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REAL-TIME: PRICING CONTROLLER
OF AN ENERGY STORAGE MEDIUM

BACKGROUND_ OF THE: INVENTION

1. FIELD OF THE INVENTION

The present invention generally relates to energy storage mediums,
and more particulady fo a real-time_ pricing cantroller and corresponding
method for controlling an energy storage medium that is connected to an

environmental control system.

2. DESCRIPTION OF RELATED ART

Many electric utility 'companies are unable to generate enough-
electricity through conventional means to meet peak customer demand.
Because of the enormous capital and environmental costs associated with
building new power plants, these utilities offer incentives to their customers
to reduce peak electrical consumption. These utility incentives encourage
electrical consumers to shift energy consumption to those periods when

reserve generating capacity is available. The incentives are typically
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provided in the form 6f an'energy rate structure, and the real-time pricing
(RTP) structure is rapidly gaining' popularity.

: RTP is a time-varying energy rate that takes into account the time-
dependenf variation in the cost of .producir_\g' electricity. With a RTP
structdre. utifriy compariie; can adjust energy rates based on actual time-

varying marginal costs, thereby providing an accurate and timely stimulus

" for encouraging customers to Iow{er demand when marginal costs are high.'

An example of an RTP rate structure for a 24 hour period is shown in FIG. - |

1.

RTP differs from traditional time-of-day (TOD) or time-of-use (TOU)
power '(ates in two primary ways. First, the demand charge of a TOD or
TOU energy pricing structure is either eliminated or greatly reduced.
Secondly, the rates in an RTP _scheme may be altered more frequently (e.g.,
every hour) and with much less prior notice (i.e., one day or less).

When RTP is in use, a utility cost schedule for a given time interval

-is periodically provided to utility customers. Generally, the price schedule

is provided the day before (day-ahead). or hour before (hou'r-ahead) the rate '

will take effect. In day-ahead pr?cing, utility customers are given price levels
for the next day, and in hour-ahead .pricing the customer receives the
energy prices for the next hour. |

in order for a utility customer to benefit from RTP, shorf-term
adjustments must be made td cuctail energy deménds in response to

periods with higher energy prices. One meﬁod of accomplishing this

- objective is by supplementing environmental conditioning systems with
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energy storage mediums. With these energy storage devices, extemal
power consumptron is decreased by drawmg upon the energy resefves of
the energy storage medium during periods having higher energy rates and
genereti_ng energy reserves during intervals with Idwer energy prices. |
To obtam the maximum benefit fiom RTP, a system must have
access fo energy demand and consumptlon information. Furthermore the
ability to project future load requrrements is generally necessary. However.
because enereg prices of a RTP pricing structure change frequently and
energy usage confinually varies, an RTP cost function must be constantly
rninimized in order for a utility customer to receive the available oest

savings. The discrete RTP cost function is given by

S
Jare = Y, [RexPi +A ¢ (10
K=1

\nrhere: Kis an _interval of the RTP schedule;
P, is the average electrical power (kW) consumed d-uring
interval k; |
Jre is the cost to the customer;
Re, is the energy cost during interval k (which is typically
adjusted 24 times daily as shown in Figure 10:
At is an interval duration; and

Sis the number of intervals in the optimization time horizon.
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Note that in subsequeht discussions, the stage K will be replaced with an _
H to der_iote the hour of the d_ay'(in military time) since a typical intér_val
length.is one hour. quevér, it should be noted that .the'control strategy fs '
appropriaté for any interval leﬁgth as long as the demadd charge has Been
eliminéted or _reducedf |

The state and control variable trajectories that minimize the RTP cost

_ furiction can be found analytically (See LS. Pontryagin, V.G. Boltyanski,

R.V. Gamkrelidze. and E.F. Mishchenko, *The Mathematical Théor_y of
Optimal Process.” Wiley-lntersciencé (1962)), numerically (See.R.' Bellman,
“Dynamic Pr ramming,” Princeton University Press (1957)), or with genétic
afgori,thms (Seé D.E. Goldberg, "Genetic Algorithms in Search, Optimization
& Machine Learﬁing,“ Addison-Wesley Publishing Company, Inc. (1989)).
respectively. Unfodunétely. each of these approaches requires significant
expertise to formulate solutions and mathematically implement. In addition,
a significant amount of computel_' resources (including memory) are required
to generate a solution. Therefore, it is typically impractical to solve the
optimal control problem of an energy storage medium in real time using
realistic non-finear component models.

