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REAL•TIME· PRICING CONT~OLLER 
OF AN ENERGY STORAGE MEDIUM 

BACKGROUND OF THE- INVENTION 

FIELD OF THE INVENTION 

The present invention generally relates to energy storage mediums, 

and more particularly to a real-time pricing contro_ller 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 

15 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 fonn of an-energy rate structure, and the real-time pricing 

(RTP) structure is rapidly gaining popularity. 

RTP is a .ti~e-varying eriergy rate that takes into account the tim&. 

dependent variation in the cost of producing_ electricity. With- a RTP 

5 structure, utmty ~mpanies can adjust energy rates based on actual ti~e­

varying marginal costs, thereby providing an accurate and timely stimulus 

10 

15 

· . for encouraging customers to low~r 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 tiqle-of-use (TOU) 

power ·rates in two primar}' ~ys. 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, 8: utility cost schedule for a giv~n time interval 

. is periOdically provided to utility customers. Generally, the price schedule 

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

will take effect. In day~head pricing, utility customers are given price levels 

for 1he next day, and in ·hoar-ahead pncing the cllstomer receives the 

20 energy prices for the next hour. 

In order for a utility customer to benefit from RTP, short-term 

adjustments must be made to curtail energy demands in response to 

periods with hi~her energy prices. One method of accomplishing this 

objective is by_ supplementing .environmental conditioning systems with 
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energy· storage mediums. With these energy storage devices, external 

power consumption is. decrea~ by drawing upon ;the energy ~eserv~s of 

~e energy storage medium during periods having higher energy rates a~d 

generaUng energy reserves during intervals with lower energy prices. 
. . 

To obtain the maxim!Jm benefit from RTP, a system must have 

access to energy demand and qonsumption information. Furthermore, the 

ability to "project future load requir~men~ is general(~ necessary. However, 

because energy prices of a RTP pricing structure change frequently and 

energy usage continually varies, an RTP cost function must be constantly 

1 O minimized in order for a. utility customer to re~ive th~ avallable cost 

15 

20 

savings. The discrete RTP cost function is given by 

where: 

s 
JRTP ·= E [Re*f1K *A t 

K=1 

K is an interval .. of the RTP schedule; 

(1) 

Pk is the average electrical power (kW) consumed during 

interval k; 

JRw is the Q<>st to the customer; 

R~ is the energy cost during interval k (which is typically 

adjusted 2~ times daily as shown in Figure 1 ); 

At is an interval duration; and 

S is the number of intervals in the optimization . time horizon. 
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Note that in subsequent discussions, the stage K will be replaced with an . 

H to der:iote the hour of the day (in military time) since a typi~I intei:val 

length.is one hour. However, it should be noted that the·control strategy is· 

appropri~e for any interval length as long as the demand charge has been 

5 eliminated or reduced. 

The s~te and control variable trajectories that minimize the RTP cost 

fun~on can be found analytically (See LS. Pontryagin, V.G. Boltyanskii, . . . . . 
R.V. Gamkrelidze, and E.F. Mishchenko, "The Mathematical Theory of 

Optimal Process." Wiley-lnterscience (1962)), numerically (See.R. Bellman, 

10 "Dynamic Programming." Princeton University Press (1957)), or with genetic 

algori.thms (See O.E. Goldberg, "Genetic.Algorithms in Search. Optimization 

& Machine Leaming," Addison-Wesley Publishing Company, Inc. (1989)), 

respectively. Unfortunately, each of these approaches requires significant 

e>9>ertise to formulate solutions and mathematically implement. In addition, 

15 a.~ignfficant amount of computer resources (including memory) ar~ 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-linear component models. 

tn View of the foregoing,· tt ls· one· object ·of the present invention to 

20 provide a controller of an energy storag~ medium that minimizes the 

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

implement, computationally 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 description and claims 

taken in conjunction with the ~ccompanying drawings. 

. .. 

SUMMARY OF THE INVENTION. 

