(19) World Intellectual Property Organization

International Bureau

(43) International Publication Date
22 January 2009 (22.01.2009)

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

fﬂb A0 O

(10) International Publication Number

WO 2009/012282 A2

(51) International Patent Classification: (74) Agent: GUNDERSEN, Jeffrey, S; 777 E. Wisconsin
GO05D 23/19 (2006.01) Ave,, Milwaukee, Wisconsin 53202 (US).

. —— . (81) Designated States (unless otherwise indicated, for every

(21) International Application Numberl-DCT/USZOOSIOYOl 18 kind d national protection available): AE, AG, AL, AM,
AO, AT,AU, AZ, BA, BB, BG, BH, BR, BW,BY,BZ, CA,

(22) International Filing Date: 16 July 2008 (16.07.2008) CH, CN, CO, CR, CU, CZ, DE, DK, DM, DO, DZ, EC, EE,
EG, ES, FI, GB, GD, GE, GH, GM, GT, HN, HR, HU, ID,

(25) Filing Language: English IL, IN, 1S, JP,KE, KG, KM, KN, KP,KR, KZ, LA, LC, LK,
LR, LS, LT,LU, LY,MA, MD, ME, MG, MK, MN, MW,

(26) Publication Language: English MX, MY,MZ, NA, NG, NI, NO, NZ, OM, PG, PH, PL, PT,
RO, RS, RU, SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TJ,

(30) Priority Data: ™, TN, TR, TT,TZ, UA, UG, US, UZ, VC, VN, ZA, ZM,

60/950,314
60/962,833

17 July 2007 (17.07.2007)
1 August 2007 (01.08.2007)

us
us

(71) Applicant (for all designated States except US): JOHN-

(72)
(79)

SON CONTROLS TECHNOLOGY COMPANY
[US/US]; 915 East 32nd Street, Holland, Michigan 49423
Us).

Inventors; and

Inventor JApplicants (for USonly): LI, Yaoyu [CN/US];
3821 West Dory Drive, Franklin, Wisconsin 53132 (US).
SEEM, John, E. [US/US] ; 1800W Woodbury Lane, Glen-
dale, Wisconsin 53209 (US).

(84)

ZW

Designated States (unless otherwise indicated, for every
kind d regional protection available): ARIPO (BW, GH,
GM, KE, LS, MW, MZ, NA, SD, SL, Sz, TZ, UG, ZM,
ZW), Eurasian (AM, AZ, BY,KG, KZ, MD, RU, TJ, TM),
European (AT,BE, BG, CH, CY,CZ, DE, DK, EE, ES, FI,
FR, GB, GR,HR, HU, IE, IS IT,LT,LU, LV,MC, MT, NL,
NO, PL, PT, RO, SE, SI, SK, TR), OAPI (BF, BJ, CF, CG,
Cl, CM, GA, GN, GQ, GW, ML, MR, NE, SN, TD, TG).

Declarations under Rule 4.17:

as to applicant's entitlement to applyfor and be granted a
patent (Rule 4.17(U))

[Continued on next page]

(54) Titlee EXTREMUM SEEKING CONTROL WITH RESET CONTROL

Demodulation 958 Dither
Signal Signal
9 960 964 N 966
+
. | High-Pass Low-Pass - +
Filter Filter »| Integrator + )
961 -963
956
Reset
Control 910 - = ———— == |
+t 1 | 954 |
| I
Z' Output |, Z |Performance| X Input |,
| | Dynamics N Map h Dynamics | |
Change | 952 950 |
Detector ‘e |
901
908
A
970
FIG. 6

20097012282 A2 I} 1A A0 000 0 0O S Al

(57) Abstract: A method optimizes a control process for a plant. The method includes operating the plant using an externum
seeking control strategy, detecting an abrupt change in the operation of the plant, and using a circuit to compensate for the abrupt
change in the operation of the plant by resetting the externum seeking control strategy.

WO



WO 20097012282 A2 |NININI! D00 00 R0 100 A0 0 O

— asto the applicant's entitlement to claim thepriority d the
earlier application (Rule 4.17(Ui))

Published:
— without international search report and to be republished
upon receipt d that report



WO 2009/012282 PCT/US2008/070118

EXTREMUM SEEKING CONTROL WITH RESET CONTROL

CROSS REFERENCE TO RELATED APPLICATIONS

[0001] The present application claims the benefit of U.S. Provisional Application

No. 60/962,833, filed August 1, 2007, which isincorporated herein by reference in its
entirety. The present application also claims the benefit of U.S. Provisional Application
No. 60/950,3 14, filed July 17, 2007, which isincorporated herein by reference in its
entirety. This application hereby expressly incorporates by reference the entirety of: U.S.
Patent Application No. 11/699,859, filed January 30, 2007, entitled " Sensor-Free Optimal
Control of Air-Side Economizer" and U.S. Patent Application No. 11/699,860, filed
January 30, 2007, entitled "Adaptive Real-Time Optimization Control."