tn view of the fﬁregﬁing.' 1t is one object ‘of the present invention to
provide a controller of an energy storage medium that minimizes the

integrated cost function of a real-time-pricing utility service yet is simple to

~ implement, computaﬁonally efﬁcient, requires minimal memory, and is

robust. Furthermore, additional advantages and features of the present
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invention will become apparent from the subsequent deécription and claims

takén_ in conjuncti¢n with the acgémpanying drawings.

'SUMMARY OF THE INVENTION

An apparatus and method is provided for controlling an energy
storage medium connected to an environmentél control system that is
providing envirom'n_en@ 60hd_i___ﬁonirig. The 'contrqlléf includes an energy’
pricing data structure for storing a real-time energy pricing profile indicative
of energy rates corresponding to time-varying production costs of energy.
The controller also has a storage medium containing rules that approximate
optimal control trajectories of an energy cost function that is dependent upon
the real-time enérgy pricing profile énd govetns the operation of the energy
storing medium. A engine is provided for generating a storage' medium
control signal based upon the real-time energy priéing profile and the rules.
Whereby, the energy storage medium is controlled with the storage medium
control signal in order to mininiize energy costs associated with

environmental conditioning by the environmental confrol system.

"BRIEF DESCRIPTION OF THE DRAWINGS
Other objects and advantages of the invention will become apparent
upon reading the following detailed description and upon reference to the
following drawings, in which: '

FIG. 1 is an example of a day-ahead réal-time pricing schedule;

This Sheet Has Been Replaced
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FIG. 2 is an environmental control system having an energy storage
medium for use with the knoMedge-t based ooﬁtroﬂer of the. present
invention; _ |
| FIG. 3 is the knowledge based controller of the pfesent invention in _
further detail;

FIG. 4 is the plant status selector of the knowledge based control(ér
in further detail;

FIG. 6 is the discharge module of the knoWledge based controller in
further detail;

FIG. 6 is a flow chart that illustrates the procedure used by tﬁe
dtscharge scheduler of the knowledge based controller; and

FIG 7 is a control transfer function diagram representing the PID
feedback controller of the knowledge based controller.

DESCRIPTION OF THE PREFERRED EMBODIMENT
The following description of the preferred embodiment is mainly
exemplary in .nature and is in no way intended to limit the invention or its
app'libatibn or uses.
"Figure 2 shows an environmental” contro! system in the form of an air
conditioning system 20 that is providing eavironmental conditioning of a

building 22 in conjunction with an energy storage medium 24 that is

controlled by a knowledge based | controller 26 of the present invention. The

air conditioning system 20 includes a water chilling unit 28, secondary chiller

controller 29, cooling towers 30, a secondary fiuid distribution pump 32, a



10

16

20

condenser water pump 34,7and cooling coils 36 contained within the building
22,

Durir'\g a cooling _cyc(§ of the air conditiohing system 20, an
approximatély 25 perceht glycol and water mixture (briné._) is. distributed
bet\piéen' the water chilling unit 28, énergy storage medium 24 and o‘ooliﬁg
coils 36. More particularly, the brine is chilled by water cﬁilling unit 28 and
pumped through or ér;iumj the energy storage mé_dilim 24 and then to the
ooblihg coils 36 of the building 22. '

. The energy storage medium 24 is a thermal energy storage (TES)

tank. More particularly, the TES tank 24 is an internal melt, ioe-storaée

‘tank. This common design has tightly spaced, small diameter tubes

arranged in a pargl_(el'ﬂqw geometry surrounded by water and/or ice within
a cylindrical tank. During either TES charging (i.e., ice making) or TES
di_schéfging (i.e., ice melting) cycles, the brin;e is pumped through the small
diameter tubes of the tank 24.