An apparatus and method is p~oVided for controlling an energy 

5 storage medium . connected to an environmental control system that is 

pr~qtding environm~ntal conditioning. The ·controller includes an energy . 
. . .'"· . . . . 

pricing data structure for storing a real-time energy pricing prOfile indicative 

of energy rates corresponding to ti'!'e-varying production costs of energy. 

The controller also has a storage medium containing rules \flat approximate 

1 O optimal control trajectories of an energy cost function that is dependent upon 
. . 
the real-time energy pricing profile and .governs the operation of the energy 

storing medium. A engine is provided for generating a storage medium 
. . 

~ntrol signal based upon the real-time energy pricing profile and the rules. 

Whereby, the energy storage medium is controlled ·with the storage medium 

15 control signal in order to minimize energy costs associated with 

environmental conditioning by the environmental c0ritrol system.··· 

··BR1EF·DESCR1PTION OF THE DRAwiNGS 

Other objects and advantages of the invention will_ become apparent 

upon reading the following detailed description and upon referenc;:e to the 

20 following drawings, in which:· 

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



___ ---1-----~---------------------· --··-------- ---

6 

FIG. 2 is an environmental control system having an energy storage 

medium for use with the knowledge : based controller of the- present 

invention; 

FIG. 3 is the knowledge based controller of the present invention in 

5 further detail; 

10 
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. 
FIG. 4 is the plant status selecto~ of the knowledge based controller 

in further detail; 

FIG. 5 is the discharge module of the knowledge based controller In 

further detail; 

FIG. 6 is a ~~w chart that illustrates the procedure used by the 

discharge scheduler of the knowledge based controller; and 

FIG. 7 is a control transfer function diagram representing the PIO 

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 

application or uses~ 

'FlgUfe-2 ldtows an·environmenta1· coc ate o1 system in 1he· form of an air 

conditioning system 20 that is providing environmental conditioning of a 

20 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 chil~ing unit 28. secondary chiller 

controller 29. cooling towers 30. a ~econdary fluid distribution pump 32, a 
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condenser water_pump 34;-and cooling coils 36 contained within the building 

22. 

During a cooling cycle of the air conditioning system 20, an 

approximately 25 percent gly90I and water mixture (brine) is distribute~ 

5 '1etWeen· the water chilling unit 28, energy stOrage medium 24 and· cooling - . ·. ... 
coils .36. More particularly, the brine is chilled by. viater chHling unit 28 and 

pumped through or ~roun~ the energy sto~ge m~i~m 24 .and th~n to the 

cooling coils 36 of the building 22. 

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

10 tank. More parti9Ularly, .the TES tank 24 is an internal l}lelt. ice-stora9e 

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

arranged in a pa~llel fl<:>W geometry SU~Ounded ~y Water and/or ice Within 

a cylindrical tank. During either TES charging (i.e~. ice making) or TES 

discharging (i.e .• ice melting) cycles. the brine is pumped through the small 

15 qiameter tubes of the tank 24. 

Charging of the TES 24 is accomplished by completely closing the 

load bypass valve 38 to the bul~ding cooling coils 36 and fully opening the 

storage control valve 40 to the ice-storage tank 24. In this mode!"; aJf the 

secondary "fluid flowS through the storage tank 24 ·at temperatures· low 
. . . . 

20 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 

modulat~s the mixture of flow .from the tank 24 and chiller 28 in order to 

produce bri~e having a de~ired"'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 t~mperature se!J>oint reset 
:.~, ~-"' . 

capability. The ch.iller 28 is loeated upstream offue storage. m~i.~m 24. to 

pennit chiller 28 operation at the maximum efficiency. This arrangement 

5 provides a higher chiller eoefficient of power (COP) for a given load as 

compared to locating the Chiller downstream of the storage mediu~ 24. 

This is due to an inverse relationship between chiller power consumption 

and chiller water supply temperature. 