BACKGROUND
[0002] The present application generally relates to extremum seeking control strategies.
The present application more particularly relates to regulating, via extremum seeking
control, the amount of air that is flowing through a heating, ventilation and air conditioning
(HVAC) system in order to reduce the amount of mechanical heating and cooling required
within an air-handling unit (AHU).
[0003] Extremum seeking control (ESC) is aclass of self-optimizing control strategies
that can dynamically search for the unknown and/or time-varying inputs of a system for
optimizing a certain performance index. It can be considered a dynamic realization of
gradient searching through the use of dithering signals. The gradient of the system output
with respect to the system input istypically obtained by slightly perturbing the system
operation and applying a demodulation measure. Optimization of system performance can
be obtained by driving the gradient towards zero by using an integrator in the closed-loop
system. ESC isanon-model based control strategy, meaning that amodel for the controlled
system is not necessary for ESC to optimize the system.
[0004] An abrupt change in the operation of the plant of atraditional ESC system can
cause an undesirable delay while the ESC adapts to the new optimal settings for the system.
Where ESC is utilized for HVAC economizer applications, this may correspond to
additional power being consumed by the AHU.
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SUMMARY
[0005] The invention relates to amethod for optimizing a control process for aplant. The
method includes operating the plant using an extremum seeking control strategy. The
method further includes detecting an abrupt change in the operation of the plant. The
method yet further includes using a circuit to compensate for the abrupt change in the
operation of the plant by resetting the extremum seeking control strategy.
[0006] Theinvention also relates to acontroller for controlling aplant. The controller
includes a circuit configured to operate the plant using an extremum seeking control
strategy. The circuit is further configured to detect an abrupt change in the operation of the
plant and to compensate for an abrupt change in the plant by resetting the extremum seeking
control strategy.
[0007] Alternative exemplary embodiments relate to other features and combinations of

features as may be generally recited in the clams.

BRIEF DESCRIPTION OF THE FIGURES
[0008] The disclosure will become more fully understood from the following detailed
description, taken in conjunction with the accompanying figures, wherein like reference
numerals refer to like elements, in which:
[0009] FIG. lisaperspective view of abuilding with an HVAC system, according to an
exemplary embodiment;
[0010] FIG. 2isaschematic diagram of an environmental control system having an AHU,
according to an exemplary embodiment;
[0011] FIG. 3isastate diagram of an AHU utilizing an extremum seeking control
strategy, according to an exemplary embodiment;
[0012] FIG. 4A isablock diagram of an extremum seeking control loop configured to
detect and compensate for abrupt changes in the operation of the plant, according to an
exemplary embodiment;
[0013] FIG. 4B isablock diagram of an extremum seeking control loop with aplurality of
measurements and configured to detect and compensate for abrupt changes in the operation
of the plant, according to an exemplary embodiment;
[0014] FIG. 5isaflow diagram of aprocess for compensating for abrupt changes in the
operation of the plant of an ESC loop, according to an exemplary embodiment;
[0015] FIG. 6isafiltering ESC loop configured to limit the effects of an abrupt change in

the operation of the plant of the ESC loop, according to an exemplary embodiment;
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[0016] FIG. 7 isadiagram of an extremum seeking control loop for controlling an AHU,
according to an exemplary embodiment;

[0017] FIG. 8isadiagram of acontrol system for an AHU configured to compensate for
abrupt changes in the operation of the AHU, according to an exemplary embodiment;
[0018] FIG. 9isablock diagram of the controller shown in FIG. 8, according to an
exemplary embodiment; and

[0019] FIG. 10 shows agraph of performance maps for an extremum seeking control

strategy controlling an AHU, according to an exemplary embodiment.

DETAILED DESCRIPTION OF THE EXEMPLARY EMBODIMENTS
[0020] Before turning to the figures, which illustrate the exemplary embodiments in
detail, it should be understood that the application isnot limited to the details or
methodology set forth in the description or illustrated in the figures. It should aso be
understood that the terminology is for the purpose of description only and should not be
regarded as limiting.
[0021] Referring generaly to the figures, a controller is configured to control aplant
using an extremum seeking control strategy. The extremum seeking control strategy is
configured to detect and compensate for abrupt changes in the operation of the plant in
order to reduce the amount of time needed for the controller to adapt to the new optimal
settings for the plant.
[0022] FIG. lisaperspective view of abuilding 5with an HVAC system, according to an
exemplary embodiment. Asillustrated, building 5 has an air handling unit (AHU) 10.
AHU 10 ispart of an HVAC system and isused to condition, chill, heat, and/or control the
environment of aroom 12 in building 5. The control system for AHU 10 utilizes extremum
seeking to provide economizer functionality by optimizing the flow of air through AHU 10
in order to minimize the power consumption of AHU 10. According to various other
exemplary embodiments, building 5 may contain more AHUs. Each AHU may be assigned
azone (e.g., room 12, a set of rooms, part of aroom, floor, set of floors, part of afloor, etc.)
of building 5 that the AHU is configured to affect (e.g., condition, cool, heat, ventilate, etc.).
Each zone assigned to an AHU may be further subdivided through the use of variable air
volume boxes or other HVAC configurations.
[0023] Referring now to FIGS. 2 and 3, a schematic diagram of an environmenta control
system 400 having an AHU 430 is shown, according to an exemplary embodiment.

Environment control system 400 includes aworkstation 402, a supervisory controller 404
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(e.g., anetwork automation engine (NAE)), and an AHU controller 410 which utilizes
extremum seeking, according to an exemplary embodiment. AHU controller 410 is coupled
to supervisory controller 404 via communications link 420. Workstation 402 and
supervisory controller 404 are coupled via a communications bus 406. Communications
bus 406 may be coupled to additional sections or additional controllers, aswell as other

components utilized in environment control system 400. Environment control system 400

may be abuilding automation system such asaM ETASYS® brand system manufactured by
Johnson Controls, Inc. According to other exemplary embodiments, system 400 may be a
unitary system having an AHU or another damper system.