Charging of the TES 24 is acoomp(ished by oomp_létely cidsing the
load bypass valve 38 to the bui_lding cooling coils 36 and fully opening tﬁe
stgrage control valve 40 fo the ice-sforage tank 24. in this mode; afl the
secondary “fiuid flows through the storage tank 24 ‘at temperatures’ low
enough to make ice within the tank 24. The discharging of the TES tank 24
occurs when the load bypass valve 38 is fully open to the building cooling
coils 36.. During a discharge of the tank 24, storage control valve 40
modulates the mixture of flow from thg tank 24 and chillér 28 in order to

produce bﬁqe having a desired’temperature.
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The chiller .28 is a factory assembled unit designed for an ice storage
application and is equipped with a brine. supply te_mp'erature sefpoint reset
capability. Thé_ chiller 28 is located upstream of the storag'e. medLum24 to
permit chiller 28 operation at the maximum efﬁciéncy. This arrangement
provides a higher chiller coefficient of power (COP) f'or- a given load aé
combared- to locatiﬁg the chiller downstream of the étorage medium 24.
This is due to an inverse re(atiohship, between chiller pm_&er consumption
and chiller Waitef supply temperature. | |

Obtairjling the maximum benefit from the air conditioning system 20
and ice storage tank 24 -invo!Qes scheduling a portion of the building cooling

load to the sftorage medium 24 during high energy cost periods and

'ext'_racting energy from the storage medium 24 when 'the cost of energy -is

lower. Thereforel, the ﬁltimate objective is to exploit the lower utility rates
that are provided by the utility as a financial incentivel to shift energy Idads
from high demand periods.

The knowledge based controller (KBC) 26 uses a set of _
.predetermined heuristic rules to exploit tﬁe lower utility rates in a RTP tariff.
The KBC 26 controls the water chilling unit 28, load bypass valve 38 and
storage control valve 40 based on these rules, state véﬁables, and
additional inputs that will be subsequently discussed. The advantage of the
KBC 26 is that it is simple to implement, computationalty efficient, requires
minimal computer memory, and is very robust.

The heuristic rules of the KBC 26 were -obtained by solving the

- optimal control problem off-fine with a work station fora wide variety of input
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rariges and systeﬁ types’ using dynamic programming as 'des_cribe& in
“Dynamic Pfggramming__“. R. Belm'an.. Princeton University Press, Princeton,
N. J. (1957). | bynamic ‘Programming was éel_ected because stateand
cé:zltrbl. variable. constraints_are easjly implemented, a_glﬁba( minimuim is
assured, and fhe algérithrri.is extremely robust sinoé 'de;ﬁvative evaluations

are not required. The rules were identified by noting common

_ characteristics of the optimal ‘control trajectories. In effect, the optimal

.contrbl'trajectdries were used-to provide the input required by the KBC.

Figure 3 shows the controller 26 in further detail. As can be seen, the
KBC 26 includes a plant status selector 42, heuristic engine 44, forecaster

46, PID feedback controller 58 and a pricing profile 48 indicative of energy

rates corresponding to time varying production costs of énergy that is stored

in an energy pricirig data structure 50. The heuristic engine 44 receives an

estimate of the facility heat transfer rate (Qudg)‘ from the forecaster 46

that is obtained from past plant ﬂow and temperature measurements via
energy balance. In addition, the heuristic engine 44 receives input facility
specific data 52 suchas equipment capacity, maximum chiarging/discharging
rates for the TES, chargingldisdiarging schedules, and desired éapadty

reserves. Furthermore, the heuristic engine 44 utilizes the heuristic rdles 54 .
developed with the dynamic programming technoloéies as prc;aviously

indicated.
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The heuristic rules are buii_t_ upon the following discharging and
charging rules and aesumptions:'

_D_lsch_argmg_mlﬁ

1) Startmg w«th the time mterval (typxcally hourly) _
5 corresponding to the highest energy costs (Re), .
" 'satisfy as much of the building load (ng) during
that time interval ds possible by discharging the
-thermal storage; -and

2)  Repeat step 1 for the next hlghest energy cost

10 ' interval, until the storage capacity i$ depleted or
.the building cooling. load requirements approach
.Zero.

Charging Rules:
- 1) Always charge at the maximum rate;

15 : 2) Only charge storage during the customer
specnﬁed charging penod and

3) Stop charging sooner if storage is recharged to
‘maximum specified limit.