Obtain~ng the maximum benefit from the air conditioning system 20 

1 o and iee storage tank 24-involves scheduling a portion of the. building cooling 

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

extracting energy from the storage medium 24 when the cost of. energy -is 

lower. Therefore, the ultimate objective is to exploit the lower utility rates 

that are provided by the utility as a financial incentive to shift energy loads 

15 from high demand periods. 

The knowledge based controller (KBC) 26 uses a set of 

predetennined heuristic rules to exploit the lower utility ~tes in a RTP tariff. 
. . 

The KBC 26 -000trols the water chilling unit 28, load bypass· valve 38 and 

storage control va1Ve 40 based on 'these rut~, 'State variabtes, and 

20 additional inputs that wilt be subsequently discussed. The adva~tage of th~ 

KBC 26 is that it is simple to implement. computationally 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-line with a work station for a wide variety of input 
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. . . 
ranges and system types· using dynamic programming as des~bed in 

"Dynamic Programming", R. Belman, Princeton University Press, Prineeton. .. . .. . .· . . . . : . 

N. J. (1957~. Dynamic· Programming was selected because' state··and 

control. variable. eonstrai~ts. are easjly ir.nplem~nted, ~ . global minimum is . . . . . 

5 assured, and the algorithm is extremely robust since derivative evaluations 

are not required~ The rules were identified by noting common 

~ cha~cteristics. of ~e optimal _ .. control trajectories. In .. effect, the optimal 

.control trajectories were used -to provide the input required by the. K~C. 

figure 3 shows the controller 26 in further detail. As can be ~een, the 

1 O KBC 26 includes a pJant s~tus se~ector 42, heuristic engine 44, forecaster 

46, PIO feedback controller 58 and a pricing profile 48 indicative ·of eners;1y 

rates corresponding to time varying production costs of ~nergy that is stored 

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

estimate of the facirtty heat transfer rate (Q~· from the forecaster 46 

15 that is ~btained from past plant flow and temperatu~ measurements via 

energy balance. In addition, the heuristic engine 44 receives input facility 

specific data 52 such as equipment capactty, maximum charging/discharging 

rates for the TES, charging/discharging schedules, and desired capacity 

reserves. Furthennore. the heuristic engine 44 utilizes the heuristic rules 54 

20 developed with the dynamic programming technologies as previously 

indicated. 
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The ·~euristic rules -are buii~. upon the following discharging and 

char~ing rules and assumptions: 

Discharging rules: 

1) Starting with the time int~_rval (typically hourly) 
corresponding to the highest energy costs (Re), 
. satisfy as "much of the buiiding load-(~) du.ring 
. that time interval ~s possible by discharging the 

.· thennal -storage; ·and 

2) Repeat step 1 for the next highe$t energy cost 
interval, until the storage capactty. is depleted or 
. the building cooUng. load requirements approach· 
.zero. 

Charging Rules: 

1) Alwa~ charge at the maximum rate; 

2) Only charge ~torage during the customer 
specified charging period; and 

. . . 
3) stop charging sooner if storage is recharged to 

·maximum specified limit 

Assumptions: 

1. 

2. 

It is beneficial to completely discharge the· TES 
inventory (if possible) during the planning 
horiZon; 

The sensitivity of the controller to chiller 
efficiency over ·the expected load and 
environmental conditions· is negligible compared 
to other measu~nts; forecasts· and modefmg 
errors; 

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

4. There is no period during the discharge planning 
horizon wheff it is not beneficial .to use TES in 
preference to the chiHer. 
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It shoµld be noted that a thermal load forecasting algorithm is needed 

tcJ- produce· an es~mate of the facility heat ~nsfer rate abldg· . This is 

ne~ary ·to ensure that the s~prag~ medium ha~ the capacity ava~lable "for 

high energy cost· periods. otherwise. the storage · medium could be 

5 prematurely depleted and ·the cooling requirements WQUld not be satisfied. 
. . .. . . . 

