aﬁm when
all of the units are not operating at the sarrg capacity. % ap is an

exanpl eonsfemdodimrans nf orsppeatipeal phraweter i GOTE ar a tiver thou s swglsedlwmentas, bevCap
is either, returned from.a e of the unit r it is Kk (T -

cal cul Pdafelat] BRE uibe TfnfliPlobeRi bl ¥t Sf ahbinbrentdalibos if Role thay o o
t he st appegefirdRParibBler atuhgdheh dme, then nyltglioppeddns &Rppdaed he tingd, with

tenperature of the respective nodule P before being stopped, TD p is the
di scharg@mnhi PERHR & brroRpEYe @%%é%‘{%r‘?ﬁég?fﬁ& {1 TDUBHOME Mt @B@F&ﬁ on

25l evel is changed, FEl is the design flowrate of the unit, and TRD-TDD is

t hel Sdesi0BORIATInGtept 368, it ssistasmined whethst enyPmofeGp?Elional pareetenbleye mehipeent he

design éﬂ%%%%?el??elfm?e &rs,mg{ %Erblroﬁ 56 Ha? TSP 1 ﬁgerﬁb&ﬁl%lehtp YAk YA the fﬁét' the

way open pén to a preferable settrng. Such val ue nay’ depend on the

t enper atewdt@®naff nidtedc@0|detrgased st amcepe(aiogal pasinetdr heimie usedterasdoncdepray be

i ncl n

' ne UdeS%Oac%m ?nclude increasing the level of parameter P; to have an operation level of that before the
last iteration, and step 520 can include decreasing a level of parameter P,. Thus, one operation

20  level is changed on the first iteration and two operational levels are changed on the second
iteration. Other embodiments can have multiple operation levels decreasing and multiple
increasing at every iteration. Such embodiments can use a recursive least squares method to

determine the matrix elements, as is described below.

[0063] In one embodiment, this determination of whether any more operation levels need to be
25  changed is equivalent to whether any more columns of TM need to be initialized. In an
embodiment where there is one operation level for a module and the operation level options are
on or off, then the determination is whether to start or stop a module. In such an embodiment, if
there are more modules that need to be stopped, the stopped modules may then be re-started and

other modules may then be stopped to determine other elements of the TM matrix. When a
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WO 2011/ 022696PCT/ US2010/ 046228 additional factor. In another enbodi nent,
nodules with a fixed flow fan have the sane values of Fp and FD. In such
enbodi merw 20h1@2%63ap ret urned by a nodul e may correspon@Crasaoisasdesig of a
cooling valve (e.g. valve 320). [0072] In nodules with a variable fan, FD
may be 100% of capacity or sone other percent or 5value for which
preferable (e.g. optimal) operation of the unit occurs. In one aspect, the
val ue of Fp corresponds with a setting for the speed of the fan before the

st oppi ngq,|ds Q3 fH6k degptgg'sﬂﬁ) frifer chi1Be RS8Rk, erh C&Qg’lmtm&atwnq &%rﬁlegﬁ;; tﬁges' gn
5 d *

or before stoppin etermned via ot er neans, i nmply just
recei ve:dxtfm@dnlfaafmndwlsmrt $tap timeasypies t his val ue. Cal cuI atl on of LOAD Matri X
10[ 0073] In one enbodi nent, a LOAD natrix provides a neasure of the effect

of decng@sai Ndn 3Rp PG ki Qﬂoﬂ t8Y Blatrid cl@némdot EMaRvé b&ncaRakiedythotrabdfe system
For exanple, the LOAD matrix can relate exactly how nuch the percent of

capaci At TM @rAe sthed mlasm?Yh@rb/é’zﬁéflﬁcf‘“t"@om%flﬂénat‘ll*fénaf*i‘é%lﬁysFe@bdﬂéf’ftr%‘éfe(‘/er s of
a_conPulfiix LR MRRDLRE aOlLimtiRfe QlEer K en M %L\}a%loa WESt Rlabrualofl One
[ Umns

enbodi nent , nunber o r ows D equal s the nunber of
envir or&mehntiabmﬂxﬁz{rmmnmnmefomem If@*sxalﬁaﬁEYm]mérh@lsl@é&oﬁaﬂﬁﬂaﬂn eepodienents

| cul d h
Cour d g0 ekl ARel R UEAES e s ] o RN ek arcli¥ b T Gne

enbodi ment, the load transfer function matrix (LOAD) is conputed as
fol l ows: A 0/@Cameions dMuricFlan@moK, " di , Ki ndx) =---- Eq. (3), wherein

A%Ki ndx i s CaPct he change in percent %Cap Ki nd" 20capacity of the nodul e
Ci ndx i[0eh5¢ ednbye shb@himag wWidr oretdperativsa pdecreea deing chariged atolirne, thé ahatriand

10  elements of one column of TM that corresponds to the changed operational parameter are
determined after the second sensor values are received. If the operational parameter is Pinqx
(which has a one-one correspondence with a module in this embodiment) and the sensor index is

Sindx, then a matrix element TM(Sinax Pindx) can be computed as:

(r2-r1)

TM(Sde > Pim/x ) = W

Eq. (1), where Y2 is the sensor value corresponding to Siex after the

15  operational parameter P4, is changed, Y1 is the sensor value corresponding to Sinq« before the
operational parameter Pingx is changed, and Alevel is a change in operation level of parameter
Pinax- A normalization factor may also be used, e.g., if the change was not the same for each
actuator. As described below, an energy factor can be included, which could be considered a

normalization factor.

20  [0066] When the sensor values are a temperature and the modules function to cool, values of
TM will typically be negative, e.g., because shutting off a module (or other decrease) should
make Y2 greater than Y1, and the change in operation level (Alevel) is negative. A similar result
happens with starting a module (or other increase) as the temperature difference is negative, but
Alevel is positive. However, as mentioned above for step 540, the counter result can occur,

25  which is counterintuitive.

[0067] TM can be normalized such that all of the matrix elements can correspond to a same
units of Alevel. For example, regardless of the actual change in level used to calculate a

particular matrix element (e.g., 10%, 10 rpm), the matrix element can be multiplied by a factor
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wherein %Capxindx is the percent capacity of the nodule Kindx prior to

st oppi ng. The val ue of LQOAD(C ndx, C ndx) equals -100% by definition. In one
enbodi nerw9 20hi2e@bue of LOAD(C dx, G nd) 1S not cal cul ared/useomwmys2as so be
set to O (or other default value) as this value is nx typically not used.
The LOAD matrix may be stored in a nenory of an environnental 25mai ntenance
system and then used later for determ ning which nodules to have an
operation | evel increased or decreased. WD 2011/022696PCT/ US2010/ 046228

P USHNG: T Qaﬁ%gﬁﬁ %ﬁmve%gse[mme ifNfe 4dndRHRdr. MRLE i |a&ARePEa USed
to keep the sensors wthin acceptable ranges. The transfer matrix can al so
be usedhargedevpsraiadevpenrabd wwad Iuer\f@‘rréy tdmerkmw theg@lerps@h@edmemﬁwure
acceptable ra usin m ne the
pant ToarediEy e EhpREin FishtioR s EHERCIIRHRL B FE a8 M he 271 Xeo
val ue for each actuator (although not all the same). In this vva]y each of
the actlf8hr dneaneBhodipaatedes! sadkrsnies of thagharge in the YPATHICKR s &t or

af f gct SlO@%_sf%ﬂﬁl ing B tdMtimu ?acdy foftil GheRRidR Wvel, Sn@U009 fof ARYRe ofTOm
actuator wt e“nost | npact can be taken as thé actuat or that is the nost

ener gy ted maximant gpesitivodevich elnamothat enpfodementgileveipaimtuadts radativiaéo menioratror | S

the nost effi.ci e 76 rrent he anou t

b penddtefBmE i e Rt Phsle R EET SO RS i LRGN L BOSKEY
oper at icpeier pai@(iRdledin®@peradhtae], tikinQf chiaigd del OIS)’OM@IId bewh uebf aambsdd emand
each nodul e has the same energy efficiency ]ltmhquhther,e are no en

rgy
ef fici e b 3 Felrepichid thetrms el matrpy We‘?ﬁ%ﬁ}“ 4B %W(‘:’lém%.‘rfn%f?@ﬁ“tbi assuned

whap difb@ECHSERiIRER, i§ IRl thanstePRZtfilx W43 AlabRiin GRROGHSERM § makitfundfdvb@dror s have
different energy consunption. In such 15situations the change in sensor

val ues opw2tiyi jcresralleodwinsie-at maxitmymepovener Gy stioghthen hevehertilieat ed results
can be (COMRRY . &b B TREAn STRHIRM 80d & REGRUNIEEE, LR ohIpflgher i no

whi ch ac ors actaator that ess ener gy
for a giavemamlnamgaoemmuf@bd(»aym ahbenditbdulloa()ﬁﬂnr esmﬂetaspmrﬁda&edmﬂ@bmvidme to

t he di fference |§¥senfsg:r val ues, _thereby increasi n ? pr ef eance for

havi ng CHAE!IZateR By Belthd o Hiskges If i Ehangss ara Alvays H‘ﬁt e{HRPHEUEss 20ener gy
ef flisci gRtanmd#kbnen®mh iRtidh tceransmot Be f&as@r val ues reduced rel atively.
Such nodul ation for energy consunption can be included into the transfer

mat rix ?éj@? ! fIh O;I;ngg(%l}ﬁ%nt het gg aﬂglga"ll h%%}n%{%r S%Pl?] aepgeﬁgén?E I’ag'i %@éaebarg' ng

each a by a sane pérce age a recor e en usa

vari oushemﬂgq)cdjonﬁglﬂsw the ehenmooldul@tsioparatag ]nrthistedﬁommmt @l ewehd:ancmrresjjoudsi on,
addi tiqn a addi | onal int in . a coordi n whi ch coul d
ol vaRgainbsoe Bt aRmear FBmodlts BAGR STrHaeRa e or S ‘GBaTat: ons.
| nst eadoPf n@niANeid Bds@RmeSONBeAIDTdhdBiltsSare not operating at the same capacity. %Cap

20  isan example of a current operation level.

[0070] In various embodiments, %Cap is either returned from a query of the unit, or it is

F,(TR,-1TD,)
FD(TRD - TDD)

calculated as follows: %Cap = Eq. (2), where Fp is the flow rate of the stopped

module before being stopped, TRp is the return temperature of the respective module P before
being stopped, TDp is the discharge temperature of the respective module P before its operation
25  level is changed, Fp is the design flow rate of the unit, and TRp-TDp is the design AT of the

respective module P.

[0071] In one embodiment, the design AT may be the temperature difference when a cooling
valve is all the way open or open to a preferable setting. Such value may depend on the

temperature of the cooling substance (e.g. water) being used, which may be included as an
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can use an energy consunption value as an additional factor in determning
whi ch actuator to change. For exanple, the actuator that provides a

sui t abl e wbang#2pév6sensor val ues whil e having the snal | est/USp@0gy6228
consunption can be chosen. [0078] In one enbodi nent, a nodul e's
efficiency for heating/cooling flowis an exanple of an 30energy
consunption factor. The efficiency may be taken as certain input settings
of an actuator WD 2011/022696PCT/ US2010/ 046228 of a nodule (e.g. chilled
wat er Vﬁh%ﬁnﬁ%&tbﬂq q) aﬁ’éthél’%n*%@m%‘f %]&%ﬂ@lcd fided TR Tak havthe Eﬂn@-@&&é}@f
embodi ment, an efficiency%ap of a nodul e max .s conputed as foll ows:

ri (G nd‘34>)a:nd Eq IrFaNESpmeQ)nentMﬂ@r%CﬂawSpded@ amedlpieﬂ@ér\wrr@ﬁ‘poﬁdﬂdai‘ﬁamgﬁeed
that the i curre y using. In one enbodi nent, the fan speed is
100% f ot° ﬁg%}’% t have a vari abI e fan. For nodules 5with a
variable fan, the fa n ma be operating at |ess that the maerrum setting,
and t hu80R bamedules oot e{mw]e fam FormaY QLY oirapaiy CREPEHEIEEG™ o t he

dengm %ﬁ&rfofc@nmph?e@ﬁa@e Ll ?ﬁ?n@ﬁ %&{ 9&9& 0%k BRAM a7 ohbadpedOmBobiubay e
vari abl e fan spee ecause be 100% i n that case, and the

ef fici elhm;brmnohdia‘extlh es@tmg@r ﬁlﬂmﬂed <a° th%@s befom i stoppimad il etherzembadinowss;

efficienc sin e .coOl | aC| en fan
speed. etgfﬁ a%?éfcf)?ér}géﬁg r§ltecan es} ebeg%f/ %%a%u? e%?mdl Vdeag'gii a |l evel
of inp%eants,hﬁ@ﬁﬂipdyj[%ﬁ&blélwétgfr@flfalrﬁ(b(ﬁlm&at rﬁwsulexaﬁmszuea cooling output for a
specific chilled water valve setting can be used to conpute an efficiency
for the actuatQr,fioh (Pq(y@ et V. MALNTAI NI NG SENSOR VALUES | N RANGE

15[ 0080] FIG 6 is a flowdiagramillustrating a nmethod 600 of controlllng

an envi t al _mai nt.enanc stemto intain

desll%r ed bﬁﬁrﬂ;gln Vh ﬁmh %WCHQP :icél AR RS esn%mte%sugen&zﬁ% rnen?ec}c!)glfag ? %e

pL esgntope::h‘ﬁeﬂﬁdv@rbf avRbi0eloo @ ceichy of tthSys\ME]h CRolon@mpte, ﬂ‘ﬁl’lﬂ)/&lﬂhwatﬁ}otiah are

t he best for ngi ng (i ncreasing or reasi ng). operation |eyels when a
par t i cUFke astby 0%3|ua*éthﬁav§rcam§3ﬁ§w“ RS g,; i pasrbiodaadlf iy feahge.
For exagRl &5 sehvers 41 BRHERPRIR! Whéh He & tMﬁQrCI(@Cgmlt@lsQ%gd &frStforensor

that is too hot) is beyond a threshold, nmethod 600 can determ ne which

nodul esensbv@lun@t,ﬁhveurabﬁr@yﬁequ@tandwommélof LReyleeaads thengnberof gryiwamend! bring

th en ck nge as quickly as possible or in an energy efficient
maﬁlszr g teQQn en{rf;oau%?rrent the met hod 600 is perforned in whole or in part

by cont er a other ut er rocessor descri be
y [r()8741] The loac? matr& may be ca?cnPated at the saﬁle time as the transfer matrtljx JPMr eILhus, a
column of TM could be calculated at a same time as a column of the LOAD matrix. In one

embodiment, the load transfer function matrix (LOAD) is computed as follows:

[¢]
) A %CaAP gy Kinas
indx

LoAD(C,,., K
%Cap

indx ®

Eq. (3), wherein A%Capcindx kindx 1S the change in percent

20  capacity of the module Ciy4x induced by stopping (or otherwise decreasing) the module Kj,4x, and
wherein %Capyinax 1S the percent capacity of the module Kingx prior to stopping. The value of
LOAD(Cingx,Cingx) €quals -100% by definition. In one embodiment, the value of
LOAD(Cingx,Cindx) 18 not calculated or may also be set to 0 (or other default value) as this value is
typically not used. The LOAD matrix may be stored in a memory of an environmental

25  maintenance system, and then used later for determining which modules to have an operation

level increased or decreased.
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25[0081] In step 610, a sensor (e.g. one of sensors 3) whose sensor val ue
is outside of the desired range is identified (e.g., a tenperature is above
a threshowo2oala2eq96 1 n one enbodi nent, an application (@CHUSs@bi¥eee
runni ng on a processor of the system can periodically check if there is a
sensor val ue out of range. For systens that are cooling a room such a
sensor can be referred WO 2011/022696PCT/ US2010/ 046228 to as a hot spot
since the sensor value is hotter than desired. For exanple, a sensor that

i s toohoyspey e ThdembUEEethNByGYamg ori ng the sensors and having an alarm
signal be sent when a sensor becones out of range, e.g., higher than a

t hresh T | aram si.gnal L Ok | ol-l,er 15 or
at anoﬁh@rsl par CUEE n@%t%i ror B%ésse 2%19&%%‘8@?‘”% %@%‘%C%’tﬁ%ﬁﬁ% énst sT!hgt he
desi r edransfagRatciacabelsclbé hdeedo bytemnihaogeitiondevets tharkeap theansobsxeiph es of

ranges include plus or mnus certain value fromthe target value, any
val e BerpiblaTahes ek upap adedisrd apguny af Ehste Ao PG BEPATHPLETE e
deskr eqhd @RAS SpeRBoNRRIE WU UHEARIR a et RaRe @8featt dct@brygitHoR gl notEd

degrees Fahrenheit for tenperature of a data center). In another
enbodi ientamed bethisorayneagh loé thedetvriofs ead basomeirag ta eseh eBled and idgntifyweeh t he

. sehisoraymeesh . n
cmbodi AEREr Pt L FAHRnbR Rl NG SrEIch O bl SRR B A C0e3)

I n st epmpad carobetaken axoheadciteraharnsthamasecrepsrdficion, sisseahe saourbef emecgyeased
are identified as increasable tuators. The operation level can refer to
any opeMBHieHe theAsPuang iy efTB)ISt% CIg%t uator of a nodul e. Exanpl es of when an
operation |l evel may not be increased include when 15 an actuator is at or
a rlar [8076hxilmspme pabediments] thy amountef gregeeipsadadeint an inpwaserafeash astyat ¢ hi s

det er mi%ﬁ%'sgrﬂe.cﬁ& el?; mk)lfe ff@gﬁooga%}:aﬁ%hﬁ%arlaﬁ]ve‘?%r of 3 X\!t\flg%rqs ?ne%!’o%ﬂe%mfged
anount (e.g. a percentage) froma nmaxinumlevel. Tn sone i nstances, only
sone ofmddut apendt moddt hipathasehesrergf effcispecihen thenodune esapy bfficiancy eased,
while in_others_all of. the o er?tional ranet er mad. e increased. In sone
enbodi HEHTENGEeERGEY EHCENRAS TGS 41 et o PR THERS PE Qpped.
thus the increase 20 would be a start command. [0084] In sone enbodi nents,
decr eadP¥y] arngthenambedimayts dhe acvatgrs bavesdiifaresiopsesy qopsumienwilt #ch range, or
at ;kea -1 hi i i a e for

ot &1 e chlhbfih Mol ARAE (v 245%1) chE ABEGRCALT o ERLEL BEfh: S0R0

opposi tneodsilaget resultssac he entymaédwrtha, enstgg oA ptian iseecormdkidf foeth determirgng

i nclude the identificati of actuators ose decrease jn 25operation |evel
can pr SUTeea Rt s st Yo S B R BN i B0 ERHE0 " 938 o i o
r ef er eRggild Bavdakkembau14tBE FRAIS inteeasdll repEvald the difR¥dke inddhsdl @aleqSieRgdyan
operation level nmay al so be perforned. ‘[)0085] In step 630, the system

pr edi ctigcreasigrihe piefrasnge furdaviep tha astugiar bodaaarsanl berges: ampcsyatqrithadis less
| dejgt i fe'n%%g 'e?ﬁc?énmoﬁggaéml FGBARYR sdrhiBr HANS Phdu¥al Ml BFt shish AYluISfor ange.

Thi's prediCtion can one for each increasable actuator. The predicted
change foadngegyomnsumept@stcambe adiudyd ingo thg tangopneidatiselfi Heavared eféhg e. g. 50% or

]2' 82;{? 0%@%@@%%%%@%(1%%8& (e c Bgéirafé iee?c?] alct%\a{tec'\)lr b)(/) ];1 séifle fa)‘e(::rtceun?agg%rand \r/g?:ording the
energy usage. In various embodiments, the modulation can include multiplication, division,
addition, and as an additional point in a coordinate system, which could involve addition,

25  multiplication, and additional functional operations. Instead of a modulation, some embodiments
can use an energy consumption value as an additional factor in determining which actuator to

change. For example, the actuator that provides a suitable change in sensor values while having

the smallest energy consumption can be chosen.

[0078] In one embodiment, a module’s efficiency for heating/cooling flow is an example of an

30  energy consumption factor. The efficiency may be taken as certain input settings of an actuator
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woul d be increased. In one enbodi nent, the predicted change val ue predicts
an extent that starting the respective stopped nodul e woul d change the

t enper at Wwe 20f1/ib@ésensor i s determ ned. Thus, in an enipcdiuses/o46zeg hod 600
can estimate the inpact on extinguishing a hot spot by starting each
stopped CRAC unit. 5[0086] In sonme enbodi ments, the predeternined increase
in the operation |level for each actuator is the sanme for purposes of
determning the predicted change value. In other enmbodinents, the

predet effRinafhid RS BAR& waer VS REtidong thhpertdie &Qﬁ@@ph@marqt patDirthelor
exanple, the increase can be a certain percentage (e.g. 10% OW or 100%

f th I B
oot a1 T FHERI bRt O A bRy LBl TGRS BRIl LEEERTS,

determ ne the predicted change values | n one enbodi nent, the predeterm ned
i ncr eag®), wdere FanSpd artbaiprrcanhaf fullfen ssed gt the masile is edrrants usisgult ot (whi ch

may be & UI }/rrgelnl(ta’QBe kQ SE%% 1??(%‘!) r Sl etggh%tpg l}lgﬁ’?a%geveﬁgblﬁﬁﬁmhpm

di fferfit’® e operating a eren ore th %ange
eacls nogigh £vaainl eﬁai\ieh@fadln’ﬁefyﬂd’eﬁfpbrahﬁg alasahat Sicepat2Oncatingcanithts 4t belothe
predeternlned i ncrease and/or actual increase to ensure that the identified
15act uat’8rs can actual ly have their operational |evels increased by an
appropriate amount. [0087] In one enbodinent, the predicted change val ue AY
i s obt d0HEY usiong asset, tl$lag1§hfeéan snged lmdhdéqr@rrrrna’c@ropan@lage a pgefergeeeci bed above.

\%; grﬂ% (galé)ﬂ%nr%ocf ess[hg{%g Q/arlabTMeﬁ aBE'édfa)] é%ldWﬁlb%POé%ﬁgtq%g 6).,

e E st SEnsor va ue a ange
currentcasg lﬁ@fhe\esﬂidmlcgf fneili be fesQUAs sfownaa i8s e&cnadt modu [ hsqmllodfsr ¢ffictehey sensor
that 20i.s out of ag and P, pd, c rresegggs to a& act yat or. bei ing
condi de¥sg Ut PESRSTIRG CARRCIBH IS T VIeB PP QST SHIHDFIR HEUMFIHLS ease
i's Al evgl peMahiChut Mlvli)(fed(ﬂ)'yfaf 8V Bf inphiatheldb® n¥eabitthguFidledcd. Foealamplde
transfer natrlx d, as nentioned above, Al evel nay be dlfferent t han

an act weblingouingt f@hfawetilﬁlé chidled avatsr Vilye efingeaschs. uspbogBMPAEddiiFeIcy o n

sone e can be the estimted hot spot tenperature 25after
startlﬁggggﬁﬁ&%ﬁigiaﬁ pre can be the hot spot tenperature, Sind , can

correspond to the sensor having the hot spot tenperature, and Pindx can
corr espantiANNBAISRAG $IENSIOR oxisBe IR AMGESt arting. I n one enbodi ment,
Al evel (Pindx) is the estimated change in capacity resulting fromstarting a

modyl €. g9 2191131/6922-ﬁ%@%ggma%ﬁé%@%&hb@@&%fd%afrsmlhg B8 ePARNndeftall G 6,

in step 640, an actuator I's sel ect i ncreasi ng based on_the predicted
change maihigagnce systenéo mained sanaer, valuse withingedesfrednsnge with hishredficiered t he

predi ct ego gflgsn &%};&ememﬁﬁe%r@&m SRR MR R hod SR MOl YRAT YR is the
C nge val ue. -

predlcte
more actuators are the best for changing (increasing or decreasing) operation levels when a

particular sensor value has a sensor value outside of the desired range. For example, if the
20  temperature of a sensor (e.g. a cold aisle sensor that is too hot) is beyond a threshold, method
600 can determine which modules should have an operation level increased (e.g., started) to
bring the sensor back in range as quickly as possible or in an energy efficient manner. In one
embodiment, the method 600 is performed in whole or in part by controller 15, or another

computer or processor described herein.

25 [0081] Instep 610, a sensor (e.g. one of sensors 3) whose sensor value is outside of the desired
range is identified (e.g., a temperature is above a threshold value). In one embodiment, an
application (e.g. software running on a processor of the system) can periodically check if there is

a sensor value out of range. For systems that are cooling a room, such a sensor can be referred

20



O her predicted change values using TM may al so be used. The change val ues
can be used to 5ensure that the sensor value will be brought w thin range.
I n one asweani11/0¢pest may be chosen to be | ower/ hi gher tira@m/ushe0/046228

maxi mund m ni nrum val ue defining the range by a specified anount. [0090] For
exanpl e, Ypost O Ypost-Ypre can be used to determ ne which actuators can
change the sensor value to be within range. The change val ues can al so
determ ne which actuator has the biggest change in values for the sensor
Sind, . thRs QA6 s%@bﬁﬂjderiﬁé'@egns&rh@lu@éjhﬂt_@r WahRediRQ. IFoF 8@8iplel QREREF hha (phRnge
value is used because this nodule will presumably cure the out of range
condi t iTe#y bl idpntified by erenitorp® thetsersbrsoind haying gaplagh siggel besae when @ serser | east
anmount e t.h j '

pr odi ot S ERERASr rohfle 16 By BARRThAR, HSdFRe ) el Be bR ] ARl

f ast esttp camcblival ypadtlayotbbrggeftaenvallsygemhe nost so that anot her out of
range condition is less likely for sensor Sindx For exanple, the CRAC unit
t hats prigyszjesinlsome SbddiNRAGL theRYsiRE ratedan FOEMRABYQ tMBLURIFEYr PBof.
positive or a negative value. Thus, the termlargest may refer to the

smal | erExsmplrsrof rangehiachide plus psminag atcenfain viye fieor the fargaityalye.rraptvalugaglopne of

the uni i I al I t han a change
thresh&f‘%ta%?t/%g&lfggﬁ Q{Ig%%b%]w%s&%%%é%éﬁ gé%%}fgetd r%nﬂgg%{i{jﬁ%s E:ebr matri x can
i ncl udecoefigurglyle cwitls aitgfhulomaliact »83 degresdbamheiofor tdnepeamtineatf okdsta centgr), as
descri bed above far Eg. 4. These energy consunption factors can al so be
Used ¢ IBRH LR RS Eh s e AT iy DSineops8ldr 8- AP HEETY Forpres!

tr st gk rdgaired % Rl bRy parfi@ilar¥@pRh@re. An¥REHAENBihéht SBE HOHEEs Wagigdeon a
m ni m zation of fan power consunption or other power while still having

Ypost tREOYeingihe#ing andngecoofing.one enbodi nent, there is a preference for
starting a nodule that has a vari able fan speed, as these nodul es can
250per d0e83)el lowtep 628 xorLOMNEERp agidtyrs WHOOO@jerdtiondt\ep c88E:;, intrbased peeriddnitidind | evel

of the sel ect actyator. is increased, or. possibly decrease nment i oned
Sbove. RITERTIO A ABOVEE SpiRGHECET SHu TS S PR RN e |

i ncr easRuafte 0dP oAl leOExh@YRE 0Pivhéeh @fetdtiah Gdvel May nbak ihdreasbd gQRGE wihapact on
extingui shing the hot spot (e.g. starting the CRAC unit that produces the

| ovlidst ABSCIUREN &R OEAPRA APamum apR@tippievel ot onesmbsrinanh dbe Giteriaaor it or or

modul e £an,BeqbResaasethel doeltlen RIEITREGH 2 ReddeMitdy atn%nﬁfe.gualpeﬁgﬁggﬁ WO
2011/ 022696PCT/ US2010/ 046228 Al evel (Pnd) 1s below a target value. Inh one

enbodi nfieamn 2 maximemndevst. Inlsemypartancesabulysomg o€ thd operasxionad pgremetesd af@ spexifier nus

a deadban t hen two actuat.ors nma increased at the same.tine., The
Geaobaroele S Ina RRE R RPFeET ot Tl ARERRE RS aBR Tt e JBS: ¢ co
range issme@hib@didknts the increase can be restricted to modules that are stopped, thus the increase

20  would be a start command.

[0084] In some embodiments, decreasing an actuator may actually cause a sensor to move
within range, or at least closer to within range. Such instances are described above for step 540
of method 500, e.g., when transfer matrix elements have an opposite sign. In such embodiments,
step 620 can be modified to also include the identification of actuators whose decrease in

25  operation level can provide a beneficial change in the identified sensor value. Below reference is

made to increasing an operation level, but decreasing an operation level may also be performed.

[0085] In step 630, the system predicts amount (change value) that an increasable actuator (i.e.
identified in step 620) would change the sensor value that is out of range. This prediction can be
done for each increasable actuator. The predicted change value can be estimated by using a

30  predetermined value (e.g. 50% or 100%) for an amount that the operation level of an actuator

2]



[ 0093] As nentioned above, the operational paraneter whose |evel is being

i ncreased can be 5an output paraneter, e.g., the percent capacity nentioned
above. Awoablmeeb usi ng an output |evel can be that omeTnsgomosc2be abl e
to predict exactly what the output level is for a given input, particularly
given that the output |evel may depend on the operation of other nodul es
and actuators. Accordingly, it can be difficult to predict the exact change
in operation |evel that will be achieved. In some enbodi nents, the change

i n_openal®he h8Maded! In 6L dniBdB et REPLAR I ChEtdeNAILPRREE AR Oert @l S.