[0024] In an exemplary embodiment, controller 410 is operatively associated with a
controlled air handling unit such as AHU 430. Controller 410 is configured to operate as a
finite state machine with the three states depicted in FIG. 3, wherein AHU 430 uses
extremum seeking logic when in state 503. A transition occurs from one state to another, as
indicated by the arrows, when a specified condition or set of conditions occurs. In an
exemplary embodiment, the operational data of AHU 430 is checked when controller 410 is
in agiven state to determine whether a defined transition condition exists. A transition
condition is afunction of the present state and may also refer to a specific time interval,
temperature condition, supply air condition and/or return air condition.

[0025] In an exemplary embodiment, atransition condition occurs when controller 410
remains in a given operating mode for apredetermined period of time without being able to
adequately provide an output corresponding to a setpoint provided to the controller 410 by
the supervisory controller 404. For example, atransition condition occurs in amechanical
cooling mode when the system isunable to provide an output of air at the desired
temperature within areasonable amount of time.

[0026] In state 501, valve 442 for heating coil 440 is controlled to modulate the flow of
hot water, steam, or electricity to heating coil 440, thereby controlling the amount of energy
transferred to the air. This maintains the supply air temperature at the setpoint.

Dampers 460, 462, and 464 are positioned for aminimum flow rate of outdoor air and there
isno mechanical cooling, (i.e. chilled water valve 446 is closed). The minimum flow rate
of outdoor air isthe least amount required for satisfactory ventilation to the supply duct 490.
For example, 20% of the air supplied to duct 490 is outdoor air. The condition for a
transition to state 502 is defined by the heating control signal remaining in the "No Heat

Mode." Such amode occurs when valve 442 of heating coil 440 remains closed for afixed
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period of time (i.e. heating of the supply air isnot required during that period). This
transition condition can result from the outdoor temperature rising to apoint a which the air
from the supply duct 490 does not need mechanical heating.

[0027] In state 502, dampers 460, 462, and 464 alone are used to control the supply air
temperature in supply duct 490 (i.e. no mechanical heating or cooling). In this state the
amount of outdoor air that is mixed with the return air from return duct 492 isregulated to
heat or cool the air being supplied via supply duct 490. Because there isno heating or
mechanical cooling, the inability to achieve the setpoint temperature results in atransition to
either state 501 or state 503. A transition occurs to state 501 for mechanical heating when
either for afixed period of time the flow of outdoor air is less than that required for proper
ventilation or outdoor air inlet damper 464 remains in the minimum open position for a
given period of time. The finite state machine makes atransition from state 502 to state 503
for mechanical cooling upon the damper control remaining in the maximum outdoor air
position (e.g. 100% of the air supplied by the AHU is outdoor air) for afixed period of time.
[0028] In state 503, chilled water valve 446 for cooling coil 444 is controlled to modulate
the flow of chilled water and control the amount of energy removed from the air. At this
time, extremum seeking control isused to modulate dampers 460, 462, and 464 to introduce
an optimal amount of outdoor air into AHU 430. In an exemplary embodiment, atransition
occurs to state 502 when the mechanical cooling does not occur for the fixed period of time
(i.e. the cooling control is saturated in the no-cooling mode).

[0029] Referring further to FIG. 3, a state diagram of an AHU utilizing an extremum
seeking control strategy is shown, according to an exemplary embodiment. In state 501,
heating with minimum outdoor air required for ventilation isinitiated. In cold climates, the
initial state of control is aheating with minimum outdoor air state 501. The system starts up
in state 501 to minimize the potential that cooling coil 444 and heating coil 440 could
freeze. State 501 controls the supply air temperature by modulating the amount of heat
supplied from heating coil 440. Dampers 460, 462, and 464 are controlled for minimum
ventilation. In an exemplary embodiment, atransition to state 502 occurs after the heating
control signal has been at its minimum value (no-heat position) for afixed period of time.
[0030] In state 502, the system is utilizing outdoor air to provide free cooling to the
system. State 502 controls the supply air temperature by modulating dampers 460, 462, and
464 to adjust the mixing of outdoor air with return air. In an exemplary embodiment, a
transition to state 501 occurs after dampers 460, 462, and 464 have been a a minimum

ventilation requirement for afixed period of time or the damper control signal isat a

5



WO 2009/012282 PCT/US2008/070118

minimum value for afixed period of time. In an exemplary embodiment, atransition to
state 503 occurs after dampers 460, 462, and 464 have been controlled to supply 100%
outdoor air for afixed period of time.

[0031] In state 503, the system utilizes mechanical cooling with an extremum seeking
control strategy to control dampers 460, 462, and 464. State 503 controls the supply air
temperature by modulating the flow rate of chilled water or refrigerant through cooling cail
444. An extremum seeking control strategy isused to determine the positions of dampers
460, 462, and 464 to minimize the amount of mechanical cooling required. An abrupt
change in the operation of the plant of the extremum seeking control strategy may occur,
causing AHU 430 to operate at non-ideal settings while the ESC strategy adapts to the
change. In HVAC applications, achange in the operation of the plant may correspond to a
change in the optimal settings for dampers 460, 462, and 464. Controller 410 has been
adapted to limit the detrimental effects of an abrupt change in the operation of the plant.
Ventilation requirements are set a alower limit for the amount of outside air in supply duct
490. In an exemplary embodiment, atransition to state 502 occurs after the control signal
for cooling has been in the no-cooling command mode for afixed period of time.