Assumgﬁons:

20 ' 1. It is beneficial to completely discharge the TES
inventory (if possible) during the planning
_honzon

2. The sensifivity of the controller to chiller

efficiency over -the expected foad and

25 . environmental conditions is negligible compared

* to other measurements, forecasts and modefing
errors;

3. Charging is not.allowed during the. discharge
planning horizon; and

30 4. There is no period during the discharge planning
horizon when it is not beneficial to use TES in
preference to the chiller.
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It should be noted that a thermal load forecasting algorithm is needed '

to produce an esti_mate of the facilify heat transfer rate Qug . Thisis

neoes_sary to ensure that the s.fprage medium has the capacity available for .
high energy cost periods. Otherwise, the storage - medium CC.J.uld be
prematurely depleted and the cooling requirements would not be satisfied.
Such a forecasting algorithm is provided in "Adaptive Methods for Real-Time
Forecasting of Buifding Electrical Demand", ASHRAE Transactions, Vol. 97,
Part 1, Seem, J.E., and J.E. Braun, 1991, which is hereby incorporated by
reference.

Based upon-these basic rules and assumptions, the heuristic engine
44 generates either sefpoint adjustment or output override commands 56
that are provided to the PID feedback controller which uses these signals
fo regulate ‘the capacity of the chiller 60 and storage tank 64. (n many
ihstallations the load bypass valve is also modulated in response to a binary.
control signal. This first valve contrdl signal (C,,) (62) is a two position
signal which either fully opens or closes the load bypass valve depending
on the plant status.

The PID feedback controller 58 produces the control signals (60, 64)
necessary fo operate the setpoint of the chiller and storage control valve.
In this description, the TES capacity is varied by adjusting the chiller

setpoint temperature with the chiller sefpoint control signal (T,,,) 60 and
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modulating the storage control valve with the sgcond valve control signal
(C,,) 64, respectively. -

Figure 4 shows the plant status selector 42 of the KBC in further
defail. The state transitions. of the piant status selector 42 depend upon the

customer -Sp_éciﬁed discharge interval (i.ei. hour to-begin discharge (H ..,

s and fiour fo end discharge (Hge ond))s the TES state of charge (ie.,
ourrént me_asﬂred.s{orage inventory (Q,n:.,)). .and the design w‘pécity of the
thermal storage medium (Q,,, «.)- Based upon these inputs, the plant. status
selector 42 will select a standby state 66, charge state 68, or discharge
state 70. The selected state (i.e., plant_status) is-then transmitted to the
ﬁeuristic engine..whi'ch operates- in a charge mode, discharge mode or
standby mode based ‘upon this input.

The entry state of the plant status selector 42 is the discharge storage
state 70. The plant status selector 42 will rémain in the discharge storage
state 70 until the current hour (H) is outside of the customer specified

discharge interval (i.e., H<H g stan OF H>=H g 0na)- Once this condition is

found to exist, a state transition from the discharge storage state 70 to the

charge étorage state 68 occurs. )

As the plant status selector 42 remains in'the charge state 68, the
TES state of charge will increase. Once the TES is fully charged (ie.. Qu
> Quaes)s the plant status selector 42 will transition to the standby state 66.
Alternatively, .the plant status selector 42 will exit the charge storage state
68 and return to the discharge storage state 70 if the specified diséharge

interval is entered (Le., Hyws st < = H<Hgonons)- Furthermore, if the plant
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status selector 42 is in the standby status 66, a transition to the discharge
storage state 70 will occur if the current hour (H) is within the customer
specified discharge intefval (i.6., Hgeehgun < = H<H gy end)-

As previously indicated, the plant status selector 42 transmits the

“plant étatus (ie., plént_smtus) to the _heuristic éngine which executes a

charge modulé, discharge module, or standby module bésed upon this input.
Referring to FIG. 3, the hetjristic engine 44 executes a standby ﬁloau(e 44a
if thé plant status is “standby”, a charge module 44b i_fthé plant status is
“charge", and a discharge module 44c if the plant status is “discharge.”
When the heuristic engine 44 executes the charge- module 44b, the chiller
is run at maximum capacity with a low set point as required to recharge tht_a
TES tank. This is accomplished Sy overriding the load bypass valve
command 62 so that the building cooling coils 36 are bypassed. overriding
the storage control valve command 64 so that all flow passes through the
storage tank 24, and overriding’ the chiller setpoint controller output 60 to
provide the lowest possible setpofnt to the chiller control panel 29
Execution of the standby module 44a results in the terminatipn of
brine flow through the TES storage tank. If the building heat load is -
minimal, the chilfer operation will also be mhimiz'ed- or'chﬂler'oberaﬁon will |
be terminated. These actions are accomplished by overriding the load
bypass valve oommand 62 so ﬂ1at flow can circulate through the building
coaling coils 36, overriding the .stt_)rage control valve command 64 so that

all flow bypasses the tank, releasing any overrides on the chiller setpoint
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controller output 60 so that it will attembt to satisfy the building secondary
supply temperature setpoint 130. .