[ 0094] Some enbodi nents can estinmate how that cold air is redistributed

af ter tsHetingibe espectivastigppadoneduledpeld chingeitiiemasraiues of the panserne defemzingd:

val ue u t .| | ng: i N (N+1)
wher o it AR SREARRER IRl oBY Exfeinel (g BRBIEEL) DS ER A E S phLIFEEST Lt &
for thetaidgezch sioprdtCR A&Ceahit. The average nmay be obtained from each nodul e,
or be 1l5assuned to be the same for all mpdules, and thus only one output
level nBosepe 14SLAE BInBEAmehR, RO pEEESRBPRCARAL in tRd\GePitbR Wvel Y 8hchmay be
determned fromthe LOAD matri x descri bed above (equation 3), or a simlar
LOAD nectupter istthe sams for perpests oy déterariviag ithegpredipted ohangamafugrelatitdrng t he

change Lty . C j Y. i al

capagi T ogn orkehe iR i RRRE LA ethd e bRAIBETHAT e
nodul e enaads, the invecasncindassdrtaiaGe@8@}e {ep. 308 3@GOor 1YY O detinatae & thee
prevented from bei increased, .e.g., for a certain perjod of tinme or based
on & crRPERHPAIE: ﬁgaﬂa@a@?%f %%favggﬁeéf@%@?rpaﬁedd "l TR teabove for
net100d ppliierm|inRd ARPeBeRRAiIEBEEIMIiAe tHePRIdid&d SHafkd efudf 1ebnd ibuahaktwe one
or nore actuators are increased. In one aspect, the timer is a

web- cof¢dgipraiied increse is(adf! amountrthattheenreeasiondeyvgt olsthe petugiprlydugh aokher

I ncr ea%ﬁgfggl%bﬂrtgﬁ]ﬁkﬁﬂéé@rmﬁﬁg 'ir{c?elsafed[. o289, é, a?@??eﬂ%@?rﬁguleg n{ggq!)g Io e ﬁﬁg be

25preve sing un he sensor’s ve reached an
equi | i ka didferdnnlevels pefosetht ohdngeraals modularaabiveat dfferehtnnonscaSpedl cami s

prevents too ny actuators fromincreasing at simla jmes, .and t hus
Do g et T R e aytaRr b SR <G Duderd bt bieRnaRef gy

[ 0036] akfmaeieiinGéally R etthansdepstiohbinetd OincidBdetiby ah Mbpdptieaineeht. For
exanple, the values of TMfor the increased actuator (e.g. a started

modul e)yg he HPdahedmYS NE eatatd hinde vdifle ARIiS CRAMBPDGHS th8 MEnGB natrix

det erm'ne how accurate thé i |t|a{e|zat%eon was or agapt to changes 1 n the
| oad \deteP6ihed 022 686RETbESANC/ Ohe2Adodinomeuteenper at ure i s bei ng

mai nt ai ped, _and can be refined,in respons Accordi.ngly, this updating
can handke BrchaNgP ne v"eﬁ*éfxﬁﬁ?{zgdﬁa I’P‘h @h‘g{ﬁ?rf’ mesf ‘é(tt:herf‘ﬁil‘i“gs?g S§15O% Yﬁl‘éep%ﬁ t he
system woul d chan al ong with changing variables of the syste and .t hus
mhy comite: ta- o et deeteRind D stoud i Rk Basddhent <.
t heof i risbutsifedhgefant g Lipaatnaar dectuator Beiap dosasdl fov Mctiasinped or e

operational level. The predetermined increase is Alevel, which may be different than the value

used to create the transfer matrix TM. And, as mentioned above, Alevel may be different than an

actual amount that the actuator is increased.

[0088] Accordingly, in some embodiments, Y ot can be the estimated hot spot temperature

25  after starting CRAC Pjnax, Ypre can be the hot spot temperature, Singx can correspond to the sensor
having the hot spot temperature, and Pjngx can correspond to a CRAC being considered for
starting. In one embodiment, Alevel(Pinqx) is the estimated change in capacity resulting from

starting a module.
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any operation level is increased, as well as the operation |level (e.g.
percent capacity) of the selected actuators (which can include identifying
t he act uavorotin2b@éof f). A next step of the update can PETIUS2010006208 t he
sensor values after a set tinme period or after the criteria is nmet, as well
as the operation |level of the actuators that have been increased. In one
enbodi nent, the 10new matrix elenents of TMin Equation 1 is calculated for
the columm(s) j corresponding to the actuators that are changed. The new TM
is thenogsgatiededisig b 0WSG. I M btep b0, .an actukor is EMeéted fdrlincredsihy bd3ed ohvhd i, | )
Eq. 7, where g is %etween_o and | (e.%. a default 0.3). In one

enbodi meetticted phangayaleesofin gnewubadimentythaivelke of ¥ps iy consigeisd thspredigeher

vari-abl I th j r yM ' ' i X

or erongpeqatr O pEIRF SLBEON R, MRl UnNEraY) I ERRet g TR S ot
t he TMGxher fro0&8] changenduesiogi T miay ddvebeoped. afhearhahganellies ofn eacdad of  t he
actyators are asured and.each of the. colums are ugd ted. Thus each of
the or oS HiB HIa R A0 FUCCHHED PR Wi SBREDI M aF ETE Bee: TN ERERELC | n
oper at 'Héﬂodv&)”lﬁ%}_ﬁer Rl Matihumiasauetatl d@BhhE ¥hahesEit Ssaific emea@irput ed
when the operation |level is an output |evel, which my change even though
the in Ot a at i | mpodihaent s,
an ai sﬁg‘s%ﬂins%rr %%%%{p ]g’?ﬁ’éﬁ‘ 8’2%&%%[?)@ C?%g%]%lgg%?%%&g&%g&%g agflés}glrsbcg usegg'?o

i dent i fije sens@lvdluspobe witha ratgey & heehdrgd valys e amabitdnairteurncloat@tortidAC uni t

t hat provjdes heating, ,e.q., when the stemijs.attenpting, to. heat an

envi rgﬁ%ﬁﬂgﬂ?s{e? S5 a&)ueégor&%?eé‘ﬁ?r 5{?@«@56’3? ﬁ?‘hoqlﬁ’g?te% ”6‘?0%2:60‘81&? ﬁ“ﬁtl?rlgesés
deser i Rpeiab®¥ingd Pal@ORALEIBRAS WIS hd dhiRevif YSdsamubly ch theodateleed, the
sensing of a colé spot may trigger a stoppi n%tof one of the HVAC unjts.

Such preevdifion methalte least ameptod operationsl ghaage: Ppdihus isdpar apewniagrerBed shown
to be agsQE] aﬁ@&air}%&tﬂhph%ﬁ&wiﬂ, b %ggag%gicie?'chwﬁgsmmwsn SLORPiRGmES @
or’ ot her [T. [010

nodul e may occur reasons a Met hod 600 nay repeat.
For exahphge thasanbacklucdlye fastegearfdoramea lyparhguhe ahlhy theanghe sethat anothef owtrof

sensor i s out .of range. one enpbodinent, the a of ,i.ncrease can be at
L AR S S S s et AT el
| esis t g, HAOW usddf ThBehdnae velas enalyHelagdsitivbiana hdgative edud. Maug)edtemound, the
sanme one or nore_actuators can be chosen. [01Q1] In sorrefrg odi nrents, a

pr ef er dAEESt MY TBET ipdliesmater spmpen heorlusibifsrHY hatiiuanePiirisat em P 1y a
whol eng)gﬁll‘rlel it @i%t ARROSHEAILRA khiHoe VAGE % | sNPedddr (RBCT GRALBrddNoi@May be

i nter iate bvalue. I'n one enbodi ment, 1f turning on an actuatof does not
bring tused.sensor val ue back in range then other actuators that are
currently running may be anal yzed. I n another enbodinent, the preference is

only pgodorneds wbetonehab® el the drafdfdr Mitrikkat incRide emdryy benstimpti@dfaotorsofor of f
while the ot her actuators have ot heren‘{gnterne iate settings. . These

ent8di rfdfht &f BaACHECEDE+ BUIEHRSEHEP VR Al cheth AR ErT #Xh e SHBP U aCTTsan
di f f er efd, g RBP{RhodTRE thé ERME FMubL ¢ S §fthe ORGr{ A ndEMARGIHANSRY miwhet her to
start or stop, and the other for determ ning whether to do a variable
i ncr easadready. dae exasple, avhpdiie may bbeclpaedbashdion 4 09knization of fan power
consumption or other power while still having Ypos to be within range. In one embodiment,
there is a preference for starting a module that has a variable fan speed, as these modules can

25  operate below a maximum capacity.

[0092] In step 650, the operation level of the selected actuator is increased, or possibly
decreased as mentioned above. As mentioned above, in one embodiment, the application shall
increase the operation level of the actuator that has the biggest impact on extinguishing the hot
spot (e.g. starting the CRAC unit that produces the lowest estimated temperature at the hot spot).

30  More than one actuator or module can be increased if the estimated Yot With the actual change
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Sel ecting paraneter to change using randomess [0102] |If the operational
paraneter (e.g. power to a nodule) that provides the |argest change val ue

i s al wayswohoseén2¢d%hen certain paraneters will always beCth@mageds628or
exanpl e, changi ng 15t he sane actuator often may cause that transfer matrix
to incorrectly weight that actuator, and thus cause a selection of that
sanme actuator nore in the future. To renove the bias, sone enbodi nents

sel ect anot her actuator at random The selection nmay still be restricted to

act uat ofisvel(Pal,) theldw Pfak @ vAINE BN mbY¥ainkdt, M ddak Bf RNGE, vallte ckardammess
can prevent any particular patterns in the increasing of actuators, which

woul d reEpteriuetprmiys adeadiend)athaatie adtuen say AR insreasrbatossasedinne. [ 0he03] | n
actuat or ARG TE Shl Al CRLET SIS EE e SRR MR e can

be sel e.qg. 20%of the tine), but the exact tjines. for the, sub-optinal

ool oot TS A Bentingsd o e ftrisina DS Rrors deyi e bR ing dost e At oo

predi ctag@uipdt PArhmbtet, RE., SRNSDEenY 8dp4€itPRckidnd hBREE Al SroBleh¥Rdink an BEtpRi cked
ae

during a 25random sel ection. Energy Savings vs. Reliability [0104] As .
nent i ofev¢! edsdkecthatnmetay mesbeleis wanpdiel exacthovha therougar layel is doraiven iapdesi r ed

change j_n. L of ti not be

cur 11 o AT e o A R IR B B TR b AE BRI TP e o e
back i rcuatge,Adzotdingly ictmarbgeliffisulstd predictthe beacdesngenh aperagion ievpl. thiorill
exanple, in cooling a data center, stopping.a nodul e ca tual ly.cause a
omper deabBet dn dnSambigmaat Bb sty Bhusfhadn S5hi Sufitef btk KRS or o
desior akjperation &a¥E. energy, than to have the sensor values back in range as
qui ckly as possible. Thus, there can be a preference for decreasing an

oact uag%%t] h%n%eggmgog%%éarﬁ%s al%cfltoufathgcrcolcdlhﬂr Q ?@dis‘?ﬂ{%ﬁgd R e AUELea A

pref erence can made anong a act uat or anges t can bring the sensor
back i minifamgeadistribuaiootchrereselirbnotie defatl; vaue bif the pyeedgercanpe layals ob hermpd@tin®r a

d i f h d bri .h back .i :
ang. adved e dite L0 STRRAT TR rlabrts PP BOR s A e S ERG - ange

i's | essndéduddifoBtheaidhial AP W ves PDHe dverige sl be ®biathed front &RA ndbdplegeh it ed change
of an actuator to change the 10Otenperature to 85 woul d be acceptable for

chddsi mgsunsdde & iesame ke adldpeditess and tuoerdy epbeiPHaste! mah e delereiast Ins

f:z\\’\/%{s R bMABPLAGL G AL YDA leve may Al A ENERES nEtXe PEAR-Aal NGIAN M ERATI ON

above (equation 3), or a similar LOAD matrix that is created by increasing a module and
measuring the changed capacity. The actual capacity may be differ from the actual capacity, but

this estimated value can help determine if more than one module needs to be increased.

20 [0095] In step 660, other actuators are prevented from being increased, e.g., for a certain
period of time or based on a criteria (e.g. a quasi-steady state condition as described above for
method 500). In one embodiment, a timer is started after the selected one or more actuators are
increased. In one aspect, the timer is a web-configurable timer (default 15 minutes) that shall
prevent another increase until the timer expires. In another embodiment, a module can be

25  prevented from increasing until the sensors values have reached an equilibrium in response to
increasing an actuator. In one aspect, this prevents too many actuators from increasing at similar

times, and thus using more units than are required, which might use too much energy.

[0096] In step 670, the transfer function matrix TM is updated. For example, the values of
TM for the increased actuator (e.g. a started module) may be updated using equation 1. In this

30  manner, one can determine how accurate the initialization was or adapt to changes in the load
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[0106] When all of the sensors are within range, operation of the actuators
can be decreased to save energy. Such decreased operation can be controlled
t o preverwoaniigueedef - r ange condition 15for the sensor vacwams20160u62exanpl e,
as predicted change val ues were used above to determ ne which actuators

wi |l bring sensor values back into range, predicted change val ues can be
used to determ ne which actuators wll not cause an out of range condition.
[0107] FIG 7 is a flowdiagramillustrating a method 700 of controlling an
envi r oRyREE finpdRinit ARMEnSHGHIRE) LY 88 CLEBSIAgePatdoh) AdcoRiGihatias S
according to an enbodi nent of the 20present invention. Method 700

det er nuReafingiviag hangdde uehapeing aelationskipp Hisiteansler Matixeda this Way, dhfesyssBotPHent |

t he net 7 Lone i f y or
par 1 ATy i, gt i ey TR S R B R Bl B R PR T e IR Yo

I n st epstiiiftjonact uators that are currently using energy (i.e. running) are
identified. In various enbodi nents, the energy use may be electrical (e.qg.
powar 9o f aRkemt BAbSBMeRMCHe Akt &5{96%%@ dde BAA 1D JéoRPIchBG vaRiebefore
supplying cold water to a cooling elenent), or conbustible (e.g. burning
gas t o apy epgraieorhlexsl ys inpisassAeasevibloaditheeererationdevied g ippicetdf capaciiit orthe are al so
limte i asi anple, if
the pongr el A8 a8l RhRhal Eha kA P n O A ST ™ e
nmodul e upgate cawsdtoascoad gienghser adbesatfier a set VidDe@tidd 02269 BRCTIH¢IHA0 1®(,046228

101091 In step 720, the system estimates the.resuliing sensor. valuyes if an
oper at I ETBTPETIOR 1Tk Ry HLUO & p e e MSagsts oy OBt onBaupeg. e

pr adet el madx areiénts of eMIin BRH@6n 100 culdresiél theRGILSENH G koepbREnE Rthbe
determ ned for each running nodul e. The operation |evel corresponds to an

act uat éetugersthaiparitiengethi Bis neanMds d6nypdrisdrs tehevtodul e itsel f. As there
can 5be nore than one actuator for a nodule, resulting sensor val ues can be

det er mi e, flor =ac Predey ey, M fed)amdudl ) of Eqlangere ois beachn Aathdidt@g.a | n one
enbodi nent, the follow ng equation is used to determ ne the change in
sensor deglulid. Holn engenelheireenti thedalobhahgeould wayrewithgimper dependegn ggtheyy " = yr

+ TM Sndx P * vel (F, - 0 . i-rst set of
one or Vr&rl{)larlbele'oﬁd?tﬂer ef)‘]'%lﬁrgh eingsyo%lfgp%lﬂgqr%ﬁﬁté‘gé%he}rnl ear%f)?élg@ﬁ%%?rﬁgl%f%\flﬁ%t have
norié ofuptiftes, esdh Tt gJ negneaked/@l miggo obtasi theTdf...a first range is determ ned.