[0032] Referring to FIG. 4A, ablock diagram of an ESC loop 600 configured to detect
and compensate for abrupt changes in the operation of the plant is shown, according to an
exemplary embodiment. A controller 602 having extremum seeking control logic
continually modifies its output in response to changing measurement 621 received from
plant 624 via an input interface 604. A plant in control theory isthe combination of a
process and one or more mechanically controlled outputs. Controller 602 uses change
detector 612 to determine if an abrupt change has occurred in the operation of the plant,
signifying that the optimal settings for plant 624 have suddenly changed. An "abrupt
change" is application dependant and refers generally to any change in the operation of
plant 624 that leads to an unwanted response delay by controller 602. For example, an
abrupt change for an HVAC system may be a change of > 2% over the course of several
minutes. In ajet engine, however, an abrupt change may be a change of a several percent
over the course of asecond. An abrupt change in the operation of aplant corresponds to a
shifting of the optimal control parameters for the plant to anew set of optimal values, i.e.
the extremum of the performance map suddenly changes. In an exemplary embodiment,
change detector 612 may comprise an electronics circuit such as a differentiator or another

electronics circuit that is capable of detecting abrupt changes in signals. In yet another
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exemplary embodiment, change detector 612 may be implemented as software and include
logic to detect abrupt changes in data.

[0033] If an abrupt change in the operation of plant 624 is detected by change detector
612, reset control 613 resets controller 602. In an exemplary embodiment, reset control 613
toggles the power to controller 602. Turning controller 602 off and on again reinitializes
ESC loop 600, thereby reducing the time needed for controller 602 to converge on the new
optimal settings for plant 624. In another exemplary embodiment, reset control 613 forces a
reset parameter into ESC loop 600 for a set period of time. The reset parameter and reset
time period are system and application dependent. In an exemplary embodiment for an
HVAC system, the reset parameter may be any value between the old and the new optimum
setting for plant 624. The reset time period for the same HVAC system may bethree to four
times that of the dithering period used to detect the performance gradient. The output of
controller 602 is effectively overridden for a short period of time to allow the ESC logic to
adapt to the changes in the optimal settings for plant 624. In an exemplary embodiment, the
reset parameter forced into ESC loop 600 may bethe average of historical optimal settings
for plant 624. In another exemplary embodiment, the reset parameter isused as an input to
performance gradient probe 614. Manipulated variable updater 616 passes the overridden
value for manipulated variable 620 to output interface 606. Output interface 606 then
provides the overridden manipulated variable 620 to plant 624.

[0034] If an abrupt change in the operation of plant 624 is not detected by change detector
612, controller 602 uses normal ESC logic to control plant 624. Performance gradient
probe 614 detects a performance gradient which corresponds to the difference between the
manipulated variable 620 and the system performance of plant 624. If controller 602 is
implemented as an electronics circuit, performance gradient probe 614 may include a high-
pass filter, demodulation signal, low-pass filter and dither signal. If controller 602 is
implemented as software, performance gradient probe 614 may be amathematical operation
to determine the performance gradient. Manipulated variable updater 616 receives
performance gradient information from performance gradient probe 614 and produces a
manipulated variable 620 to drive the performance gradient to zero. |If controller 602 is
implemented as an electronics circuit, manipulated variable updater 616 may include an
integrator circuit. 1f controller 602 isimplemented as software, manipulated variable
updater 616 may include a program routine that performs integration. In an exemplary
embodiment, manipulated variable updater 616 may be configured to perform integration
only if an abrupt change has not been detected by change detector 612. Manipulated

7
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variable updater 616 then passes the updated manipulated variable 620 to plant 624 via
output interface 606 in order to control plant 624.

[0035] Referring to FIG. 4B, ablock diagram of an extremum seeking control loop with a
plurality of measurements and configured to detect and compensate for abrupt changes in
the operation of the plant is shown, according to an exemplary embodiment. ESC loop 601
contains many of the functions and structures of ESC loop 600 (FIG. 4A), but utilizes a
plurality of measurements 622 to determine aperformance index. Controller 603 receives
measurements 622 from plant 600 via input interface 604. A performance index is
calculated by performance index calculator 610 using measurements 622. The performance
index isamathematical representation of the system performance of ESC loop 601 using
measurements 622. Change detector 612 detects abrupt changes in the performance index
and triggers reset control 613 if an abrupt change is detected. If an abrupt change isnot
detected, performance gradient probe 612 receives the performance index from performance
index calculator 610 to detect the performance gradient. |f an abrupt change is detected,
reset control 613 provides areset parameter to performance gradient probe 614 for a set
period of time. Manipulated variable updater 616 produces an updated manipulated
variable 620 based upon the output of performance gradient probe 614. In an exemplary
embodiment, manipulated variable updater 616 includes an integrator to drive the
performance gradient to zero. Manipulated variable updater 616 then provides an updated
manipulated variable 620 to plant 624 via output interface 606.

[0036] Referring to FIG. 5, aflow diagram of aprocess for compensating for abrupt
changes in the operation of the plant of an ESC loop is shown, according to an exemplary
embodiment. The ESC loop may include a controller that utilizes extremum seeking control
logic and aplant that receives amanipulated variable from the controller. For example,
process 700 may be applied to ESC loop 600, as shown in FIG. 4A. Process 700 is shown
to include receiving ameasurement from the plant (step 702). In an exemplary
embodiment, the controller for the ESC loop utilizes a single input measurement from the
plant. It isnoted the controller may also have aplurality of input measurements, such asin
ESC loop 601 of FIG. 4B. In an exemplary embodiment for an HVAC system,
measurements may include inputs from temperature sensors, humidity sensors, air flow
sensors, damper positioning sensors or measurements of power consumption.