10 

. 15 

Such a forecasting algorithm is provi~ed ·in "Adaptive Methods for Reat-Time. 

Forecasting of Building Electrical Demarad", ASHRAE Transactions, VQI. 9!. 

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 ·setpoint adjustment or output override commands. 56 

that are proVided to the PIO feedback controller which uses these signals 

to regulate ·the capacity of the _chiller 60 and storag~ tank 64. In many 

installations the load bypass valve is also modulated in response to a binary 

control signal. This first valve control signal (C81) (62) is a two position 

signal which either fully opens or closes the load bypass valve· depending 

on the plant status. 

The PIO feedback controller 58 produces the control signals (GO, 64) 

necessary to operate· the setpoint of the chiller and storage control valve. 

20 In this description, the TES capacity is varied . by adjusting the chiller 

setpOint temperature with the chiUer setpoint control signal (T chs.sp) 60 and 
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modulating the storage control valve with the second valve control signal 

(C._2) 64, respectively. . 

Figure 4 shows the plant status selector 42 of the KBC in further 

d~tail. The state tr~nsltions. of the plant status selector 42·depend upon the 

5 customer sp~cified dischaf9e interval (i.e~. hour to ~begin dischar-ge (Hdisch, 

ila.J and hou~ to end discharge (Hdisch. enct)), the TES state o~ ch_arge (i.e., 

current measured storage inventory (QIRV))• and th~ design capacity of the 

thermal storage me<Jium (0.W . .J. Based upon these inputs, the plant status 

selector 4Z wilt select a standby state 66, charge state 68, or disChSJ"Qe 
. . 

10 s~te 70. The selected state (i.e., ptant_status) is·.then tf¥nsmitted to the 

heuristic engine .. whiCh 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 

s~te 70. The plant status selector 42 will remain in the discharge storage 

15 ~~te 70 until the current hour (H) is outside of the customer specified 

discharge interval (i.e., H<Hdisch.sWt or H>=HcrlSCh.end). Once this condition is 

found to exist. a state transition from the discharge storage s~te. 70 to the 

charge storage state 68 occurs. 

kt. the-plant statmrselector 42 remains in·the·chmge stattfl>a;the 

20 TES state of charge ·win increase. Once the TES is fully charged (i.e .• Qinv 

> <4.v.-). the plant status selector 42 will transition to the standby state 66. 

Alternatively, the plant status se1ector 42 wilt exit the charge storage ·state 

68 ~nd return to the discharge storage state 70 if the specified discharge 

interval is entered (te., Hcrisch. *' < =1 H<Hdisch.~· 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 oceur if the eurrent hour (H) is within th~ customer 

specified discharge interval (i.e., Hdisch,sfact < = H<Hdisc:h.end). 

A.s previously indicated, the plant status selector 42 transmits the 

5 ·plant status (i.e., plant_status) to the heuristic engine which executes a 

charge module, discharge module, or standby module based upon this input. 

Referring to FIG. 3, the ~euristic engine.44 executes a standby module 44a 

if the plant status is "standby", a ch~rge module 44b if the plant status is 

"charge''. and a discha!"Qe module 44c if the plant status is "discharge." 

1 O When the heuristic engine 44 executes the charge- module 44b, the chiller . 
is ruri at maximum capacity with a low set point as required to recharge the 

TES tank. This is accompfished by ~verriding the loa9 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 

15 ~torage tank 24, and overriding' the chiller setpoint controller output 60 to 
'. 

provide the lowest possible setpoint to the chiller control panel 29. 

Execution of the standby module 44a _results in the termination of 

brine flow through ~e TES storage tank. If the building heat · load is 

mmima1, the chiller ope1ation wt11 also be minimized or·mmer·operation Will 

20 be terminated. These actions are accomplished by overriding the load 

bypass valve command 62 so that flow can circulate through the .building 
' 

cooling coils 36, overriding the st9rage 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 attempt to satisfy the building secondafi 

supply ·temperature setpoint 130. 