The steps performed by ﬁ1e discharge module 44c are ‘more
complicéted than the procesé of the charge moéule 44b and standby
modulé 44a.as the capacity éf the TES and chiller must be coordinated to
maximize the TES disch‘arge. rate when the energy oosté’ are high, yet .-TES
must not be prematurely depleted. |

The disc_har@e Mule 44c usés the known future energy costs (Re)

as provided by the utility company, but possibly forecasted, forecasted

facility heat transfer rate (Qugy) , an estimate of maximum storage

discharge capacity, scheduling information, and knowledgeé of the maximum
c_,hiller capacity. to' determine whether the use of storage should bé '
méximized or minimized for the upcoming hour. The discharge module also
éstimates whether storage should be méximized or minimized for each of
the remaining-hours of the customer discharge interval.

FIG. 5 shows the discharge module 44c in further detail. The
discharge module 44c is executed hourly to take advantage of accuracy
improvements in the forecaster as the day progresses and also to account

for error in the maximum storage discharge capacity estimated during the

* previous interval.

A discharge scheduler 120 determines a discharge schedule
(Dischg_STGY(H)). The discharge schedule that is provided to a discharge
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implementer 122 which selects the appropriate éhil!erlstorage priority cbntrol
strategy and issues the app(opfiate overrides and/or setpoint changes to
PIDtank and _PID(;h needed toachieve this selected control sirategy. The
procedure utilized by the ,diScharg;e schedu'ler to determine a d'ischarge

séhedgié_atfempts to mimic the performance of an optiFrial controller by

scheduling the highest possible TES discharge rates when the. electrical

costs are Eigf_ica_st without prematurely depleting the storage. 'Figurt‘a- 6 shows
the preferred _brooedurébf the discharge sch;:_dul'er 120. | |

Referring to FIG. 6, the procedure of the discharge .sdhec_.it-ll.'e__r begins
by setting thg current hour variable-(H) to the current hour of the day (HOD)
80. As some system users may choose to hold a portion of the tank
invento_r_y in reserve as a safety factor that ensures the tank;-is not
prematurely depleted due to forecasting’ eqrors, efc., a comparison is made
between the measure tank inventory (ka}' and the amount of tank inventory
that is to held in reserve (Qrecerve) j82. if the measured ﬁnk inventory is less
that the amount of tank inventory to be held in reserve (ie., Q,, *# Qwsew;).
a minimdm discharge strategy is selected for all of the remaining hours of
the discﬁarge period 84. In the event that sufficient TES inventory is
avaitable (iie., Qi > Qrecene)s tﬁe discharge scheduler proc;aed's to identify
an appropriate sc_hedule.

Inifially, a deterr_ﬁinaﬁon is made as to whether the current hour (H)
is outside the scheduled discharge interval 86. This is aocomplishéd by
comparing the current hour (H) to the hour tﬁat corresponds to the user

specified end of the discharge interval (Hgey, oad)- If the current hour (H) is
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within the discharge interval, the minimum rate at which heat may be
transferred into the TES (,.ls_‘,-,,)-isidentiﬁed, if any, and the discharge strategy
is set to a minimum 88. The calculation in (88) determines the finimum

amount of storage required to supp!ément the chiller so that the bufl_ding

' load requirement can be.met for hour (H).