[0037] Process 700 is further shown to include determining if an abrupt change in the
operation of the plant has been detected (step 706). If an abrupt change in the optimal
settings for the ESC loop is detected in step 706, either the ESC loop parameters are reset or

8
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the ESC loop itself isreset (step 712). If the ESC loop parameters are reset (step 712), the
manipulated variable sent to the plant from the controller is overridden to afixed value (step
714). 1f the ESC loop itself isreset, i.e. turned off and on, the manipulated variable sent by
the controller to the plant is momentarily zero to alow the controller to adapt to the abrupt
change in the operation of the plant. If an abrupt change in the operation of the plant is not
detected (step 706), the ESC strategy continues uninterrupted. Process 700 includes
probing for a performance gradient (step 708) and integrating the detected performance
gradient to drive the gradient to zero (step 710). The controller then updates the
manipulated variable and sends the updated manipulated variable to the plant (step 714).
[0038] InFIG. 6, afiltering ESC loop 970 configured to limit the effects of an abrupt
change in the operation of the plant is shown, according to an exemplary embodiment.
Filtering ESCs determine aperformance gradient through the use of a high-pass filter, a
demodulation signal, alow-pass filter and adither signal. An integrator isthen used to
drive the performance gradient to zero in order to optimize the closed-loop system. In an
exemplary embodiment, filtering ESC loop 970 includes a change detector 908 and reset
control 910 to limit the effects of an abrupt change in the operation of plant 901. Plant 901
is controlled by filtering ESC loop 970 and can be represented mathematically as a
combination of linear input dynamics 950, anon-linear performance map 952 and linear
output dynamics 954. Input dynamics 950 receive amanipulated variable from ESC loop
970 and produce an input signal 'x' for nonlinear performance map 952. The output of the
performance map 952, 'z, isthen passed to output dynamics 954 to provide areturn signal
'Z" to the extremum seeking controller. ESC loop 970 seeksto find avalue for 'x' that
corresponds to an extremum of performance map 952. Asan illustrative example only,
output signal 'z’ may berepresented as the expression:

z=1(x) = (x- xopt)2+ 2

where f(x) represents the performance map and XQ)t represents the value a which f(x) is

minimized. The actual performance map in an ESC loop is system and application specific.
An abrupt change in the operation of plant 901 controlled by filtering ESC loop 970 also

.- In‘an exemplary embodiment, change detector

corresponds to a sudden change in X
908 detects changes in measurements taken from plant 901, i.e. signal 'z".

[0039] Filtering ESC loop 970 functions as a standard ESC loop when an abrupt change in
the operation of plant 901 has not occurred. A performance gradient signal isproduced in a

manner common to ESCs through the combination of a dither signal 966 added at
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processing element 963, high-pass filter 956, a demodulator 961 using demodulation signal
958, and low-pass filter 960. The detected performance gradient is a function of the

difference between 'x' and 'xopt'. Integration of the performance gradient by integrator 964

produces anew control signal for plant 901 that drives the performance gradient to zero. In
an exemplary embodiment, change detector 908 monitors and detects changes in the
gradient signal, since an abrupt change in the operation of plant 901 also corresponds to an
abrupt change in the performance gradient.

[0040] If change detector 908 detects an abrupt change in the operation of plant 901, reset
control 910 istriggered. In an exemplary embodiment, reset control 910 forces areset
parameter to high-pass filter 956 for a set amount of time in order to compensate for the
abrupt change in the operation of plant 901. Forcing areset parameter to high-pass filter
956 effectively changes the performance gradient for ESC loop 970 and can significantly
reduce the amount of time necessary for ESC loop 970 to adapt to abrupt changes in the
operation of plant 901. Integration of the altered performance gradient isthen performed by
integrator 964 and the resulting manipulated variable isthen passed onto plant 901. In an
alternate embodiment, reset control 910 forces ESC loop 970 to turn off and then on again if
an abrupt change is detected by change detector 908.

[0041] InFIG. 7, adiagram of an extremum seeking control loop 76 for controlling an
AHU is shown, in an exemplary embodiment. ESC loop 76 has been adapted to
compensate for abrupt changes in the operation of the plant using change detector 66 and
reset control 68. The AHU includes atemperature regulator 80, atemperature regulator
system controller 90, adamper actuator 850 and damper 852. According to an exemplary
embodiment, multiple actuators and/or dampers may be used to control airflow within the
AHU. Temperature regulator 80 may be any mechanism used to ater air temperature. This
may include, but isnot limited to, cooling coils, heating coils, steam regulators, chilled
water regulators or air compressors. In an exemplary embodiment, temperature regulator 80
lowers the temperature of the air. Temperature regulator system controller 90 maintains a
supply air temperature at a setpoint 92 by adjusting the position of chilled water valve 446
of cooling coil 444 (FIG. 2). Actuator 850 maintains the damper 852 to provide between
0% and 100% outside air.

[0042] A control loop consisting of temperature regulator system controller 90,
temperature regulator 80, and temperature sensor 480 controls the amount of mechanical

cooling in the AHU, according to an exemplary embodiment. Temperature regulator
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system controller 90 receives a setpoint supply air temperature 92 from a supervisory
controller 404 (FIG. 2), according to an exemplary embodiment. Temperature regulator
system controller 90 also receives measurements from temperature sensor 480, which
measures the temperature of the air supplied by the AHU to the building. Temperature
regulator system controller 90 compares the setpoint temperature to the measured
temperature and adjusts the amount of mechanical cooling provided by temperature
regulator 80 to achieve the setpoint supply air temperature 92 using a control signal.