The steps perfonned by the dischar~e module 44c are ·more 

complicated than the process 9f the charge m~ule 44b and standby 

5 module .44a. as the capacity of the TES and chHler must ~e coordinated to 

maximize the TES discharge rate when _the energy costS" are high, yet-TES 

must not be prematurely depleted. 

The discharge module 44c uses the known future energy _costs (Re) 

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

10 facility heat transfer rate (0bldg) ' an estimate of maximum storage 

discharge ·capacity, scheduling informatio~. and knowledge of the maximum 

c.hitler capacity. to· detennine whether tfie use of storage should be· 

maximized or minimized for the upcoming hour. The discharge module also 
- . 

estimates whether storage should be maximized or minimized for each of 

15 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 dllring the 

20. previous interv~I. 

A discharge scheduler 120 determines a discharge schedule 

(DischQ_STGY(H)). The discharge schedule that is provided_ to a discharge 
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implementer 122 which selects the appropriate chiller/storage priority control 

strategy and issues the appropriate overrides and/or s·etpoint ~~nges to 

Pl~nk and PIDch needed tC> ·achieve this selectE!cl control strategy. The . . 

p~ocedure utilized by th~ dis~arge scheduler to determine a d
0

ischarge 

5 s~eduie attempts to mimic the performance of an opti~al controller by .. . . . . 

scheduling the highest p~sible TES discharge rates when the. electrical 

costs are highe~t without pre.maturely depleting. the storage. Figure 6 shows . . . . ~ 

the preferred _procedure· of the discharge sch~uier 120. 

Referring to FIG. 6, the p~ure of the discharge schedul~r begi~s 

1 O by setting the 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 
... 

inventory in reserve as a safety factor that en$ures the tank . is not ... . . . . . _,. 

prematurely depleted due to forecasting errors, etc., a comparison is made 

between the measure tank inventory (01nvl and the amount of tank inventory_ . . . . . 

15 that is to held in reserve (QteSeCVe) ·a2. If the measured tank inventory is less 

that the amount o( tank inventory to be held in reserve (i.e., 01nv 1 QresefVe), 

a minimum discharge strategy is selected for all of the remaining hours of 

the discharge period 84. . In the event that ·sufficient TES inventory is 

avaftab1e (i:e.,·a1nv >·a_), the discharge scheduler proceeds to identify 

20 an appropri~e schedule. 

Initially, a determination is made as to whether the current ·hour (H) 

is outside the scheduled discharge interval 86. Thi~ is accomplished by 

comparing the current hour (H) .. to the hour that corresponds to the user 

specified end of the discha~e interval (Hdisch. end)- Jf 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 CaiscitHs·identified, if any, and the discharge .. strategy 
. . .. i . 

is set to ·a minimum 88. The .. caiculation in (88) detennines the minimum . . 

amount of stora$e requir~ to supplC;lment the chiller so that the bui~ding 

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

Once the scheduled heat tram~fer rate (<lcasc;h (f:i)) and strategy 

selection. for the current hour is completed ~8. the scheduled heat transfer 

rate· is compared to the maximum discharge rate (Qdlsch. m.x (H)) 90. The 

maximum discharge rate is a function of the TES tank design, fluid 

1 O temperature entering the tank, and the inventory for the \ce· storage tank. · 

Therefore, if the -seheduled transfer ~te (~) (H)) exceeds the maximum . . 

discharge rate (Qdisch,maJc (H)), the building ~oad cannot be met and the control _ 

logic exits the procedure 92. Otherwise, the current hour variable .(H) is 

in_cremented 94, and the detennination as to whether th~ current ho·ur (H) 

15 i~ outside of the discharge interval 86 is repeated. 