For exanple, in one enbodinment, if turning off a nodule will not cause an

out - of -[p@gEge 1AL EMbOMImehNIBR dpBatioMRAbIk @ f ¥RM|o# R cRAfds & nidASuréd dkfteadlet . I N
anot her enbodi nent, if decreasing one or nore actuators of a nodul e woul d

not cauwdeheaaolunns-ao¢ updatrge Toonerchioihe rowe woklsk havp thel semausbange espat of the
First Sehues A %Scﬁérlrga‘?ﬁoge‘%&%n’]eve?sa\% 18‘%@@9?@%&"0&&‘{&@74 gfefnfe%%m pf ange, and
rarrge enconpa di

the termiBfirs a Sses ese erent ranges. € range can
i ncl udeotmiputed Ivdied sheaoperagiod devebiaad ovphtieve swhieb aray lbghgeeren though the input

20 to only one actuator is changed.

[0099] In other embodiments, an aisle sensor (or other sensor) that is too cold may also be used
to identify a cold spot. The above method may be used to turn on an HVAC unit that provides
heating, e.g., when the system is attempting to heat an environment relative to an ambient
temperature instead of cooling it as described above. In embodiments where the system is to be
25  cooled, the sensing of a cold spot may trigger a stopping of one of the HVAC units. Such
preventing of cold spots can help as low temperatures have been shown to be associated with

premature disk drive failures. The stopping of a module may occur for other reasons as well.

[0100] Method 600 may repeat. For example, a check may be performed periodically to

determine if any sensor is out of range. In one embodiment, the amount of increase can be at
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101111 In step 740, an operation |level of at |east one nodule of the first
set is decreased in response to the determnation that one or nore of the
pl ural i t ywof2otime2émwdul es currently runni ng have none of PChaSesioneted
sensor val ues outside of the first range. In one enbodi nent, the
20o0peration | evel nmay be an operation |evel for the whole nodule, e.g.,
turning off the nodule. In another enbodi nent, nore than one operation

| evel of an actuator may be decreased for a nodule. In yet another

enbodi NBBE a préddtb@HSe P AL gmc}f Rhy BYlebd Bhe 10081 1@ sheMRedie idegrteasil, od N an
enbodi nent, the conbined effect of decreasing multiple actuators may be
achi evéle psxt Epyadthesame ener maye agiepters i be d9asA-ng t he changes resul ting
fromthe decreases. 25101121 In sone enbodi nents, the first set of nodul es
t hat m[@gtal) hdueorae empediakento)a prefeedncelmay basede @ stlrtsE sregippingtaedctuatonodul es
that that haye an efficiency (e.qg. as .conputed fromEqg. 5). |ess.than a

t hr eshordeR ey 2 hslh mofHETREPERR REHOCTORIE G RIURE W EHnIFEe Bt

ef fisci 8RARY. ISoteSHIRARERSh, iF ir@NELA G a@INOICHJIEE Rbt brdR tRPRh&IrivaRe beMeh s not
decreased if the load on the systemafter the decrease woul d be above a

t hr eshatnge then wihes actwploesibaitase wsrently Reningaraxkaanglyzed| binaheendpdingg g t he
LOAD i . : i mat ed
per cent e e SR e e e odu o Mo e

pcal cultx @terastiSrajp(ve otfety otermidliate(seitingsVilhese ddbbodjmdity ca)be ap@laed(tiothfer ) EQ.

9, wherein the load matri rqvides a neasure of the effe f decreasing
an oper&tiigRe %%rfabeg r]?e’teﬁbxg‘g‘balﬁefeﬁ?%g?nsg% BT HR" %ﬁ ﬁsgg' %{]c?ﬁlﬁra%é‘?@.‘m%e | oad
matipi X viHea e i stdrEAR i SlaRdihe Jfldn dor)deRiMiflESh@hdrRads h @a@dbibinbRagfdrect  of

st oppi ng nodul e Ki ndx on t he capacity of nodul e C ndx. The estinated

per centdegigpgehich &nay s lese tharhP8e- or ot her wi se conbined to deternine a total
| oad. %Cap(Sindx) is the CRAC unit that is going to be stopped and

%Cap( Ci ndx) iSldcong pdremeirRA® chante whrasenddminas ency is being determ ned. The
overbar for % C ap(C ndx) denotes that the value is an estimate. 10[0114]

I n one [e1d29diIFBRtopedE6HL palan@tct 8z PRGEA 0 odi8¥)@hat Phovade tielar deBrdhrgzel S
prevented until a predeterm ned anmount of tinme expires_after decreasing the
at | eastlugrealivgruthosar thensertaip ppragigters WHI Awaysherchardsddi FeriemPia ehangigs f er

matyisi X (gl gmruc&aﬁﬁ%ﬁ@ﬁn%ggﬁs@% ga,gsfférirﬁqdigrao menR&hy dridhe sl Abedoaheve. For

exanpl e, sensor val ues ore an ter the decreaSe can be used as well as
t he chamgeaiise apbcton ofthiteamk agiiatonmony intler Wtwet Jatremgve the bigs, soBEOPPI NG A

NCDULE€%11é§% As ti gned above, the process.of jd i fyin to
decr eas %8 1 eﬁlésrsgirci%g?{loﬂqee{/ 8cftu290r eﬁ random. plrhe selection may set\ﬁ'lt be r&tm&e@ tonﬂa%gu%oe%s
that still bring the sensor value within range. The randomness can prevent any particular patterns
in the increasing of actuators, which would reflect biases and not a natural function of the

20 system.

[0103] In one embodiment, the selection randomly chooses to a second optimal actuator. The
total percentage that the sub-optimal actuator is chosen can be selected (e.g. 20% of the time),
but the exact times for the sub-optimal selection may be random. In another embodiment, each
actuator that is predicted to bring the sensor value back in range is allowed to be picked during a

25  random selection.
Energy Savings vs. Reliability

[0104] As mentioned above, sometimes decreasing an actuator can bring about a desired

change in an out of range sensor value. Sometimes the change may not be sufficient to cause the
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of an operational parameter can result in stopping the nodule conpletely.
FIG 8 is aflowdiagramillustrating a nmethod 800 of controlling an

envi r onnmewobab1maréysenance system by stoppi ng nodul es i neCudisegromasgbair al ity
of nodul es and sensors according to an enbodi nent of 20t he present

i nvention. Method 800 can determ ne which nodule is the best one to stop.
Specifically, nmethod 800 descri bes an exanpl e where the system can provide
cooling and the sensors are tenperature sensors. [0116] In step 810, a

modul e s 6aiet {d i &@EYH fafigd, ‘Bﬁtsthg B 1g@ls sml"}ﬁ bl dsitey dn@@tn&ri fRof xarh e ane
enbodi ment, the threshold Ts web-configurable (e.g. default is 4 The

ef fici moyngadatbee@@nﬁamm&@lmgu ngaEeptudlysausgsi tﬁ@p@‘aimeerofrmehmgo @h@se@sq bed
herein. I n one enbodi ment, nethod 800 can first find the nodule with the

snal | eg0105}! u@ soie @mbbdikRABYit @ mble@lefitabittoishe@rcabigythah © Ktk thensBiwder , the
unit that is doing the | east anount of cooling (or heating depending on the
WO 20115 B3BPETINGS2010F % 82 pessiis ot usehery caif Pt 2 BreTtrancgderelecreatingssi bl y

shutst i ngnafd: mahrfmoim%a u‘?‘%mpéi'tﬁ%ﬂt $n ofd b ddbtAkht QAEh REEn JTRYn BEmhdent i fi ed

per iteration. step 820, the percent capacity of each nodul e
t hat \Ammcdlgraéraaiuatoo nhangeSt thet dad énng fhesensopbagken wege Eharothsf émbadimenti stehed.

In one enbe%hmg t he qullcatlon Shﬁ% stl esm)Qn £ grcent §%EpaC|ty of
each CRALCUN e%q.? ?%%?aﬁegvenl f & ntgaraet unl't1 were “Shtt™ ot f  usi ng
Eq. 9. r[aﬁ)gu&] lohgl a§ﬂle|ahs8@9,1s t@Waﬁil’tBé @asirk @ adhge SF cladxampien#dhd tange it es fhan cent
capa0|t|es | n one enbodi nent, t ener load is expressed as an average
per cent83c apd et spot Eeﬁ@ege\ygr?éw ﬁeraﬁalt ﬁ@%@ éﬁﬁ%ﬁ?oﬁ?@ﬂﬁcmﬁtﬁbtoﬁgéﬁgelttﬁ%d is the
t oty ec@r%&l{tu@t%%s@tvohfaeoe%@ép@iﬂle for Bhoosfg 1S18LBEA PRGNS UEnRY terns of
the percent capacities nultiplied by the respective capacity of a unit. In

10anot Hrerbodimhaadithedrcreashis abrers gipppvadhesiraésponds to the |argest percent
capacity of a nodule. [0119] In step 840, it is determ ned whether the

oad a0 AR BN Y Y PEERE BT B R RRENON LWk od pr oceeds. 11t he

estimated energy | oad does exceed the | oad threshold, then the nethod
r et ur nd010Pl st Whemalpot the senspnsiars WS Mg, FRSERLIB of Hie aBaerIap bedsHBIRG e Thi s

det er m gat LRR\0 @u@ﬁ dé&eﬁé@g;fé?éno]@ah Be %é(r%?o?l@!i ftcpﬁx@/é?@ b Qut%/fﬁ‘rﬁxk é%%%ﬁ&'iu@h{ the
stoppi ng of a nodul e I'n one exanple, It shutting off the target

modidl e fmothke densot vadeass &ot erampie rgpretivted change values were used above to determine

which actuators will bring sensor values back into range, predicted change values can be used to

determine which actuators will not cause an out of range condition.

[0107] FIG. 7 is a flow diagram illustrating a method 700 of controlling an environmental

maintenance system by decreasing operation of actuators according to an embodiment of the
20  present invention. Method 700 determines which actuators are acceptable to decrease. In one

embodiment, the method 700 and other methods mentioned herein are performed wholly or

partially by controller 15, or another processor described herein.

[0108] Instep 710, actuators that are currently using energy (i.e. running) are identified. In
various embodiments, the energy use may be electrical (e.g. power to a fan), thermal such as

25  providing heating/cooling (e.g. supplying cold water to a cooling element), or combustible (e.g.
burning gas to provide heat). In one embodiment, the identified actuators are also limited to the
actuators that are available for decreasing. For example, if the power to a module is only

operational parameter to be decreased, the module is viewed as a single actuator.
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exceed a target percent of the capacity that would remain on after a unit
is shut off (default = 90%, then that nodule is shut off. In one

enbodi mrerwg 20f1/ekasst i ng of f the | east efficient nodul e woumlu$2averd2eand t he
nodul es that remain on or cause an out-of-range condition (e.g. a hot
spot), 20then the next |owest efficient nodule shall be eval uated for
stopping. [0121] In an enbodi nent where the energy load is the |argest
percent capacity of a nodule, the efficiency threshold nay be | arger than

that uggfheforin tsfé? gg?’,ttﬁé sySRRREG It ThedrestIRI8 senBRLAIULY 78S oBérat]EiJ}{ l‘ﬁ%l Qkds may

al so be used. [0122] In’'step 850, the sensor tenperatures i e identified
nmodul e rugrieg BodPp sgreatesreagedtyi aniasich, predetasmencd mwanintest S0%erel 08PPI i cat i on

esti mat . isle tenperatur i t i re shut off
ai ng. BN pERSEES ofy AEBERMA B bl RORS B GeERS 1F Trc

est i matcetdespndnn avattugsr efcmedulia wiclesdhdledpndidered theencalutediselé. Ak there @inge.

This step helps to prevent creating a hotspot, If the WD

2013/ 032 GuBPER oot ogs2 BBt et G %e@ﬁ@a@‘%?%@ WY &Xdeed the

t hr eshlr&heter R bGuiRI RGP TOCaEHSotudidr. RBnEShbITEhES, $8RIRFwiNBEJHRE0HI0

exceed the threshold, then the nmethod returns to step 810 to identify

anot heris pisd ¢ deterfronoW change meseaserrviolus, forl 4 predaiermiingy dippge Mevel forgerameiatul e
woul d npt cause,any sor, v es xceed the threshold m nus a deadband
(e.qg. gﬁ“’dﬁceig 'e_eié’feﬁ?njaﬁ‘ﬁ@X’ﬁ"ddEJ Veeé&%?%ﬁhgn the target nodul e can be
stopped. The use of the deadband can ensure that the sensor will not get

cl ose t[0110he Ihbktep RO afirst set d0dn2 Dt none ofitee phibddy ofthe modhles tarapdly rireineer at ur e

(or, other sensor | ue) used to determ ne ot spot |s the sanme target
{ortler ARREverRn of Bedsiating ssiHetta ol e ohe O (i ar dfadedy cBbas a
10t ar gekahpleen itk dmBbdikene ifdeadRaTHa mbade &l hbt GuParbR-of kdh@e coRIMidH | ed

nmodul e i s stopped. In one enbodinent, after stopping the identified nodule,
a st ar tthenthy meduta wowd §e parppf the Airsisey- é@mqt@@a@pé}xmeﬂﬂmdee@ewampme a5

m nut e r.. CRA ' I d until
the. st g dRuoRB AL Rilvo AR, GAGL IR EREFE L gl I s RELT: 8BRE 41'ng

t 0o t he begagef theRAC semniAs deagriled hapidatadh sassot baelsor iabifferalzomeeadrtdehe tehe

start-stop tinmer expires. In.one aspect, the firs t of . th date,is to
Fedir o TirHauts TR o i HPERT B8 tE b i e i R dsiang A SBRRARY ¢ <
t hat anglyens defeabaihdn@nt he one being stopped, before the start-stop tiner
is restarted. The second step of the update is to record the cold aisle

val e o e B e B e M S P U TG BTl = T
accor direspo@tto tHeqletermontidn that one or more of the plurality of the modules currently running
have none of the estimated sensor values outside of the first range. In one embodiment, the
20  operation level may be an operation level for the whole module, e.g., turning off the module. In
another embodiment, more than one operation level of an actuator may be decreased for a
module. In yet another embodiment, various actuators for multiple modules may be decreased.