[0043] ESC loop 76 is connected to the temperature regulator control loop in order to
control damper 852, which regulates the amount of outdoor air into the AHU. In an
exemplary embodiment, ESC loop 76 determines an optimum setting for actuator 850 in
order to maximize the use of outdoor air for cooling, thereby minimizing the power
consumption of the temperature regulator 80. The performance gradient for ESC loop 76 is
detected through the combination of a dither signal 62 added by processing element 67, high
pass filter 86, demodulator 69 using demodulation signal 60, and low pass filter 64.
Integrator 98 serves to drive the detected gradient to zero. A manipulated variable from
integrator 98 is passed on to actuator 850 to regulate damper 852, thereby controlling the
amount of air utilized by the AHU. The air from outside and/or air from other sources (e.g.
return air) is combined and treated by temperature regulator 80 and then provided to the
zone serviced by the AHU. Temperature sensor 480 measures the air supplied by the AHU
and provides temperature information to temperature regulator system controller 90.

[0044] The effects of abrupt changes in the operation of the AHU are limited through the
inclusion of change detector 66 and reset control 68. Change detector 66 receives
information from the temperature regulator control loop to determine if an abrupt change
has occurred in the operation of the AHU. For example, the optimal damper opening for
damper 852 may suddenly have changed from 30% open to 60% open. Change detector 66
then triggers reset control 68 to force a set input to high-pass filter 86 for apredetermined
amount of time to reduce the amount of time necessary for ESC loop 76 to adapt to the
changes in the operation of the AHU. It should be appreciated that the functions of ESC
loop 76 can be implemented as an electronic circuit, as software stored within a digital
processing circuit or as a combination thereof.

[0045] Referring now to FIG. 8, adiagram of a control system for an AHU configured to
compensate for abrupt changes in the operation of the AHU is shown, according to an
exemplary embodiment. AHU controller 410 receives atemperature setpoint from

supervisory controller 404. The temperature setpoint is used to drive a control loop
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consisting of atemperature regulator system controller 90, atemperature regulator system
952 and atemperature sensor 480. Temperature regulator system controller 90 compares
the temperature measured by temperature sensor 480 to that of the setpoint temperature
provided by supervisory controller 404. A temperature regulator command signal isthen
sent from controller 90 to temperature regulator system 952 to provide mechanical heating
or cooling in order to drive the temperature of the air supplied by the AHU to that of the
setpoint.

[0046] AHU controller 410 also contains an ESC loop 860 to control the position of
outdoor air damper 852 via actuator 850. ESC loop 860 is coupled to the temperature
regulator control loop in order to minimize the power consumption of the temperature
regulator system 952. In an exemplary embodiment, ESC loop 860 searches for a setting
for the damper opening that minimizes the power consumed by temperature regulator
system 952 by making use of outdoor air. A performance gradient probe 862 detects a
difference between the optimal settings for damper 852 and the current settings for damper
852. In an exemplary embodiment, performance gradient probe 862 utilizes a high pass
filter, ademodulation signal, alow pass filter and a dither signal to detect the performance
gradient. Integration of the gradient produces an actuator command signal to drive the
actuator 850 to its optimal setting. Actuator 850 receives the actuator command signal and
regulates damper 852, controlling the flow of outside air into the AHU .

[0047] The effects of an abrupt change in the operation of the plant for ESC loop 860 are
limited through the inclusion of change detector 66 and reset control 68. Change detector
66 determines if an abrupt change has occurred in the operation of the plant for ESC loop
860, i.e. an abrupt change has occurred in the AHU, causing the optimal opening of damper
852 to also change abruptly. Reset control 68 isthen triggered by change detector 66 to
limit the effects of the abrupt change in the operation of the plant. In an exemplary
embodiment, reset control 68 forces areset parameter into ESC loop 860 for aperiod of
time. For example, the reset parameter may be passed to the input of performance gradient
probe 862. In another exemplary embodiment, reset control 68 turns ESC loop 860 off and
on again if change detector 66 detects an abrupt change in the operation of AHU.

[0048] Referring to FIG. 9, adetailed block diagram of the controller 410 in FIG. 8is
shown, according to an exemplary embodiment. Controller 410 is shown to include a
processing circuit 418. Processing circuit 418 is shown to include processor 414 and
memory 416. Processing circuit 418 may be communicably coupled with fan control output
456, chilled water valve output 454, heating valve output 452, actuator command 458,

12



WO 2009/012282 PCT/US2008/070118

temperature input 450 and communications port 412. According to various exemplary
embodiments, processing circuit 418 may be a general purpose processor, an application
specific processor, acircuit containing one or more processing components, a group of
distributed processing components, a group of distributed computers configured for
processing, etc. Processor 414 may be or include any number of components for
conducting data processing and/or signal processing.

[0049] Memory 416 (e.g., memory unit, memory device, storage device, etc.) may be one
or more devices for storing data and/or computer code for completing and/or facilitating the
various processes described in the present disclosure, including that of using extremum
seeking logic to control an AHU. Memory 416 may include avolatile memory and/or a
non-volatile memory. Memory 416 may include database components, object code
components, script components, and/or any other type of information structure for
supporting the various activities described in the present disclosure. According to an
exemplary embodiment, any distributed and/or local memory device of the past, present, or
future may be utilized with the systems and methods of this disclosure. According to an
exemplary embodiment, memory 416 is communicably connected to processor 414 (e.g.,
via acircuit or other connection) and includes computer code for executing one or more
processes described herein. Memory 416 may include various data regarding the operation
of acontrol loop (e.g., previous setpoints, previous behavior patterns regarding energy used
to adjust a current value to a setpoint, etc.).