Once the scheduléd heat transfer rate (Qge (H-))' and strategy
selection. for the current hour is oompleted 88, the scheduled heat transfer
rate is compared to the maximum dlscharge rate (Qgeen, max (H)) 90. The
maximum duscharge rate is a function of the TES tank design, fluid

temperature entering the tank, and the inventory for the ice storage tank. -

_ Therefore, if the-scheduled transfer rate (Qg...) _(H-)) exceeds the maximum

-dischérge rgte (Qw (H)), the building load cannot be met and the control
logic exits the proce&ure 92. Otherwise, the current hour variable (H) is
in_crerhented 94, and the detérmination as to whether the current hour (H)
is outside of the discharge interval 86 is repeated. |

If the cdrrent hour is i;litially found fo be found to outside the
discharge period, or thts condition exists during a subsequent pass through_'
the pro<_>_edure, the amount of TES capacity' ayailable to shift loads (Q,,,,) is
calculated 96. This extra capaciiy'(over what is needed to safisfy the load
constraints) is then scheduled (blocks 100-108), so thaf the daily energy
costs will be minimized. The amount of TES energy available for load
shifting can then be used to reduce the chiller capacity during periods of

high energy prices (i.e., to load shift).
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After the amount of TES capacity that is available for load-shifting is
ca(culated and the determmatlon is made that at least some capaclty is
avaﬂab!e 98, the hour havmg the hlghest energy cost (Re) cwrently
scheduled -for minimum discharge strategy is identified 100. Once this
iden'tiftcation is tnadé the'?‘;l'é's. 'dischai'ge rate for that identiﬁed hour (th :
(H)) is calculatéd (102) assummg that as much of the bu«ldmg Ioad as
possible shotild be provided by the storage tank 24. ‘

In addition, the amount of TES capacuty that may be used to load shift Q,,‘,,t
is updated to reflect the energy that is scheduled for use in the previous
step (103).

If there is sufficient energy remaining for load shifting (i.e., Q. > 0) |
t04 a maximum discharge strategy is selected 106. This is followed by a
determmatlon as to whether all of the hours of the dlscharge period have
been scheduled for a maximum discharge 108 (i.e., the storage inventory -
exceeds the integrated cooling load). If a maximum strategy is selected for
the entire discharge period, the procese is terminated 92, oth_erwiSe fhe hour
with the next highest energy cost (Re) currently scheduled for a minimum

discharge period is selected 100 and the foregoing process continues until

~ the amount of energy avaifable for load shifling has'been depleted 104 or

a maximum discharge strategy has been selected for the entire discharge
period 108.

As previously indicated and as can be seen in FIG. 5, once the
discharge scheduler 120 has 'determined tﬁe discharge stt'ategy. the

appropriate priority control for the current hour is e'elected by the discharge
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im.plementer 122. The discharge implementer ‘i22 has three priority control
states that correspond to threedfscharge strategies, namely, a chiller priority
co.ntro! (CPC) state 124, a sto_fage ptiority control (SPC) stater 126, and é
full storage control (FSC) state 128 that corresponds_ to a chiller priority
control (CPC) strategy, storage priority control (SPC) s&ategy, and a-full
storage oon_irol (FSC) strategy, respectively. .

The CPC state 12§ is the entry state and in this mode the

attempt is made to satisfy the entire building load with the chiller only. In-

this state, thermal_siorage is utilized only wtién the building cooling load
requirements exceeds the maximum chiller capacity. 'fhis,is aoco:mplished
by overriding the primary loop feedback controlier output so that it provides
(2@) with a chiller supply temperature equal to the minimum discharge value
and places the primary feedback loop in automatic (PIDch#AUTO). If the
discharge scheduler 120 provides that the discharge strategy is set to
maximum, the transition from the CPC strategy 124 occurs and the SPC
strategy 126 is implemented. |

In the SPC state 126, an emphasis is placed on satisfying the building
cooling load by transferring heat into the thermal storage medium. This is
accofnplishéd by overriding the’l'ES‘feédbéck’ loop to one hundred percent
(PiDtank—~100%) and placing the primary feedback loop which determines
the chiller supply setpoint in automatic (PIDCH-AUTO). The SPC strategy
126 will continue until‘ a mininium discharge strategy is provided' by the
discharge scheduler 120 or the selected dischérge strategy continues to be
a maximum st(:—_ategy and PiDch_ lotsat is set to true by the PID feedback
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contnoller. The value of PIDy_lowsat will be true whenever the chlller
capacity is either zero or ata very low value This represents a case when
the ch:ller is probably no longer needed to sattsfy the bunldmg coolmg load.
Once the dlscharge strategy Is set o maximum and the PIDch__ lowsat is set
to true the dlscharge lmp!ementator 122 transitions from the SPC state to
the FSC state 128. |