In an embodiment, the combined effect of decreasing multiple actuators may be achieved by

assuming linearity and simply summing the changes resulting from the decreases.

25 [0112] In some embodiments, the first set of modules that might have an operation level
decreased is also restricted to modules that that have an efficiency (e.g. as computed from Eq. 5)
less than a threshold (e.g. 40%). In one embodiment, the actuator with the lowest efficiency is
decreased. In another embodiment, an operation level is not decreased if the load on the system
after the decrease would be above a threshold. In one implementation, the load can be calculated

30  using the LOAD matrix of Eq. 3.
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VI1. STARTI NG AND STOPPI NG [0128] In some enbodi nents, a control system can
keep track of which actuators should be changed (increase or decrease) to
ef fici entw9 20a/me@6n sensor values within the desired raogasS2anc4@s
different tinmes track which actuators can be decreased to save energy

wi t hout causing an out 25of range condition. In one enbodinent, the logic
for maintaining sensor values within range trunps the logic for decreasing
energy use. For exanple, if there is a CRACwith a |ow efficiency and a

st opped ™ P s B skbe ALY oA SR s Sop ottt PR e PO o
i 11 ust ratcungdsBENRE 990 ELHeNt § oL biagcan, en l*wm{mgl) EEIBQ WHRRANGE

> s
system by | ncreasi ng &f decreasi"ig operat "on 1%evel s of "fibdul €s to nai ntain

sensor lyal mesixWréhdds a&néﬂi@&ﬂeb@dme%ﬁﬁ@@f@@&ezﬁsﬂ%ﬁp@fh@b@%vlﬂﬁ@ the Capaditngf t 0 an
enbodi ment _of the present invention. 900 can determ ne which
St uat gt PGB atier pgugiorer dhe g ma&@&?l@a% Lt%%& on Btk RraYiget 2 Beardictqfons.
[ 01'?50] th@eﬁéa@gf S hind RBdIE ﬁﬁ?fcﬁlrth@@&pfablﬁ/ IVhésgECE adg Th e @Bt al 'y the
matrix (Eq. 3) are initialized. In one enbodi nent, the transfer matrix
TM i s icapaditédsicarebe sipimep oresttheydis§@Ombinad ¢ desermendyoidlaiinatls, t he transf er
matrix TM may be received by a control system when default values are
assunmedoelp (s ) iidint CRAE ahit #8t isSoR@tb 8E BBFHAANANAEHK RN 1o the YRAAM
10[ 0131] In step 920, it is determ ned whether a change in an operation
| evel afnitarho3e tifidtedty Isbepierenhpdd. MAbe swibdrdneth dup(@ndy )f dehotearhiaOmhs value
enbodi nents, the prevention nmay be determned by a tiner or by criteria,
e.g., vhkenpsimage.quasi - st eady state condition has been achieved in the
sensor values. As an exanple, if the tinmer has not expired, then the
pr aoes S[()lﬂﬁeslntdﬂe empedimeht; aaetnsigdhadperRionnével of sodee mptialb Ii@pré@nsddarntll or
stop a ”qu or ot her change. an operati on gevel of an é$ ﬁ of a
 rodul 6.2 PRI AIoUALE t%?was %fFFéHe(frﬁ%W@r & 8563t Bt PALIES OLB HES f¥e " no”
br anch.j, Thethedn@oRinnat | iRt Hstd mea\(ﬁm]w@n@ta@bec&]ﬁaga i ABinkRr FRARr as
periodically at a relatively high frequency, such as every 10 or 30
secondglesqriped apovien Fer exnpdo; sertSh@V%@qsév@forexmctﬁ@r thealeprspictcan belused agerclafi ned
whet her, Iy I n one enbodi nent,
tenpera?%gg@g% (%m&ﬁﬁg? ﬁﬁqg%sF&O€§ﬁ%%%§ ures near the 205ervers) are
nonitored to determ ne whether a hot spot (or other violation of a
t hrigshoV dy TOPPONG W MIOTWULEf an out-of -range condition is present, the
process noves to step 940. If an out-ofrange condition is not present, the
pr oces o esas ResidRd Wfve, $h %ﬁﬁksslﬁl&gﬂﬁfﬁr@é)ﬁilbaﬁ@tto ddh@sSENGREatibRNIAeE can
be nonitored even though a’ ch ange in operation level is prevented. In this
manner of@n@eerah@abp@meﬁtm o el ih Stogpling theempdude ewspletaly. mdGied B3firwar d wi t h
handl i n -ran t C t g vention
nas. 1 n Grala g0 R 304 Ao g ke BT B PR e SRSl o
oper at iswppingrasdustisdl(dng & o u@d‘lﬂﬂgﬁmodu es and sensors according to an embodiment of

20  the present invention. Method 800 can determine which module is the best one to stop.
Specifically, method 800 describes an example where the system can provide cooling and the

sensors are temperature sensors.

[0116] In step 810, a module whose efficiency is less than a threshold is identified. In one
embodiment, the threshold is web-configurable (e.g. default is 40%). The efficiency can be

25  measured using Eq. 5 or using other methods described herein. In one embodiment, method 800
can first find the module with the smallest value of efficiency on the first iteration. In this

manner, the unit that is doing the least amount of cooling (or heating depending on the
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to bring the sensor values back into range. Such a determ nation can be
made by any of the enbodi nents of nethod 600. In one enbodi nent, the
oper at i oD 2pavep@ser i s whether to start WD 2011/ 022696PTBLAIBANDRRS 046228
or stop a nodule. In another enbodi nent, the operational paraneter nay be
an operation |level of one or nore actuators. [0135] In step 950, a tiner is
started to prevent other operation |evels from being changed until the
timer expires and/or until a quasi-steady state condition is achi eved, as
may al semdeainkkamewiiQfe @ cBed &dr pRtSRS sRlitifd HEr IMBhODoaRNtORRE Me Sidn. The
TM and/or LOAD matrices may be updated when the timer expires. [0136]

Ret ur nimefulomenbe iseatifédd nef itergtioput - of - range condition is present, in step
960, it is determ ned whether any of the actuators (potentially including a
whol e r[()tilﬂl]e)InhwaSZQI’thebérbﬂiteﬁmyity bf¢ach snddeleakiatavouif femaineorciy tHehdeasitied d. The

efficienc determ ned, by any of the 10net hods nentianed herein,

one emdBeHUHEHETe ﬁlrt b SRR 085&?1%%&% CARPHFAE OB AR LI RIE AhRArEEN ¢ hen
t he spr Qﬁﬁa?o?tyro?TeéUhr@RAQ u%]:t@}Pat Q2081 rkRaRRtinek tA0ReEiIRRAE shut BE uBhRERSS May
continue even if no nodule is operating with an efficiency bel owthe

t hr esh t 7 ator can

have it beIS eré’fé i?% 8l3pe%leﬁ%8ﬁ2c93éidsg%tel(smlgg& %‘?tge eé%% ﬁ%}ﬂ 'clggﬁsqgng an

out - of dimgenmnhb ¢rieagy. loddh eppeskied bis mnamiagdrpetchetrcamxtgwfﬂ@fsyst%r amge

condition will occur can be perforned as r]e oned herein. For exa Ie
B%atﬁ%i’d Ythaélt

such deén8ihRi FRRIIIRHape By tofa\ensEe "o%YS?‘FEhF# 3f dHETHE I n
one enmgfinBitermb BEhEPENESR chbdchick hﬁ;nﬁpl&h%&hmm@weycab&a{ty oFtaiuhlt. ﬂpes not
cause an out-of-range condition is decreaSed (e.g. stopped). [0138] In

st 980othgr embasimeny, the aneraviload cprrespends totliedareasiipersentcapackisiony meNaisged
until the tinmer 20expires and/or until a quasi-steady state condition is
achi evdd119ThenEidpadad/ iois defoAbined whethesthaeytiaedipotadyeldadvrenedshadodd mer

expires, VI LCULATI ON MULTI.PLE COLUWS OF T Tl I\/E 39] In
one entBrht I e EIPRASPERY I 050 T S i R e G e may be
cal cul gfrecedd-OF tHR*%aiMRAEd er%ﬂ%)ylo@ﬂ‘ BoQRKEAItRORLI BAEABRL BEn (He rBeth@PRfuAkd tBN
| evel of an actuator) be varied, with the change in sensor val ues

be| ng &P l0do wﬁaafy@aogseb@p@wﬁ fq;fpo'@%@ytsmﬁ@geffhwéﬁermmwwrblaﬁlw@w*(entng to
h t late th
T A e o e N o ' val ves. However , such
be sl t
S T N TS A A NN R R

af ter tdheecdechgasmrantofthe cipacitemsevould Qehidl on biier 4 Uit ik shit aat(defaulere WO
2011/ 022696PCT/ US2010/ 04622
0%), then that module is shut off. In one embodiment, if shutting off the least efficient module
would overload the modules that remain on or cause an out-of-range condition (e.g. a hot spot),

20  then the next lowest efficient module shall be evaluated for stopping.

[0121] In an embodiment where the energy load is the largest percent capacity of a module, the
efficiency threshold may be larger than that used for the total capacity (e.g. 95%). Both types of

thresholds may also be used.

[0122] In step 850, the sensor temperatures if the identified module were stopped are
25  estimated. In one embodiment, the application estimates the cold aisle temperatures if the target

CRAC unit were shut off using Eq. 8.

[0123] In step 860, it is determined whether any of the estimated sensor values exceed a

threshold, i.e. are outside of a range. This step helps to prevent creating a hotspot. If the
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efficient, sonme enbodi ments can change nmultiple operation |evels at the
sane tinme, and thus calculate matrix elenents for nultiple colums. [0140]
In sonme ewbadivends, nultiple colums are determ ned at PaTtUSE®E0/0kG220NE
enbodi nent, each parameter is changed nore than once, and an average (e.g.
a weighted average) of a matrix 5el enent from each change is used to
determ ne a new matrix el enent. The process for a single operational
parameter can include turning off (or sone other decrease) an actuator,

cal cul adstimgted sEMbF Valuetld8 MBNExceddhB kHEhOR, tHRE tiRCh&tBdPprocdsl H@R ditimated
calculating the matrix elenment, with an average of the two cal cul ated

mat ri x SRS degxsecddbe Breshpldgthemtheangthodystuaes teptep$df gridentifygnetberuat or i n

the abqygygxanmple, multiple actuators can be changed at the same tine. In
sone 1 en%odi ments, the matrix elenents are updated using a recursive | east

square | £ h covariance .resetti to update the el enents of the transfer
ot T x 10 1 O CHRE b S e e KR ey o PO L RSP VTS | &
t he 5st exdyedsh@theshblan@muk B dBaddbAERSS 8Y Abradll Pmifis Q- degiedd BY, tih fihd t@FgREr at ur e)
di vided by a steady-state change 1n a control action, also called a change

i n operagduihcandgstopped. gThe use of therlgadhaad sanaimpiis ghad theaensongyillipetiget clpse tohe
transf gf. dpd@Ljyi X is arranged so that rows correspond to sensor values and
col ums correspond to control actions, then an el enent of the transfer

matrix | efined as f.ollows: Y()fi - dY(j MO, ) ==c\ . ,(10)., where Y
1o b v dlERT o P odBetifsnt Miitar bt peralilt kgt Rt Tg by tine oy vey
inlet aok sfotigBE Sdnid RrgePlefipstifife utbdith ditbdmin€ Wathandsenbi@temperhtirexv@at @r of

control conmmands, or potentially an output |evel. Wen the control conmands

ar & %on/taeet thigshelg gynusa dsadbapdof "1 (on) or 0 (off). [0142] In addition to
the transfer matri x, an enbodi nent can use a covariance matri x. |In one
enbodi nBh26] tlhetepd78rthantetified mbdule & stoppediameoneminbiostinteng afeizgoppingthe nunber
of cont.r,ol..actian i.e.., it has the sa nupber, of. r.o a coluyms as the
nurber GG dpaftortinet S, P ST ERGR Rt R TS B e 1y
mat ri x shulll bé phit@r alky ardthed ORA @ URP Hal (Bt Be stoppRB)until the GlAR-s&pasR@Ckpirdshe
covariance matri x can descri be the uncertainty in the estinated val ues of

the traggigr HE&,rthévzﬁﬁ?ésro?W@&jrﬁgoﬁd?né e SERARPLRA ﬁnifﬁ)ﬁ%% GpdatddSis

covariance matrix can provi de t uncertainty in the transfer matri x vector
of 1Par alestried abdwataficothe sppesetstimer exppes. in end apect,ghe brst stemotthe epdrtdistent |

changing the o ation |evel of. one actuat.or rest.han.anot her can reduce
t he vbg%iﬁ?ég%%ﬁ%ﬂ%éﬂib?‘@wﬁ? capac:l%les of the ERAI&aumts t att are on,

including the one being stopped, before the start-stop timer is restarted. The second step of the

update is to record the cold aisle temperatures and percent capacities after the start-stop timer

expires. The values of TM in Equations 1 and 2 are then computed and updated, e.g., according

20 to Equation 5.