[0050] In an exemplary embodiment, the functions of controller 410, as depicted in FIG.
8, may be implemented as software stored within memory 416 of processing circuit 418.
Supervisory controller 404 provides a setpoint to controller 410 through communication
port 412. Temperature sensor 480 (FIG. 8) provides temperature input 450 to controller
410, which compares the measured temperature to the setpoint temperature. In an
exemplary embodiment, atemperature regulator command is sent to chilled water valve
output 454 to cool the air within the AHU. Extremum seeking control strategy 860 can be
used to control actuator 850 for damper 852 via actuator command 458. In an exemplary
embodiment, changes in the optimal settings for damper 852 are detected and the
parameters to ESC loop 860 are reset. The reset parameters may be determined by
averaging historical optimal parameters for ESC loop 860 stored in memory 416. The reset
parameters may also be determined by storing and reusing the optimal parameters for the

ESC loop 860 that correspond to the time period directly before the abrupt change in the
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operation of the plant occurred. In another exemplary embodiment, the ESC control loop is
reset if an abrupt change in the operation of the plant is detected.

[0051] FIG. 10 shows agraph of performance maps for an extremum seeking control
strategy controlling an AHU, according to an exemplary embodiment. Although the actual
performance map in ESC systems istypically unknown, graph 1000 illustrates an abrupt
change in the operation of the AHU, corresponding to a shift in the extremum of
performance map 1002. For example, the extremum of performance map 1002 occurs a a
damper opening of 40%, i.e. the mechanical cooling power required by the AHU is
minimized when the outdoor air damper is 40% open. The extremum seeking control
strategy will detect a performance gradient between the actual damper opening and 40%.
The performance gradient isthen used to drive the damper opening to its optimal setting of
40%.

[0052] In anillustrative example, if an abrupt change occurs in the operation of the plant,
performance map 1002 may suddenly shift to that of performance map 1004. Performance
map 1004 has an extremum corresponding to a damper opening of 60%. The extremum
seeking control strategy will eventually adapt to the new extremum, but the time taken for
the strategy to adapt means unnecessary power will be consumed by the AHU. Resetting
the parameters to the extremum seeking control strategy, or resetting the strategy itself,
reduces the amount of time necessary for the extremum seeking control strategy to converge
to the new extremum. In an exemplary embodiment, the reset parameters are determined
using historical data on prior optimal settings (extrema) for the control process. Referring
back to the example of an abrupt shift from performance map 1002 to performance map
1004, the extremum seeking control strategy may use reset parameters corresponding to a
damper opening of 40% for a short period of time. In another exemplary embodiment, the
extremum seeking control strategy uses an average of historical data on the control process
to determine the reset parameters.

[0053] Thereset control described in the present application could be applied to many
different HYAC configurations. For example, one or aplurality of dampers may beused to
control airflow throughout and/or within the AHU. An extremum seeking control strategy
can be used to control the one or more dampers to minimize power consumption by the
AHU. Referring back to FIG. 2, the amount of air utilized to reduce power consumption by
the AHU can beregulated by a combination of exhaust damper 460, recirculation air
damper 462, and outdoor air inlet damper 464. For example, if 6_,0 _,and 9

o Frer out represent
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the fraction of fully open position of dampers 460, 462, and 464, respectively, the damper

positions can beinterrelated as follows:

In this example, the relationship between the damper openings is such that ESC can be used
to optimize the control of any damper, because optimization of one damper opening leads to
the optimization of all damper openings.

[0054] In yet another exemplary embodiment, one or more dampers may have fixed
positions while other damper openings are variable and interrelated. In this embodiment,
the damper positions for dampers 460, 462, and 464 may be as follows:

Bout = 1, 6, = manipulated variable from the ESC, and 6,,= 1- 0,

In this example, ESC isused to optimize the control of damper 460 to minimize the power
consumption of the AHU, while outdoor air inlet damper 464 remains fully open and
damper 462 varies based on damper 460. ESC can therefore be used to optimize any
combination of fixed position dampers and interrelated variable position dampersin an
AHU, where ESC isused to control one or more of the variable position dampers.

[0055] ESC can also directly control more than one damper a atime. For example,
multiple ESC controllers may be used to control aplurality of independent dampers.
Alternatively, asingle ESC controller with multiple inputs and/or output can be used to
regulate aplurality of independent dampers. The dampersin an AHU controlled by the
extremum seeking control strategy may include, but are not limited to, outside air inlet
dampers, recirculation air dampers, exhaust dampers, or a combination thereof.