In the- FSC state 128 the thermal storage med«um is used to satlsfy
as much of the cooling load as posstble This is accompllshed by
minimizing the chiller capacity (PIDch-0%) and placing the storage valve
feedback loop in automatic (PiDtank-AUTO). ,The discharge |

implementation remains in the FSC state 128 until the discharge strategy is

set to minimum or the discharge strategy remains at maximum and the

PiDtank_hiset is set to true. If PI.Dm,‘_hisat is true then the tank does not
have adequat_e discharge capacify to meet. the. builging cooling load.

Once the discharge implementer selects the appropriate control
strategy and the P{Dtank and PIDch values are appropriately conﬁgured. the
PiDtank and PIDch \?alues are transmitted to the PID feedback controller
implemented.

-Referring to FIG. 7, the .ehmer PID feedback controfler is a feedback
controller with a setpoint (Tougse) 130 that is the desired building sunply
temperature. The difference between this setpoint (T bldg.sp) and the current
building supply temperature (T,,,) is provided fo a span bl/ock 134 which

linearly relates a primary controller 136 to the desired chiller setpoint

- temperature of a secondary controller 29. The secondary controller 29 is a
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factory installed component from the chiller manufacturer. The secondary

loop 138 of the secondary controller 29 modulates the chiller capacity as

‘required to maintain the setboint temperature.

The limits for the span block 134 are determined by the highest' and
lowest setpdint.- temperatures needed by the chiller. These fimits are
specified by the customer. When the output of the primary feedback
controller 136 is at 100 percent, the setpoint for the sgcond_ ‘controller 29 will
be the l_ow flimiting value. When the PID feedback controller 136 is set to
zero percent, then the sefpoint for the ‘seoondary contrdller 29 will be the
high limiting value. [t should be noted that the PID feedbagk controller 136
is tuned to provide a slower response than the secondary controller 29.
This difference in loop response is required to ensdre stability. The
secondary controller 29 is typically tuned at the factory.

As with the chiller control, the storage t_ank PID feedback controller -

receives the difference -between the setpoint (Ty,,,) 130 and the current

building supply terhperature (Togg) 132. Based upon this difference, the

controller 140 of the TES tank controls the position the storage control valve

such that flow through the tank is regulated and the discharge rate or

“charge rate ‘of the TES is controlled. During a charging'mode either a -

binary input or a separate 100% command is issued to tﬁe load bypass
valve so that the cooling coils (36) are bypassed.

If the output of a PID confrofler is at maximum (100%) continuously
for a predetermined time period (e.g., 10 minuies) its high structure flag is

“set". Conversely if the output is at minimium (0%) for the predetermined
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time period its low structure flag is set. [f the controller output is >0 and
<100, .then no flags are set. |

From the foregoing, it cdn be seen that a real-time pricing controller
and corresponding rﬁethod are provided for controlling an energy. storage
medium that is connected to an environmental confrol system. The
controller and method minin'ii;_zes the integrated cost func:;tion of a real-time
bﬁdng utilify-éervioe .ye_t is simple to implement, computationally efﬁciént, |
requires minimal meémory, and is rdbu_st.

Those skilled in the art can now appreciate from this description that
the broad teachings of the present invention can be implemented in a
variety of forms. Thereforé,_ the trué scope of thé invention is vast, and
6th_er modifications will become abparent to the skilled practitioner upon a

study of the drawings, specification, and following claims.



10

15

This Sheet Has Been Replaced

* [T

1. - A controller for controlling an energy storage medium

What is claimed is:

connected to an .enviro.nmental | control system that is providing
eﬁvirdnmental cbndiﬁoniné. comprising: |

| an enefgy pricing data structure for storing a fea!-time energy
pricing profile indicative of energy rates corresponding to time-varying
production costs of energy;

. a storage medium containing rules that approximate optimal
control trajectories of.an energy cost function that is dependent up.on said
real-time energy pricing profile, said rules governing_the operation of the
energy storage medium; -and

an engine for generating a storage medium control signal
based upon said real-time energy pricing profile and said rules, whereby the
energy storage medium is controlled with sak-i storagé medium control signal.
in order to minimize energy costs associated with environmental conditioning

by the environmental control system.