VII. STARTING AND STOPPING

[0128] In some embodiments, a control system can keep track of which actuators should be
changed (increase or decrease) to efficiently maintain sensor values within the desired range, and
at different times track which actuators can be decreased to save energy without causing an out

25  ofrange condition. In one embodiment, the logic for maintaining sensor values within range
trumps the logic for decreasing energy use. For example, if there is a CRAC with a low

efficiency and a there is a hot spot at the same time, then a CRAC will be started, not stopped.



el ements of the covariance matrix corresponding to that actuator because
there will be nore information about how that actuator affects sensors.
[0143] | rworrelienzbeddi nent, initialization of the transfePCraiSeém/o0ddeean be
performed according to the follow ng nethod. Sone of the follow ng steps
may be optional. 5[0144] In step 1, a covariance matrix P is set to a
di agonal matrix with diagonal entries equal to 106. In step 2, the transfer
matri x values TMare set to zero. In step 3, all actuators (which nay be
equi valignio)t oFI&N9 &Y 6% dlﬁg%l ﬁpus@z{tﬁl glaUh &8sk 600 HRBYEAling MEvRoRSENGOMON
value. In step 4, the "before" eratures are recorded. In step 5, a
first a@amiatmce Bystany by sgrageing Obdecmarsmg[ooqm%qn lewels plpodules hanainpinisersor at i on
waits 0 I 15
it eogeg AR PL ARk Eqrld iRlce chTE uB ek g thhuRatRhAH the gl
tenperahumeomxhkemﬂ990bmﬂﬂmgﬁmmqmmmmhhuﬁod@bakanmﬁmﬁ%xdbgﬁae$aﬁﬁonln step
, the ! fter % eratures are recorded. In step 8, the tenperature
chaﬁgeéi WEQFQH HAPut ed. [0146] In step 9, a |earning update i s perforned.
In one enbodi nent, a |learning vector L is conputed as L = P * du 1(2 + du

* p x d0130] Edn step)0 1 Qrihe trinsferanairix ANE seerhe r i) and gotapirlydbe LOARymaisR (Eq.-3)L *
du’ )* aEe #mtﬁl&%‘ﬂ 1 Jo%ée (ﬁrn% td'the tisangflgre Xﬁggtﬂ\/l 19%1‘[&1}.@{&9&%4 Iﬂethpfﬂ')(ﬂpl t .
F thv ch put , and | is

cont rol™ conmman or erna ange In an ou eve

an i denithdrgmibsadiriexts, madaﬁsfélﬁnﬁrlkfm\gﬁtatylbﬂgecfemﬂ by a cbmradngstas péeh defAuikcan be
"1" duri initialization. .The nmatrix can e to be symmetric, e.g., by
ot t | ng N B aPYREE AT 2B & PEEORIRY BBBULoH RYORAR TR erent 5. [ 0147]
The transfer matrix can al so be conputed by conputing prediction errors and
t hdf 2d0bHat i lngtep90ribissiesrmingg Whktheha phaped i aaiperation leyel of @plagwator iy j ust

th I

e Ol IR0 SRR 18 LA B ek B DR R, S RBBR e 6, o

and t he tiveew of bl rEterinxe. gl whﬁhdzrsa quag-stdddg |siraté>«:,on9|1txgn 1] Isiendahyieved-n (he’sensoacr oss
| I t f th th 0148

M step s Rheh PRl C SERRUIET e gntid” Dt BedbSoetatkend0s oS A0 ndang

t he seaﬁm@ uaﬁtag@&&btagfelzg staktion €@p @frhodule, dpwaer dhangd bpkiatio 1dveNdf anS Wai t ed,
as in step 6. In step 12, the “after" tenperatures are recorded. In

stgé 1 3ctugts of @W@é\dlat lirthe Hmsnbssxavedihen BsmprseatEontinuespigne tie “ne” PelFhi ng
updat e 13 RENHMLAGor nﬁe&mo@af«gaﬁ%gé Pa%%equaéepehad@élgpat%relhﬁveﬁ§ i 15, the

next actuator I1s tur to 1tS previous |evel he next” actuat or
i s turfegueopnsuwh apéfery 106 20kthBB2696PCT/ US2010/ 046228 [0149] In step 16,
the process can then go to step 11 for subsequent units until they have al

been cyoiz] up/stpWn00he Sdisof Yaluet B thasitor@lto WeteahindBwhegeech b uggen by
itself, just as the first actuator was initially CYC|ed down/of f by itself.

In st eondition fepresenc dn gne eHBOFIMARY tRPFRNIEHEE. Histieidaigls fenperaiyrgs aeir he
Tr f2'0naI servle&) $QTRoBITRAAL WBRERine Wt et DAR stts(Br Ser A6LHE! er a thieskdig) €d up at

time, and nore than one actuator 1s cycled down at a tine.
occurring. If an out-of-range condition is present, the process moves to step 940. If an out-of-

range condition is not present, the process moves to step 960.

[0133] In one embodiment, the sensor values can be monitored even though a change in
operation level is prevented. In this manner, once the prevention is lifted, the process can move
25  forward with handling an out-of-range condition that has occurred when the prevention was in

place.

[0134] In step 940, a control system can determine which operational parameter(s) to change
to bring the sensor values back into range. Such a determination can be made by any of the

embodiments of method 600. In one embodiment, the operational parameter is whether to start
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[0150] A simlar or sane process can be inplenented for updating the matrix
el emrents while the systemis controlling the environnent. Such a process
can be pewbapnmd26ien any change is performed on an act RETAIS2018/0g6228 as
descri bed above for methods 500-900. [0151] In step 101, it is determ ned
whi ch actuator(s) to change. In step 102, the "before" 10 tenperatures are
recorded. In step 103, the operation |evel of the actuator(s) is changed.
In step 104, atine is waited, e.g., as in step 6 of the above nethod. In
step 10 stdphEmodfié. el’anb@ENERRIdith &8, 1BE Bpdreedalffaméttr BaERe dherdiidg level
tenperat ure changes (dY) are conputed. [0152] In step 107, the change in
oper at i Y9nF 8YBPIEFALYS” conputed. I n step 108, a | earning update is
performed, e.g., as described above in Step 9, where A can equal 1.0. In

st ep 109133]helnkEpeSOor timér ipsrded to peveat otbersopestion iqyatsdibnabeifg chadyed Wil *  du.

In step, 110, the neapn absplute. prediction errar | E and the maxi num absol ute
br edi cHMoHmEs Pt B o 0 b - Ba s P REnS s s B Bter i on
err gr ashdrRepvef ghérafletRyBmageidnel iser§iRNPHE e 881/ JelLOAD niatdiles n{ad be upddtédEL

[0153] In step 112, a reset value for the trace of the covariance matrix is
det er mi e the BReasxPIgequati on that |inks the size of prediction error to

the reset value of the trace. FIG 10 provides an exanple of such an
equat i df13d]n Re¢teminglid the brendhrificeoward-rivegeodditien istpressutaln siep ¥dichiiof t he

exi sting, val ues by a sa multiplier such.that the trac als the reset
val v, SRR SYRSTaT AR g Ry sl st 4 Whgle TR BYNER (ks (1 ace
equal s dffiieidyab# i§ BES& a affleeena tHr@hbWSThe Rfficidity THay @8 letetmine@ 8¢ ai) of thé) St ep
114, the process repeats to step 101. 25[0154] Any of the control systens,

conut é?l%tBOerm%Wﬂ? TePs Imene rhodimentdhyo aerilant erermiigdrlont the BrEst ens.
Exanpl etﬁre%olﬁ}iﬁ& Y B@?&%s?ﬁfﬁm?rto Geppan elﬂtaﬁot@ll%teedﬁmmedtﬂhgk)@ces% InayThe

subsystens shown I n 1 are interconnected via a system bus "1175.

Addi t i owatingdysy stremsodsileiy operaanpwithee efficiendy bileyboathceshdldg, fi xed di sk
1179, nmonitor 1176, which is coupled to WD 2011/ 022696PCT/ US2010/ 046228

di spl ayjoesigpt @rsteh X8, it andtedhhRl svhater ShasktorRan hphteitsad peratiod 1dvepdbcteasddput
(11O devices, which couple to I/ O contrgller_ 1171, can be connected to the
conput df-2seRRe BYheh Favsnarsrousol-Fngn sondidotn The Rrerictionof Whgther apouweofy g

porits 114{oe doRBiti® NI bEour ST l@@ﬂerﬁ%&d AIhdntRne @K 8N &by Eﬁhﬁ{lé,%ﬁ& 1181 can be
used to connect the conputer apparatus to a wde area network such as the

| nt er neteferBenatiou sy ibapure e aicel the pmaodiganisef mettied 700t b asrandotinemt.tha
system Dug, ?{yktﬁ\fﬁe htig}%stc %B%{@' thAs8f 2ot f%}u7s§ a§ QuCRTINAY GaligoMd fL.cach
n O CO O(i executron ? (‘TOI‘ m nenory

subsystemé r of Instructio om syste
1172 or(eighsoppedied di sk 1179, as well as the exchange of information between

subsystenms. The system nenory 1172 and/or the fixed disk 1179 nay enbody a
conput go13g3ad@alited 988 #Mkr is started to prevent other units from being changed until the timer

20  expires and/or until a quasi-steady state condition is achieved. The TM and/or LOAD matrices

may be updated when the timer expires.

VII. CALCULATION MULTIPLE COLUMNS OF TM AT SAME TIME

[0139] In one embodiment, the transfer matrix elements of one column at a time may be
calculated. For example, only one operational parameter (i.e. operation level of an actuator) may
25  be varied, with the change in sensor values being used to updated a column of the transfer matrix
TM corresponding to the changed parameter. Such an embodiment allows one to isolate the
interaction between an operation level and the sensor values. However, such a process can be
slow as every actuator must be decreased and then increased to obtain the matrix elements (Note

that the TM may be updated after the decrease and the increase). To make the initialization more
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10101551 It shoul d be apparent that various different nodifications can be
made to enbodi nents w thout departing fromthe scope and spirit of this

di scl osurw0 2p01Beq96 The specific details of the specificpraspsetis/ood228 he
present invention nmay be conbined in any suitable manner w thout departing
fromthe spirit and scope of enbodi nents of the invention. However, other
enbodi nents of the invention may be directed to specific 15enbodi nents
relating to each individual aspects, or specific conbinations of these

i ndi vi digdierasatelembolifdéntd cahichaheuhdiible opsidiesrsieadatth@tanidin QLA &b
invention as descri bed above can be inplenented in the formof control

| ogi ¢ salchigtecBpuclemestsifov@pipieroliisdul ar or integrated nanner. Based on
t he di sclosure and teachings provided herein, a person of ordinary skill in
t he 20d0140M |1h skamewmaodimapisr maltiateecobnheraravdste mamal/ 20 a timet Ho dse ¢robodipE@nent
t he present inveniiﬁn u ing har dware and a conbinatiag(ff hardW@re and
sof t ward°l TSR Bred MOTS Rt dRFe I RBAT & %2 YUHEE] DRELGEYATHEY i n
thi s appndafioMbaciElanbeis uid RMRatheaheSAhiiR At eThprb& seReaYinglk by a
processor using any suitable conputer |anguage such as, for exanple, Java,
C++ or 9Peitipnal gpigpieter g3n agladpiuening g @moMsPalier dpcrease bt actupisy G asig g a
techni G ofoRTh biEhinP bAAARRial R CAKRAR ChRYIai R R Olich B, RRFSEN!

i nvention nmay be encoded on various conputer readable nedia for storage
and/ or averagsai ths honcalauatedinkeixneanants et gidieermanpde tAteach mhintext change of @pt i cal

storage dia such as conpact, disk, (CD) or, DVD (digjtal versatile disk),

71 oo aelBRy T EREPeR I FARR Sl b e et auied -Plot St RS Wb g

conipi NakibdBin®dntss temAtioeR@enQ ard UpARRTUSIHE @ NeddBiveCiesst squdlds with covariance

2011/ 022696PCT/ US2010/ 046228 [ 0159]  Such_progranms may al so be encoded and

t r ans mi'eCEH LI MAIC HE £learentsi o Hin angl§apeEE- f or transm ssion via wired,
optical, and/or wireless networks conformng to a variety of protocols,

i ncl udi[Atp1g henlone emhedimeis eabatement clbthp traesfermaatdalld the teatlyuviatackangdimg t o an
embodi nent. . of, Ealgﬁ % esnﬁeﬂt i OUEDL on Nade he Cheal -esgateuc ! Ret & A3tA sl gnal
encoded WTHh AGRE (o Ta s CPRTRUEE A a1y i & S S SRR M S O H P R

pr ogr amisoaeded@myhadnge Paspagon lavel (2.ga sediifedndat@pih\d @eling uit)oV e tansfer
separately from other devices (e.g., via Internet downl oad). Any such
conput dRatiE SAIRNged RGP Wai§P FSRe O S71seF V ftsmﬂﬁ caluging §PrEesSERHIGCeR Yr ogr am
pr 0duCtacfiéhsOtheR ah BlbmheR df\iRe PinsRR nRii Qe SRIPHISowy St em), and may be
present on or wbih%gé%ééjere;é(;onputer p;ogran1ProducLE gﬁthln a ?ysaen1or
net wor 0[,0180]... Aoy e scription o xenpl ary _enbodi nents of the

i nvent :%M%’ S p@?n prugeﬁent 50%} 8)* Eﬂﬁé%tﬁhﬁ’ﬁs & 2oYeciqr P{BIOFEE OB UGS
description. 1174 not’ it en é to be exhaustive or to limt the invention

to thelstrv.%Pin%‘%afr‘?énﬁ'Beﬁjﬁﬁr%[ﬁx@?g‘dre, Al oy R iHFAd [Nk ARbr ViRt | ONS are

possi ble in
commands, or potentially an output level. When the control commands are on/off, u takes values

20  of 1 (on) or 0 (off).

[0142] In addition to the transfer matrix, an embodiment can use a covariance matrix. In one
embodiment, the covariance matrix is a square matrix the size of the number of control actions
(i.e., it has the same number of rows and columns as the number of elements of u). The initial
covariance matrix can be an identity matrix multiplied by a large number (e.g., 1€6). In one

25  aspect, the covariance matrix can describe the uncertainty in the estimated values of the transfer
matrix corresponding to the sensor. For example, the covariance matrix can provide the
uncertainty in the transfer matrix vector of parameters that corresponds to a particular sensor. In

an embodiment, changing the operation level of one actuator more than another can reduce the
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|l ight of the teaching above. The enbodi ments were chosen and described in
order to best explain the principles of the invention and its practi cal

appl i cat iwo0ti2eéser eby enabl e ot hers 15skilled in the &ct/useolbmgé22sitilize
the invention in various enbodi nents and with various nodifications as are
suited to the particular use contenplated. WD 2011/022696PCT/ US2010/ 046228
WHAT IS CLAIMED I'S:  11.A nethod of controlling an environnental

mai nt enance systemincluding a 2plurality of environnmental maintenance

nodul eg|eafdisdrleWodhidnte RarBelds@Epontiiglo MR Rorbealst heROFilBehyei cal
condition of an environnent, the nmethod conprising: 4identifying a sensor

Si ndx eseatvepbart how that acgiatep alenteygnsass-be out si de of a range; 5for each of
at |east a portion of the nodul es, determ ning a predicted change val ue

6t hat PoEId| Cls osermiddimtnt] indialicingil g tensfepmpaix TV cheve perfifrnict eccoedipgect i ve
nmodul e cha%%fs_the 75en§or val ue neasured by Ehe | dentified sensor S indx,
8sel ect? tg fa{owiagarthgfe SABEQf Bedallowing sepHBapPehtNay change val ues: and
9changi ng the operation | evel of the selected nodule to effectuate a change
of fhe [ABgEndostep 4l ueovefianwemeadix Biis jedio-a dizgonabmatixhoith dfgapkantiics cquter ei n

t he chan f rationl evel. i tartin r t oppi 1,13, The
ot hot o1 AP 1, Cw BTy e P W TV R, SRRl BB e
may be equivalent to an entire module) are turned to 100% or some other common value. In step

4, the “before” temperatures are recorded. In step 5, a first actuator is turned down or off.