[0056] The construction and arrangement of the systems and methods as shown in the
various exemplary embodiments are illustrative only. Although only afew embodiments
have been described in detail in this disclosure, many modifications are possible. All such
modifications are intended to be included within the scope of the present disclosure. The
order or sequence of any process or method steps may be varied or re-sequenced according
to alternative embodiments. Other substitutions, modifications, changes, and omissions
may be made in the design, operating conditions and arrangement of the exemplary

embodiments without departing from the scope of the present disclosure.
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[0057] Embodiments within the scope of the present disclosure include program products
comprising machine-readable media for carrying or having machine-executable instructions
or data structures stored thereon. Such machine-readable media can be any available media
that can be accessed by a general purpose or special purpose computer or other machine
with aprocessor. By way of example, such machine-readable media can comprise RAM,
ROM, EPROM, EEPROM, CD-ROM or other optical disk storage, magnetic disk storage or
other magnetic storage devices, or any other medium which can be used to carry or store
desired program code in the form of machine-executable instructions or data structures and
which can be accessed by a general purpose or specia purpose computer or other machine
with aprocessor. When information istransferred or provided over anetwork or another
communications connection (either hardwired, wireless, or a combination of hardwired or
wireless) to amachine, the machine properly views the connection as a machine-readable
medium. Thus, any such connection is properly termed amachine-readable medium.
Combinations of the above are also included within the scope of machine-readable media.
Machine-executable instructions comprise, for example, instructions and data which cause a
general purpose computer, special purpose computer, or special purpose processing
machines to perform a certain function or group of functions.

[0058] It should be noted that athough the figures may show a specific order of method
steps, the order of the steps may differ from what is depicted. Also two or more steps may
be performed concurrently or with partial concurrence. Such variations will depend on the
software and hardware systems chosen and on designer choice. All such variations are
within the scope of the disclosure. Likewise, software implementations could be
accomplished with standard programming techniques with rule based logic and other logic
to accomplish the various connection steps, processing steps, comparison steps and decision

steps.
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What isclaimed is;

1 A method for optimizing a control process for aplant, the method comprising:
operating the plant using an extremum seeking control strategy;
detecting an abrupt change in the operation of the plant; and
using acircuit to compensate for the abrupt change in the operation of the plant by
resetting the extremum seeking control strategy.

2. The method of Claim 1, wherein detecting an abrupt change in the operation of the
plant comprises:

detecting a change of greater than or equal to two percent in the performance of the
plant within a defined time period.

3. The method of Claim 1, wherein resetting the extremum seeking control strategy
comprises:

providing areset parameter to circuitry for the extremum seeking control strategy,
wherein the reset parameter reduces the amount of time needed for the extremum seeking
control strategy to adapt to the abrupt change.

4. The method of Claim 3, wherein providing the reset parameter to the circuitry for
the extremum seeking control strategy comprises:
providing the reset parameter to a high-pass filter of the circuitry for the extremum

seeking control strategy.

5. The method of Claim 3, further comprising:

retrieving historical data on one or more optimum plant settings previously
determined by the extremum seeking control strategy from memory; and

using the historical datato determine the reset parameter.

6. The method of Claim 3, wherein the reset parameter isprovided for three to four

times the dithering period of the extremum seeking control strategy.
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7. The method of Claim 1, wherein resetting the extremum seeking control strategy
comprises:

turning the extremum seeking control strategy off and on.

8. The method of Claim 1, wherein the plant is an air handling unit configured to
regulate temperature and controlled by a controller configured to provide a control signal to
atemperature regulator, wherein the air handling unit also includes a damper controlled by
an actuator, and wherein the extremum seeking control strategy isused to operate the
actuator.

9. The method of Claim 8, wherein detecting an abrupt change in the operation of the
plant comprises:
detecting a change of greater than or equal to two percent in the performance of the

plant over the course of several minutes.

10. A controller for controlling aplant, the controller comprising:

acircuit configured to operate the plant using an extremum seeking control strategy,
the circuit configured to detect an abrupt change in the operation of the plant and the circuit
further configured to compensate for the abrupt change by resetting the extremum seeking
control strategy.

11.  The controller of Claim 10, wherein the abrupt change is a change of greater than or

equal to two percent within a defined time period.

12. The controller of Claim 10, wherein the circuit is further configured to provide a
reset parameter to the extremum seeking control strategy, wherein the reset parameter
reduces the amount of time needed for the extremum seeking control strategy to adapt to the
abrupt change, and wherein the controller further comprises circuitry for providing the
extremum seeking control strategy, wherein the circuitry for providing the extremum
seeking control strategy comprises ahigh-pass filter, and wherein the high-pass filter is

configured to receive the reset parameter as an input.
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13. The controller of Claim 12, wherein the circuit is further configured to provide the
reset parameter to the extremum seeking control strategy for three to four times the

dithering period of the extremum seeking control strategy.

14. The controller of Claim 11, wherein the circuit is further configured to reset the
extremum seeking control strategy by turning the extremum seeking control strategy off and

on again.

15.  The controller of Claim 11, wherein the plant is an air handling unit configured to
regulate temperature and controlled by a controller configured to provide a control signal to
atemperature regulator, wherein the air handling unit also includes a damper controlled by
an actuator, wherein the circuit is further configured to operate the actuator using the
extremum seeking control strategy, and wherein the abrupt change is a change of greater
than or equal to two percent in the performance of the plant over the course of several

minutes.
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Heating with Minimal Outdoor Air

¢ No mechanical cooling

e Control supply air temp. with heating coill
e Control dampers for minimum ventilation

f501

Heating control signal at
a minimum value for a
fixed period of time.

v

A

Either damper control signal
at a minimum value or flow of
outdoor air is less than that
required for proper ventilation,
for a fixed period of time.

Free Cooling

¢ No mechanical cooling
¢ No heating

e Control supply air temp. with dampers
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Damper control signal at
100% for a fixed period of
time.

v

Cooling control signal at
a minimum value for a
fixed period of time.

Mechanical Cooling & Extremum Seeking Control

¢ No heating

e Control supply air temp. with mechanical cooling
o ESC for dampers to minimize mechanical cooling

f 503
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