2. “The controller of Ctaim 1, further comprising a forecaster

that provides an estimate of the facility heat transfer rate to said engine.

N —

A
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3.  The controller of Claim 1, further comprising facility

23

specific data that is received by said engine and utilized in the generation

of said storage medium control signal.

4. The controller of Claim 1, further comprising a PID
'feed_b'ack controller that receives said storage mé_dium control signa! from
said engine and generates commands for regulation of the energy storage

medium.

5.. The controller of Claim 1, further comprising a PID _
feedback controller that receives said storage medium control signal from
said engine and generates commands for regulation of the environmental

control system.

6. The controller of Claim 1, wherein said engine includes
“a ctharge module, staridby module, and ‘discharge module that are selected

for execution at least in part on a discharge interval.

L
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7. The controller of Claim 1, further comprising a plant
status selector that transmits a plant status signal to said engine, said plant
status si‘g'ngl identifying a charging mdde. standby mode, or discharge mode -

that is to be executed by said engine.

8.  The controller of Claim 6, wherein said dischargé module
determines whether use of the energy storage medium should be maximized

" or minimized for an interval.

9. The controller of Claim 6, wherein said discharge module
selects a chiller/priority control strétegy by which the energy storage medium

and environmental control system are operated.

10. The controller of Claim 4, wherein said PID feedback

controller is a feedback controller having a setpoint that is a desired building

supply temperature.
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11. The controller of Claim 1, wherein said energy cost
function is: S
Jnm = E [RG*P]K *A t

_ K=1

12.  The controller of Claim 1, wherein said energy storage

medium is an internal melt, ice storage tank.

13. The controller of Claim 1, wherein said environmental

control system is an air conditioning system.

-
\\\\\\\\\\\\\\\\\\\\\\\}\\\!\\ |
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14. A method of controlling an energy storage medium

26

connected | to an environmental confrol system that is providing
environmental condition, comprising:

| (a) storing a real-time energy pricing profile in an energy.
pricing ﬂata structure, said real-time pricing profile indicative of energy rates
oqu‘responding to time varying production costs of energy;

" (p) governing the operation of the energy storage medium
with rules that apprdximate an-optimal control trajéctory of an energy cost
function that“is depend_ent upon said real-time energy pricing profile; and

(c) generating a storage medium control signal baséd upon
at least .in part on said energy pricing proﬁlé and saic_l"ruies, whereby the
énergy storage medium is controlled with the storage medium control signal
in order to minimize energy costs associated with enyi'ro_nn;lental conditioning

by the environmental control system.

16.  The method of Claim 14, further comprising the step' of

forecasting a facility heat transfer rate which is utilized to identify a )

discharge strategy for the energy storage medium.

_ 16. The method of Claim ‘14, wherein step (c) includes
selecting a charge mode, standby mode, and discharge mode based at least

in pért on a discharge interval. I —

| ) O A
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17.  The method of Claim 14, further comprising the step of
determining whether use of the’ energy storage medidm .éhould be

maximized or minimized for an interval.

18.  The method of Claim 14, further comprising the step of
selecting a chiller/priority control strategy by which the energy storége

medium is operated.

19. The method of Claim 14, further comprising the step of
: seledting a chiller/priority control strategy by which the environmental control

system is operated.

I
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20. An eqvironmental control system that provides
environmental codditioning of a facility, comprising:
an air qonditioning system;
a thermal energy stoc_‘age tank that is-used in conjunctio_n' with’
-5 said air conditioning system to.cool the facility; and |
- a controller that controls said air conditioning system a;'ud said
thermal energy storage-tank. said controller including:
an energy pncmg data structure for storing a real-tlme '
energy pncmg profile indicative of energy rates corresponding
10 to time-varying production costs of energy,

"a storage medium containing rules that approximate
optimal contfol trajectories of an energy cost function that is
dependent upon said real-time energy pricing profile, said riles
governing the operation of said thermal energy storage tank,

16 ' and |
an engine for generating- a control ‘signal based upon
said real-time energy pricing pro_ﬁle and said rules, 'whereby
energy costs as_sociated with the environmental conditioning of

the facifity are minimized.

—_—
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