If the current hour is initially found to be found to outside the 

discharge period, or this condition ~xists during a subsequent pass through . . 

the procedure, the amount of TES capacity availa~le to shift loads (QstiHJ is 

calculated· 96. This extra capacity· (over what is· needed to satisfy .the load 

20 constraints) is then scheduled (blocks 100-108), so that the .~aily 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 
.. 

calculated, and the determina~on is made that at least some _capacity is 

av~ilable 98, the hour having. the highest energy· cost (Re) .curre~tly 

scheduled ·for· minimum di$Charge strategy is identified 100. Once this 
~ - . - - . 

5 identi~cation is mad~ .• the: :res -~i~arge .rate for that identified hour (QcrlSCh 
. . . . 

(H)) is calculated ·c102)· assuming that as much of the buil~in~ -l~ad as 

possible should be provided by the storage tank 24. 

In add.ition, the amount of TES capacity that may be usecf to load shift ~ . . 

is updated to reflect the energy that is scheduled for use in the previous 

10 step (103). 

If there is·sufficient energy remaining for load shifting (i.e •• Qshlft > O) 

104 a maximum discharge strategy is sel~ct~ 106. This is followed by a 

determination as to whether all o( the hours of the discharge period have 

been scheduled for a maximum discharge 108 (i.e., the storage inventory. 

15 exceeds the integrated cooling load). If a maximum strategy is selected for 

the entire discharge period, the process is terminated 92, otherwise Jhe hour 

with the next highest energy cost (Re) currently sch~uled fora minimum 

discharge period is selected 1·00 and the foregoing process continues until 

~ amount ·of energy available for load shifting ha~ b~n depleted 104 or 

20 a maximum discharge strategy has been selected for the entire discharge 

period 1oa. 

As previously indicated and as can be seen in FIG. 5, once the 

discharge scheduler 120 has determined the discharge strategy, the 

appropriate priority control for the '?urrent hour is selected by the disch~ge 

! i 
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implementer 122. The disCharge implementer· 122 has three priority control 

states that correspond to three·discharge strategiest namely1 a c~iller priority 

control (CPC) state 124, a storage priority control (SPC) stater 126,· and a 

fu.11 storage control . (FSC) s~te 128 that correspond~ to a chiller pri~rity 
. . 

5 control (CP~) s~tegyt storage priority control (SPC) strategy, and a full 

storage con~rol (FSC) strategy~ respectively. 

"ftle CPC state 1?~ is the ·entry state and in this mode the 

attempt is made to satisfY the entire building load with ~he ~iller only. In. 

this state, thermal storage is utilized only when the building cooling· load 
. . 

10 requirements exceeds tfJe maximum chiller capacity. This.is acco.mplished 

by overriding the ·primary loop feedback contro11er output so that it ptovides 

(2~) with a chiller supply temperature equal to the minimum discharge value 

and places the primary feedback loop in automatic (PIDch-AUTO). If the 

di~charge scheduler 120 provides that the discharge strategy is set to 

15 maximumt the transition from the CPC strategy 124 occurs and the SPC 

strategy 126 is implemented. 

In ~he SPC state 126, ·an emphasis is placed on satisfying the building 

cooling load by transferring heat into the thermal storage medium.. This is 

accompf1Shf!d by overrid"mg the TES ·feedback· loop to one hundred percent 

20 (Plotank-100%) and placing the primary feedbaek loop which determines 

the chiller supply setpoint in automatic (PIDCH-AUTO). The SPC strategy 

1_26 will continue until a minimum discharge strategy is provided by the 

discharge scheduler 120 or the selected discharge strategy continues to be 

a maXimum stfcitegy and PJDcfL JoJvsat is set to true by the PIO feedback 
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controller. The value of -PIDc:h_lowsat will be true whenever the chiller 

capacity is either zero or at a very low value. This represents a ease when 

the chiller {s prob~bly n~ ionger n~eded to satisfy the b~iiding eo~ling load. . . . 

Qnce· the discharge strategy is set to maximum and the PID_ch_ lowsat is set 

5 to true, the discharge impl~me.titator 1~2 transitions from the SPC state to 

the FSC state 128. 