[0145] In step 6, the initialization waits until a configurable timer times out (e.g. with a default
10 of 15 minutes), a quasi-steady state condition is reached, or a cold aisle temperature exceeds a
limit (e.g. with a default of 87 degrees F). In step 7, the “after” temperatures are recorded. In

step 8, the temperature changes dY are computed.

[0146] Instep 9, a learning update is performed. In one embodiment, a learning vector L is

computed as L = P * du /(ﬂ, +du’ *P* du) (Eq. 11) and the covariance matrix is updated using

15 P= (] —Lx*du’ )* P/ 4 (Eq. 12), where du is the vector of changes in the input control

commands (or alternatively a change in an output level), and I is an identity matrix, and 4 is a

66]’9

forgetting factor. In one aspect, A can be during initialization. The matrix can be made to be

symmetric, e.g., by setting the below-diagonal elements to the above diagonal elements.

[0147] The transfer matrix can also be computed by computing prediction errors and then

20  updating the rows of TM, which may be done for all columns or just the columns corresponding
to the actuators that have been changed. In one embodiment, the error for sensor Singx 1S €=
dY(Singx) - TM(Singx,:)*du, and the new TM matrix elements are TM(sindx,:) = TM(sindx,:) +

(L*e) across all columns or just the columns for the actuators that have changed.

[0148] In step 10, the first actuator is turned back to the previous level, and the second actuator
25  isturned off or down. In step 11, a time is waited, e.g., as in step 6. In step 12, the “after”

temperatures are recorded. In step 13, the temperature changes dY are computed. In step 14, a

learning update is performed, e.g., as described above in Step 9. In step 15, the next actuator is

turned back to its previous level, and the next actuator is turned down of off.
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2a first nodul e includes determ ning a predicted change value for a change

I n operation |evel of 3each of a plurality of actuators corresponding to

t he firstwoodule26964. The nmet hod of claim 1, wherein theprchamsgeaonic2eperati on
| evel is increasing 2an operation |level of the selected nodule, wherein the
sel ected nodul e was previously running 3before the change, and wherein the

nmeasured sensor value is outside of a range when the 4neasured sensor val ue
i s above a threshold value or below a threshold value. 15. The net hod of

cl ai m Jjp1a9)er@isteptiaethopetiek bh tlentddo kidp I€8dr sDbREiG 8RitAGHANGE hyel dle has
its operation | evel changed. 16. The method of claim 1, wherein selecting a

modul e beae Pysdessup/guvaesrtdnfaff. ndhe ket gstustir anaydechialad 8p/pa by dself. gt agihe figiteat er

than a - ol d: elegti f I

pr odi ot np S AR, Sed Ao ARR ARG, Mo L ol B R PE ARGRE

2011/ 022886 PUTHd 5204 Q¢ T4H.2 218 sbhe Embodietehdmofe thdrajusn dhe avdnaoeisrycled ap al east
one of the nodqul es has a %Predicﬁg% hange val ue greater than the change

t hr 8shd TM&REd fese thay gRg agifatords py 30 F RS 3nodul e with a variable fan

speed is selected for changing the operation |level. 18. The nethod of claim
6, wherl@1¥f]seh gnilangr same pypcasheanhsdmptesnantedder ynslategithe magrdroereypents while

the system is controlling the environment. Such a process can be performed when any change is

performed on an actuator, e.g., as described above for methods 500-900.

[0151] Instep 101, it is determined which actuator(s) to change. In step 102, the “before”
10 temperatures are recorded. In step 103, the operation level of the actuator(s) is changed. In step
104, a time is waited, e.g., as in step 6 of the above method. In step 105, the “after” temperatures

are recorded. In step 106, the temperature changes (dY) are computed.

[0152] Instep 107, the change in operation level (du) is computed. In step 108, a learning
update is performed, e.g., as described above in Step 9, where A can equal 1.0. In step 109, the

15  vector of prediction errors is computed as E =dY —TM *du . In step 110, the mean absolute

prediction error |E| and the maximum absolute prediction error |E| ~are computed. Instep 111,
the size of the prediction error as the weighted average |E| and |E|_ is computed as

[E0 = w2, +(=w)=|E]_.

[0153] Instep 112, areset value for the trace of the covariance matrix is determined from an
20 equation that links the size of prediction error to the reset value of the trace. FIG. 10 provides an
example of such an equation. In step 113, the trace can be updated by scaling each of the
existing values by a same multiplier such that the trace equals the reset value. In one
embodiment, the covariance matrix is reset so that its trace equals the trace reset value as

follows: P=P* Ty

resel

/ trace(P). In step 114, the process repeats to step 101.

25  [0154] Any of the control systems, computers, or controllers may utilize any suitable number
of subsystems. Examples of such subsystems or components are shown in FIG. 11. The
subsystems shown in FIG. 11 are interconnected via a system bus 1175. Additional subsystems

such as a printer 1174, keyboard 1178, fixed disk 1179, monitor 1176, which is coupled to
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19. The nethod of claim1, wherein a predicted change value for a nodul e

2Si ndx
(H in
val ue

an est
to be
relati

corresponds to Y - Yr", , which is determned as 3Y po.si Y pre

dx BokndaR2694l evel e" (S1"6.), where Ypost is the esTiusatiod4eensor

= T™

of the 4identified sensor Hi ndx after changing the operation |evel
nodul e Sindx, Ypre is the sensor value 5of the identified sensor H ndx
before changi ng the operation | evel of nodule Sindx, Al evelest(S indx) 6is
i mat ed amount of change in the operation | evel of the nodule Sind,
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25

ksl | B13 18 @BRRHunk@lcUfith hch s@sydthR aAERSQnEoPiRE eﬁ’&hﬁérm)ﬂhﬂﬁlcbbl%
|on 4] evel of the sel ected nDduFes before changing its operation

wher ei n t est1 nat ed

feaf S)étentmamgli‘)’nld TR 108 tf@pfeqeétdlsbrl 17 ¥ve well pp thegxrhagge ef:@ﬁdn@ Psor val ues

%QSV t%ﬁgnﬁﬁﬁﬁ &5#%5&%§f a&P&?@%kQ&%#?Wfor t e se L?géegndule

&bm@ﬁi@hreadable medium.

[0155] It should be apparent that various different modifications can be made to embodiments

without departing from the scope and spirit of this disclosure.

[0156] The specific details of the specific aspects of the present invention may be combined in
any suitable manner without departing from the spirit and scope of embodiments of the
invention. However, other embodiments of the invention may be directed to specific
embodiments relating to each individual aspects, or specific combinations of these individual

aspects.

[0157] It should be understood that the present invention as described above can be
implemented in the form of control logic using computer software in a modular or integrated
manner. Based on the disclosure and teachings provided herein, a person of ordinary skill in the
art will know and appreciate other ways and/or methods to implement the present invention

using hardware and a combination of hardware and software

[0158] Any of the software components or functions described in this application, may be
implemented as software code to be executed by a processor using any suitable computer
language such as, for example, Java, C++ or Perl using, for example, conventional or object-
oriented techniques. Computer programs incorporating features of the present invention may be
encoded on various computer readable media for storage and/or transmission; suitable media
include magnetic disk or tape, optical storage media such as compact disk (CD) or DVD (digital
versatile disk), flash memory, and the like. The computer readable medium may be any

combination of such storage or transmission devices.
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(\level) 8of the sensors, wherein Y2 and Y1 are the nmeasured first and
second sensor values for the sensor 9Sndx , and wherein Alevel is a neasure
of the chapgelvm2@perati on | evel of the sel ected nodul e PCORS2010086228\0

2011/ 022696PCT/ US2010/ 046228 11using TWMNEw to determ ne the updated val ue
for TM 112. The nmethod of claim 11, wherein the updated TMis obtained from
2 TMNEw and the old TM using the equation 3TMi, /)pda/co =g * TMi, j)""
+ (1- g)* TMi, j),, where g is between 0 and 1. 113.The nethod of claim 1,
fur t hero£AIPrdigh Bg)gpc{nesvrﬁw HBGbEHRBI NG dARNSRMEBH Bih® BarliBVEinaBfadafied her

modul e unti| a predetermned anmount of tinme elapses after the selected
3nodul drahsmispips vieperegh Pival, endépr wiigagedtverkuemmifermangigodsiaristy o @yoteols e

condi ti.on I i 4t he I j | el
changed e RETUEHEE A LR MIARE (EHOE SR, Rechithg L SBLBLIALof Y

r eadablpees2im alvantios tray iba greatep lusing liday sifnal eisddadovittonsh porgramntCaohputerg a
processor, to perfor n gperation for 3controlli .an envi r.onnent al

mei At eﬁ%ﬁﬁié‘@eé‘gﬁé’faeerﬂcir’r‘}%l il i PP Pl T o Pagieaer gﬂ%@a}p%ﬁlﬁ{gﬁw&?ﬂnce

nodul es,rAngkdesePhriteBl thdnY ofter QNGNS .t atinteRREdhIGady.ahHE s@h Bmphiesi cal
condition of 5an environnent, the instructions conprising the method of

cl ai m Teadabls muqivemyiay seprerngdr withime singlscemgyist pregrahppiludt (ye. a hard drive
or an entire computer system), and may be present on or within different computer program

products within a system or network.

10 [0160] The above description of exemplary embodiments of the invention has been presented
for the purposes of illustration and description. It is not intended to be exhaustive or to limit the
invention to the precise form described, and many modifications and variations are possible in
light of the teaching above. The embodiments were chosen and described in order to best
explain the principles of the invention and its practical applications to thereby enable others

15  skilled in the art to best utilize the invention in various embodiments and with various

modifications as are suited to the particular use contemplated.
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2a plurality of environnental maintenance nodul es; 3a plurality of sensors
that neasure a val ue of a physical condition of an 4environnent; 5the
conput er woagriaregsoduct of claim 13; and 6at | east onePprasSessora22416. A
met hod of controlling an environnmental maintenance systemincluding a
2plurality of environnmental maintenance nodules currently running and a
plurality of sensors that 3neasure a value of a physical condition of an
environnment, the nmethod conprising: 4for at |east one of the plurality of
the nodul es currently running: 5estimating sensor val ues of the sensors
resulting if an operation |level of the 6nbdul e were decreased by at |east a

pr edet ¥ HAdEl§ GAbIMED 19det ermining a first set of one or nore of the

plurality of the nodules currently 8running that have none of the estinated

sensor val ues outside,o0
20115 025006mCT, Uiso1or e BaLbd Eé%é@ﬁ%?’ﬁé@%“&“%%’t“ﬁ%‘ﬁen nesaysiep includingd, e

nodal e phfralitpef Envishmeetal mam[@smnﬁ(ﬁiuﬂﬂs ah @t iphuraléy ef sannas thanmiehaite amzéueor nor e
of he lural.ity of .the nodul es current runni.ng have none of I1the

|
est PratCed PEEH Fo%tl"ii’e(éfalﬂlﬁ‘f“élf‘a’é’leélf tlﬁ%‘@etll"‘?;?l 8P ¥e. 117. The nmethod of claim
16, 4Wner ei n decr mtlﬂ&ga@se«amrs@gwﬁbsk@&@br Wueik nleaastd BeReumiura rafget he

first set includes stop P a nodul e,
5 for each of at least a portion of the modules, determining a predicted change value
that predicts an extent that changing an operation level of the respective module changes the
sensor value measured by the identified sensor Sinax;

6

7

8 selecting at least one module based on the predicted change values; and

9 changing the operation level of the selected module to effectuate a change of the
0

sensor value of sensor Sjngx.

1 2. The method of claim 1, wherein the change of operation level is starting or

2 stopping the module.

1 3. The method of claim 1, wherein determining a predicted change value for
2 afirst module includes determining a predicted change value for a change in operation level of

3 each of a plurality of actuators corresponding to the first module.

1 4. The method of claim 1, wherein the change of operation level is increasing
2 an operation level of the selected module, wherein the selected module was previously running

3 before the change, and wherein the measured sensor value is outside of a range when the
4

measured sensor value is above a threshold value or below a threshold value.

] 5. The method of claim 1, wherein the module with the largest predicted

2 change value has its operation level changed.

1 6. The method of claim 1, wherein selecting a module includes:

2 identifying the predicted change values that are greater than a change threshold;
3 and

4 selecting one of the modules whose predicted change value is greater than the

5  change threshold.
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18. The net hod of claim 16, wherein estimating sensor val ues of the sensors
2resulting if an operation level of a first nodul e were decreased by at

| east a pwecdetianreddned 3anount i ncludes: 4estimating reseCTiusgooOmeRes val ues
for a change in operation |level of each of a 5Splurality of actuators
corresponding to the first nodul e, and wherein decreasing an operation

6l evel corresponds to decreasing the operation |evel for the actuator that
does not cause estimted 7sensor values to be outside of the first range.
119. The method of claim 16 wherein the first range includes a threshold
thay is 2a conbi nati omh®fethol AF @eim bhviesdinlifht Mabiusmed f dRadhrng hah ue. 20. The
met hod of claim 16, further conprising: 2identifying one or nore nodul es of
t he2f i peadicted chapgssyales greapidhary the shangs ghrﬁfﬁl&w 3 g p vpdabdhep spesdebrdRd: and

4f or O e | £ 1ol oAU 68 ' i a percent capacit
of gacﬁﬁﬁgku%gg%k%?ﬂ&%%bgg?gﬁg%kggﬁ If ?ﬁ%n%?%Z%%?gégggﬁ%dgle wer e sﬁut Y
of f, the percent capacity being a neasure of the percentage of 7the
desilgned capaci t§. at Whé mlathotef ¢ldien6, whesein seldeting ang ophemaduteg is Bureedi ni ng
al adrn{ g}the percent capacities; 9determ ning whet her the | oad does not
excéed '3 |}%t t hreshol d; 10decreasing the operation level the identified
nodul e in response to a lldetermnation that the | oad does not exceed the
firgt threshold and n®hemefhotibéclest il pmhazein a predicted change value for a module

2 Siuxcorrespondsto Y, —Y . which is determined as

post pre?

3 Y - YPre = TM(Hindx » Simi\' )* Alevel

osi (S,.u)> Where Yo is the estimated sensor value of the

est indx
identified sensor Hj,gy after changing the operation level of module Sindx, Ypre is the sensor value
of the identified sensor H;n4« before changing the operation level of module Singx, Aleveles(Sindx)

4

5

6 isan estimated amount of change in the operation level of the module S to be enacted, and

7  wherein TM is a transfer matrix that provides a relation between changing an operation level of a
8

module and resulting changes in sensor values.

1 10.  The method of claim 9, wherein the change of the operation level of
2 module S;nq4x Is a start, wherein N modules are running prior to module Sin4« being started, and
3 wherein the estimated operation level of the module Sjnq4« after starting is an average of the

4 operation levels of the operating modules times N/(N+1).