10 

15 

In the·FSC. state 128 the thenna1 storage medium is U$ed to satisfy 

as much of the cooling load as possible. This is a®omplished by 

minimizing the chiller capacity (PIDch-.0%) and placing the storage valve 

feedback loop in automati~ (PIDtank-AUTO). Jhe 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 PIDtant.-hisat is true then the tank does not 

have adequate discharge capacity to meet. the. buil~ing cooling load. 

Once the discharge implementer selects the appropriate control 

strategy and·the PIDtank and PIDch values are appropriately configured, the 

PIDtank and PIOch values are transmitted to the PIO feedback controller 

implemented. 

Referring to FlG. 7, the .chmer PIO feedback· controner is a feedback 

20 controller with a setpoint (Tbldg,sp) 130 that is ~e desired building supply 

temperature. The difference between this setpoint (T bldg,sp) and the current 

building supply temperature (T bldg) is provided to a span block 134 which 
r 

linearly relates a primary controller 136 tO the desired chiller setpoint 

. temperature of a secondafy 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 cc.introll~r 29 modulates th~ chiller ~pacity as 

·required to maintain the setpoint temperature. 

The limits for the.span block 134 are detern:tined by the highest and 

5 lowest setpoint- temperatures 1_1eeded by the chiller. These limits are 

specified ~y the customer. When the output of the prima..Y feedback 

controller 136. is at 100 percent. the setpoint for the second __ controller 29. will 

be the low limiting value. When the PIO feedback controller 136 is set to 

zero percent. then the setpoint for ~he secondary controller 29 will be the 

1 O high limiting value. It should be noted that the PIO ·feedba9k controller 136 

is tuned to provide a slower response than the secondary controller 29. 

This difference in loop response is required to ensure stability. The 

secondary co_ntr~ller 29 is typically tuned at the factory. 

As with the chiller control, the storage tank PIO feedback controller . 

15 r:eceives the difference -between the setpoint (Tbldg,sp) 130 and the current 

building supply temperature (T bldg) 132. Based upon this differef'.lce, the 

~ntroller 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 1he TES is controOed. During a charging mode either a · 

20 bi.nary input or a separate 100% command is issued to the load bypass 

valve so that the cooling coils (36) are bypassed. 

If the output of a PIO controller is at maximum (100%) continuously 

for a predetermined time period (e.g., 10 minutes) its high structure flag is 

"sef'. Conversely jf the output is at minimum (0%) for the predetermined 
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time penod its low structure flag is sel If the controller output is >O and 

<100, .then no flags are set. 

From the_for~oing~ it atn be seen that a real-time pricing controller 

~nd corresponding method are provided for controlling an energy storage 
. . 

5 medium that is connected to an environmental control system. The 

controller and method mininii~es the Jntegrated cost function of a real-time 

pricing utility. service yet is siinple to implement, computationally efficient, 

requires minimal memory, and is robu~t 

Those skilled in the art can now appreciate from this description that 

1 O the broad teachings of the present invention can be in:iplemented in a 

variety of fonns. Therefore •. the true scope of the invention is vast, and 

other modifications will become apparent to the ·skilled practitioner upon a 

study of the drawings, specification, and following claims. 
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What is claimed is: 

1. . A controller for ·controlling an energy storage medium 

connected to an .environmental control system that is. providing 

environmental conditioning, comprising·: 

an energy pricing data structure for storing a real-time energy 

5 prycing 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 upon said 

real-time energy pricing profile, said rules governing. the ,operation of the 

10 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 

e~~rgy storage medium is controlled with said storage medium control signal . 

io order to minimize energy costs associated with environmental conditioning 

15 by the environmental control system. 

2. The controller of Ctaim 1, further comptislng a forecaster 

that ·provides an estitnate of the facirlty heat transfer rate to .~~id engine. 
. . 

t tll\llt """ Ill\\ \\l\U\ \II\ * c L M S * 
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3. The ci>ntroller of Claim 1, further comprising facility 

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 PIO 
.. 