1 11.  The method of claim 9, further comprising updating the transfer matrix
2  TMby:

measuring first sensor values Y1 of the sensors and determining the operation

98]

4 level of the selected modules before changing its operation level;

5 after changing its operation level, measuring second sensor values Y2 of the

6  sensors and determining the operation level of the selected module;

7 calculating TM .., (T, » Sy ) = @:—m for the selected module Sing« for each
’ ) ) (Alevel)

8  of the sensors, wherein Y2 and Y1 are the measured first and second sensor values for the sensor
9  Sinix , and wherein Alevel is a measure of the change in operation level of the selected module

10 Pingx and
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12sensor values are outside of the first range. 121. The nmethod of claim 20,
wherein the one of the identified nodules is the 2identified nodule with

t he | oweswoebfee@acy. WO 2011/ 022696PCT/ US2010/ 046228 pr2AISTHie/omeesrod of
claim 20, wherein the load is determ ned fromthe percent 2capacity of each
nodul e and a design capacity of the nodule. 123. The nethod of claim 20
wherein the estimted percent capacity % ap of 2 nodule Cdx -S %C

ap( G ndx) = %Cap(Ci ndx)+ LOADX(Ci ndx, Sincbhc)* %ap(Sindx), in 3wherein the
logd matrix pr OthPr?T@'IN%Q@H&EmQBe{h@% gibectiuofor $voPPi ng a nodul e on 4t he
capacity of use of tThe renmaining rmdulpes that remain on, wherein the | oad
matri x el enent 5LOAD {gCi dx, - Sd 1 provides a neasure of the effect of

st oppi ng modul e $Aax &he method apalaim y1.gvhersimthe upaged T Eroftped {24 The net hod
of ¢l a'ﬂz%anmﬁéglh':h\wﬁn%mie&hﬁ ¢y 77 for nodule Cindx is 2conputed as

t he perce’?‘ﬁ capacity divi ed y the percentage of operation of a fan speed
relative 3to a nmaxi mum fan speed setting. 125. A nethod of initializing an

envronnent al el @ndpee sy ST .that+ (Incd)ddd4(ia)),, » where g is between 0 and 1.

1 13.  The method of claim 1, further comprising preventing changing an

2 operation level of another module until a predetermined amount of time elapses after the selected
3 module has its operation level changed or until a quasi-steady state condition is achieved after

4 the selected module has its operation level changed.

1 14. A computer program product comprising a tangible computer readable
2 medium storing a plurality of instructions for controlling a processor to perform an operation for

controlling an environmental maintenance system including a plurality of environmental

L2

4 maintenance modules and a plurality of sensors that measure a value of a physical condition of

5  an environment, the instructions comprising the method of claim 1.

1 _ 15. An environmental maintenance system comprising:

2 a plurality of environmental maintenance modules;

3 a plurality of sensors that measure a value of a physical condition of an

4  environment;

5 the computer program product of claim 13; and

6 at least one processor.

1 16. A method of controlling an environmental maintenance system including a
2 plurality of environmental maintenance modules currently running and a plurality of sensors that
3 measure a value of a physical condition of an environment, the method comprising:

4 for at least one of the plurality of the modules currently running;:

5 estimating sensor values of the sensors resulting if an operation level of the

6 module were decreased by at least a predetermined amount;

7 determining a first set of one or more of the plurality of the modules currently

8  running that have none of the estimated sensor values outside of a first range; and
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2plurality of environnmental maintenance nodules and a plurality of sensors
that neasure a val ue 3of a physical condition of an environnent, each
nodul e | rwbudimg2ese or nore actuators, the 4met hod conpCirdisago/o$6egei vi ng
a first sensor value Y1 for each of the sensors; 6changi ng an operation
| evel of -at |east two actuators of the nodules at a sane 7tine; 8for each
sensor: 9after the change in operation levels, receiving a second sensor
val ue Y2; and 10Ocal culating a difference between the first sensor value Y |
andgt he second 1}s@8s80ly afpiaen 1e30h h2Redk @hedUME ofthel RASE iRl r@Pbhde@d Of
matri x el enments of a transfer matrix based on the 13differences, the
t r dAsf dhe drsgrmiinatinn thapgnaiorreersiob s phfrality il tsepodiesgetraathouanipg havenprpef of
l4sensQ S, .: el or td i.nc trix elenents associated with the
at ﬁﬁ:eagl%e ?S\tﬂomggt%h%f%?ag?&fggsﬁ%%m%%%é#ﬁ'%a% ‘ermining a matri x el enent for
sensor S and actuator P includes: WO 2011/022696PCT/ US2010/ 046228
16dét ermi ni ng a fi7r st Thametotabclagn &6, wheesiatienredsimglandpagtiomevdidffatleasice f or
17sensor S an Vi a denqm nator including the change in operation |evel
forSacPﬂ%?ggugfg%5%%%”?@@8W§?ﬁ%ﬁ@”@H@“?@ﬂgt ratio with at |east one ot her
rati o, wherein the at |east one

1 18.  The method of claim 16, wherein estimating sensor values of the sensors

resulting if an operation level of a first module were decreased by at least a predetermined
amount includes:

estimating resulting sensor values for a change in operation level of each of a
plurality of actuators corresponding to the first module, and wherein decreasing an operation

level corresponds to decreasing the operation level for the actuator that does not cause estimated

e s A I~ VS B\

sensor values to be outside of the first range.

1 19.  The method of claim 16 wherein the first range includes a threshold that is

2 acombination of a target threshold minus a deadband value.

—

20.  The method of claim 16, further comprising:

2 identifying one or more modules of the first set whose efficiency is less than an
3 efficiency threshold; and
4 for one of the identified running modules:
5 estimating a percent capacity of each module that would remain on if the
6 identified module were shut off, the percent capacity being a measure of the percentage of
7 the designed capacity at which the identified module is operating;
8 determining a load from the percent capacities;
9 determining whether the load does not exceed a first threshold;
10 decreasing the operation level the identified module in response to a
11 determination that the load does not exceed the first threshold and none of the estimated
12 sensor values are outside of the first range.
1 21. The method of claim 20, wherein the one of the identified modules is the

2 identified module with the lowest efficiency.
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200t her ratio is determned froma previous change of the operation |evel

of actuator P that 2lresulted in a previous difference in the sensor val ues
for sensow03011128696he net hod of claim 25, wherein conbi rCm@Sedie/ofiéest ratio
with at | east 2one other ratio includes using a recursive |east squares.
127. The met hod of claim 25, wherein the change in operation |evel of an
2actuator of a nodule is starting or stopping the respective nodul e.

128. The method of claim25, wherein conbining the first ratio with at | east
2one other ratio includes: 3determ ning an error of the cal cul ated
difierence rel at t¥e tOhampthedioftiech ehavtgecin thedbdies devsvined/ fibiehd gercemensor S
due_to the. change in operatjaon |evel g{ actuator P; and 5adding the error
to @heC@%F§¥Pﬁﬁmg§F@éhﬁﬁﬁat ehEinary e uleor sensor S and 6actuator P
wherein the existing value was determ ned fromthe previous difference and
preyi ous 7changestn t Fon: ogde of
cla¥n128, furtheggcongﬁi@?ﬁg?BEQEW%?%ﬁb?%g”?ﬁ%ggﬁééﬁ&%?%gawggghgﬁgﬂ?g%tor
prior teduhecaddi ng, g@‘)@mm/otbﬁ(di&ﬁ?mmgq CoRbNind:d* IRt BASTpd from a
covariance matrix. 130. A’'nethod of initializing an’environmental

mai At enance syst eetchathe load Imdies p@vidieh & reehsuiry othe effudt LOstoprih@h mudultoanance

nodyl es, and a pl.ural | of .sensor,s that neasure. a valu of a physi cal
Conth ¢ TSGR e b BTG Rt RatreaBiiT Siai o e BRERHT ocessor

det gr mpy A9 (@inth,r@nqgfp%vicﬂ@tarrhéﬁsﬂwlomﬁe effect of stopping module Si,4x on the capacity of

6  module C;y.

1 24.  The method of claim 20, wherein the efficiency 7 for module Cj,gy is

2 computed as the percent capacity divided by the percentage of operation of a fan speed relative

3 to amaximum fan speed setting.

—

25. A method of initializing an environmental maintenance system that includes a

2 plurality of environmental maintenance modules and a plurality of sensors that measure a value

3 of aphysical condition of an environment, each module including one or more actuators, the

4 method comprising:

5 receiving a first sensor value Y1 for each of the sensors;

6 changing an operation level of at least two actuators of the modules at a same

7  time;

8 for each sensor:

9 after the change in operation levels, receiving a second sensor value Y2; and
10 calculating a difference between the first sensor value Y1 and the second
11 sensor valueY2; and
12 determining at least a portion of matrix elements of a transfer matrix based on the
13 differences, the transfer matrix having dimensions of a number of actuators by a number of
14 sensors, wherein the portion includes matrix elements associated with the at least two actuators,
15  and wherein determining a matrix element for sensor S and actuator P includes:
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5for each one of the nodules: 6receiving a first sensor value Y1 for each
of the sensors, each first sensor 7val ue being received when the respective
nodul e hawoaoft/o2gdseoper ati on | evel ; 8stoppi ng or starti RGTIUSROWAIERREL | Ve
nmodul e; and WD 2011/ 022696PCT/ US2010/ 046228 9after stopping or starting
the respective nodule, for each sensor: 10receiving a second sensor val ue
Y2; l1llcalculating a difference between the first sensor value Y1 and the
12second sensor val ueY2; and 13calculating a TMmatri x el ement using the

di fifser ence, 14wher eicferiifing § 8RS 2k HERhE i huTM RS IONE AERg Brelpifabi@mobet ween
startlng and/ or 15stopping a nodul e and resulting changes in the sensor
vaI ldes f orenachansldiayine 2 denonringtomitchsiéneghe ewig?nmperwﬁ%veh for pefusat Fi x

gent e%les (Y2- YlI) 2divided by a neasure of capacity. 132. The net hod
of cIa|n1 further conprising: 2receiving a return tenperature TR, and a
di déhar ge tenperatumeﬂmﬁmgﬂmﬂhaamM)@nbdukenﬁhMMbﬂwah¢\ﬂmdumé@aakeﬁmmnnlng,

N ier o Mhei 800 Rk dogt 8o RE Crbip el Aot e DRI LSRRG Ehppe.

21 resulted in a previous difference in the sensor values for sensor S.

1 26.  The method of claim 25, wherein combining the first ratio with at least

2 one other ratio includes using a recursive least squares.

1 27.  The method of claim 25, wherein the change in operation level of an

2 actuator of a module is starting or stopping the respective module.

1 28.  The method of claim 25, wherein combining the first ratio with at least
one other ratio includes:

determining an error of the calculated difference relative to a predicted change in

2

3

4 the sensor value for sensor S due to the change in operation level of actuator P; and

5 adding the error to the existing value for the matrix element for sensor S and

6 actuator P, wherein the existing value was determined from the previous difference and previous
7

change in the operation level of actuator P.

1 29.  The method of claim 28, further comprising:
2 multiplying the error by a learning factor prior to the adding, wherein the learning

3 factor is determined from a covariance matrix.

1 30. A method of initializing an environmental maintenance system that includes a
plurality of environmental maintenance modules and a plurality of sensors that measure a value
of a physical condition of an environment, the method comprising:
at least one processor determining a transfer matrix TM by:
for each one of the modules:
receiving a first sensor value Y1 for each of the sensors, each first sensor

value being received when the respective module has a first operation level;

0 N N W B W

stopping or starting the respective module; and
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FDVR D TD') 5TRp is the return tenperature of the respective nodule P
before being stopped, TD p is the 6di scharge tenperature of the respective
nodul e P weforie2edds operation | evel is changed, FD is tReTsesiogme2s ow rat e
of the unit, and TRD-TDD is the design AT of the respective nodule P.

133. The nmethod of claim 30, further conprising: 2calculating a |load matri x
by: 3for each respective nodul e Sndx: 4for each ot her nodul e G ndx,

cal cul ating a percent change in capacity (A 5%Cap) that results from

chaggi ng the oper ati opgd QuBbingfor {ARINLIFPRESME MBEYL G0t serRBd 6uUsi ng each
percent change to determine a load matrix el ement 7LCAD(Cmd" s), 8wherein

t hd0l oad matri x provi deseciviems sacendsenpdrevable ekt of changing the 9operation

etdin on. W0 2011] 02288bRE AR5 B e I8 ARBLPL TR AR s

i s ithe per centsceapiaehdoy valbeYrendt opped nodul e Sindx prior to 4stopping.
F, (TR, -TD 135. The met hod of claim 34, where Waagthz,d??fe "and where Fp is

EDVRD- TDD) calculating a TM matrix element usin rence,
14 wherein the transfer matrix TM provides a relation between starting and/or
15 stopping a module and resulting changes in the sensor values for each sensor.
1 31. The method of claim 30, wherein the matrix element equals (Y2—- Y1)

2 divided by a measure of capacity.

1 32.  The method of claim 31, further comprising:
2 receiving a return temperature TR, and a discharge temperature TDj for each
3 module S when all modules are running, wherein the operation level is a capacity measured by

Fl’(TRP _TDI’)
FD(TRD _TDD)

4  %Cap = , where Fp is the flow rate of the stopped module before being stopped,

5  TRp is the return temperature of the respective module P before being stopped, TDp is the
6  discharge temperature of the respective module P before its operation level is changed, Fp is the

7  design flow rate of the unit, and TRp-TDp is the design AT of the respective module P.

1 33.  The method of claim 30, further comprising:
calculating a load matrix by:
for each respective module Sjngy:
for each other module Ci,ax, calculating a percent change in capacity (A

%Cap) that results from changing the operation level of the respective module Si,4x; and

LOAD (Cind\' ° Sindx ) b

2

3

4

5

6 using each percent change to determine a load matrix element

7

8 wherein the load matrix provides a measure of the effect of changing the
9

operation level of a module on the capacity of use of the remaining modules that remain on.

A %Cap

| 34.  The method of claim 33, wherein LOAD(Cindx, Sindx) = i
olLap,

2 wherein A%Cap is the change in percent capacity of the module Ci,gx induced by stopping the
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2the flow rate of the stopped nodul e before being stopped, TRp is the
return tenperature of the 3respective nodule P before being stopped, TD p
i s the diwoharige2dsenperature of the respective 4nodul e PChASOI16/0#6228
operation |level is changed, FD is the design flowrate of the unit, and
TRD- 5TDD i s the design AT of the respective nodule P.

3 module Sinax, and wherein %Cap; is the percent capacity of the stopped module Sin4x prior to

4 stopping.

1 35.  The method of claim 34, where %Cap = F,(TR, ~1D,) , and where Fp is
FD(TRD - TDI))

2 the flow rate of the stopped module before being stopped, TRp is the return temperature of the

3 respective module P before being étopped, TDp is the discharge temperature of the respective

4 module P before its operation level is changed, Fp is the design flow rate of the unit, and TRp-

5  TDp is the design AT of the respective module P.
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