·feedback controller ~hat receiyes said storage ~edium ~ntrol signal from 

said ·engine and generates commands fc)r regulation of the en~rgy storage 

medium. 

5. .. The controller of Claim 1, further composing a PIO 

feedback controller that receives said storage medium control signal from 

said· engine and .. ~~nerates commands for regulation of the environmental 

control system. 

6. The controller of Claim 1, wherein said engine i~cludes 

·a dlarge modu1e, ·stan~by module,·· and 'discharge modute· that are selected 

for execution at least in part on a discharge interval. 

11111111111111 111111111111 1111 
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7. The cantroiler of Claim 1, further comprising a . plant 

status selector that transmits a plant status signal to said engin~. said plant 

status sig·n~I identifying a charging mode, standby mode, or d.ischarge. mode 

that is to be exe~~ by said engine. 

8. The controller of Claim 6, wherein said discharge module 
. . 

determines whether use of the energy storage medium should be maximize<:( 

· or minimized for an interval. 

9. The controller of Claim 6, wherein said discharge module 

selects a chiller/priority Control strategy by which the energy storage medium 

a~d environmental control system are operated. 

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

controller is a feedback controller llaving·a setpoint that is a desired building 

iruppfy temperature. 
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function is: 

12. 
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The c0ntrotler of Claim 1, wherein said energy cost 

s 
JRTP = E [Re*~K *A t 

K=1 

The controller of Claim 1, wherein said energy storage 

medium is an internal me~t. 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 

connected to an environmental control system that is. pro~iding 

environmental condition, comprising: 

(a) storiog a real-time energy pricing profile in an energy 

5 pricing data structure,· s~id real-time pricing profile indieative of energy rates 

10 

. . 

corresponding to time varying production costs of c;!nea:gy;_ 

(b) governing the operation of the energy storage medium 

with rules ~at approximate an· optimal control trajectory of an energy cost 

function that is dependent upon said real-time energy pricing profile; and 

(c) generating a storage medium control signal based upon 

at least in part on said energy pricing· profile and said· rules, whereby the 

energy storage medium is controlled with the storage medium control signal 

in order to minimize energy costs associated with environmental conditioning 

by the environmental control system. 

15. The method of Claim 14, further comprising the step of 

forecasting a facility heat transfer rate ~i~ i~ utiJi~ed_ ~o· identify a 

discharge strategy for 1he energy storage medium. 

16. The method of Claim ~4~ wherein step (c) includes 

selecting·. a charge mode. standby mode. and discharge mode based ·at least 

in part on a discharge interval. 

l\11\11\ \\\I\\ Ill\\ \\1\1 \\ \II\ 
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17. The method of Cl~im 14, further comprising the step of 

determining whether use of the
1 

energy storage medium should be 

maximized or minimized for an interval. 

18. The method of Claif1:1 14, further comprising the step of 

selecting a chiller/priority control strategy by which the energy storage 

medium is operated. 

19. The method of Claim 14, further comprising the step of 

. selecting a chiller/priority control strategy by which the environmental control 

system is operated. 

1111111111111111111 1111111 1111 
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20. An environmental control system that provides 

environmental conditioning of a facility, comprising: 

an air conditioning system; 

a, thennal energy storage tank that is··used fn conjunction. with· 

. 5 said air conditioning system to.cool the facility; _and 

10 

15 

a controller that controls said air conditioning system and said 

thennal energy storage·tank, said controller including: . . . 

an energy pricing data structure for storing a real-time · 

energy pricing profile indicative of energy rate5 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 upon said real-time energy piicing profile, s·aid rules 

go~erning the operation of said thermal energy storage tank, 

and 

an engine for generating a control ·signal based upon 

said real-time energy· pricing pr~file and said ~les, _whereby 

energy costs associated with the environmental conditioning of 

1tuf faaTrty are minimized. 
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