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ZONE CONTROL OF SPACE CONDITIONING
SYSTEM WITH VARIED USES

Matter enclosed in heavy brackets [ ]| appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue.

CROSS-REFERENCE 10O RELATED
APPLICATIONS

This application claims the benefit of U.S. Provisional
Application No. 60/402,398, filed Aug. 9, 2002.

BACKGROUND

Space conditioning or heating, ventilating and air-condi-
tiomng (HVAC) systems are responsible for the consumption
of vast amounts of energy. This 1s particularly true 1n food
preparation/dining establishments where a large amount of
conditioned air has to be exhausted from food preparation
processes. Much of this energy can be saved through the use
ol sophisticated control systems that have been available for
years. In large buildings, the cost of sophisticated control
systems can be justified by the energy savings, but in smaller
systems, the capital investment 1s harder to justity. One 1ssue
1s that sophisticated controls are pricey and in smaller sys-
tems, the costs of sophisticated controls don’t scale favorably
leading to long payback periods for the cost of an incremental
increase i quality. Thus, complex control systems are usually
not economically justified 1n systems that do not consume a
lot of energy. It happens that food preparation/dining estab-
lishments are heavy energy users, but because of the low rate
ol success of new restaurants, ivestors justity capital expen-
ditures based on very short payback periods.

Less sophisticated control systems tend to use energy
where and when 1t 1s not required. So they waste energy. But
less sophisticated systems exact a further penalty in not pro-
viding adequate control, including discomiort, unhealthy air,
and lost patronage and profits and other liabilities that may
result. Better control systems minimize energy consumption
and maintain 1deal conditions by taking more information
into account and using that information to better etfect.

Among the high energy-consuming food preparation/din-
ing establishments such as restaurants are other public eating
establishments such as hotels, conference centers, and cater-
ing halls. Much of the energy 1n such establishments 1s wasted
due to poor control and waste of otherwise recoverable
energy. There are many publications discussing how to opti-
mize the performance of HVAC systems of such food prepa-
ration/dining establishments. Proposals have included sys-
tems using traditional control techniques, such as
proportional, integral, differential (PID) feedback loops for
precise control of various air conditioning systems combined
with proposals for saving energy by careful calculation of
required exhaust rates, precise sizing of equipment, providing,
for transter of air from zones where air 1s exhausted such as
bathrooms and kitchens to help meet the ventilation require-
ments with less make-up air, and various specific tactics for
recovering otherwise lost energy through energy recovery
devices and systems.

Although there has been considerable discussion of these
energy conservation methods 1n the literature, they have had
only incremental impact on prevailing practices due to the
relatively long payback for theiwr implementation. Most
installed systems are well behind the state of the art.
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There are other barriers to the widespread adoption of
improved control strategies 1n addition to the scale economies
that distavor smaller systems. For example, there 1s an under-
standable skepticism about paying for something when the
benefits cannot be clearly measured. For example, how does
a purchaser of a brand new building with an expensive energy
system know what the energy savings are? To what bench-
mark does one compare the performance? The benefits are not
often tangible or perhaps even certain. What about the prob-
lem of a system’s complexity interfering with a building
operator’s sense of control? A highly automated system can
give users the sense that they cannot or do not know how to
make adjustments appropriately. There may also be the risk,
in complex control systems, of unintended goal states being
reached due to software errors. Certainly, there 1s a perennial
need to reduce the costs and improve performance of control
systems. The embodiments described below present solutions
to these and other problems relating to HVAC systems, par-
ticularly 1n the area of commercial kitchen ventilation.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a schematic of an HVAC system and building
served by it.

FIG. 2 1s a schematic of an HVAC system and building
served by 1t showing some alternative variations on the con-
figuration of FIG. 1.

FIG. 3 1s a schematic of a control system for the HVAC
systems of FIGS. 1 and/or 2 or others.

FIG. 4 1s a block diagram 1llustrating 1n functional terms a
control method for controlling exhaust flow according to an
embodiment of the invention.

FIG. 5 1llustrates a configuration for measuring transient
velocities near and around an exhaust hood.

FIG. 6 1llustrates delays and interactions that may be incor-
porated 1n a control model of feed forward control system.

DETAILED DESCRIPTION OF TH.
EMBODIMENTS

(Ll

Retferring to FIG. 1, occupied 143 and production 153
spaces are served by an HVAC system 100. The production
space 153 may be one or multiple spaces and include, for
example, one or more kitchens. The occupied space 143 may
be one or many and may include, for example, one ore more
dining rooms. The system 100 draws return air through return
registers 145 and 146 respective to the occupied 143 and
production 153 spaces.

The return registers 145, 146 are in communication with
return lines that join and feed a common return line 182
through which air 1s drawn by a fan 120. The common return
line 182 leads to an air/air heat exchanger 152, which trans-
fers heat (and 1n some types of air/air heat exchangers, mois-
ture as well as heat) from the outgoing exhaust flow 1n the
common return line 182 to an incoming fresh air flow 178. A
recirculating flow of air 1s modulated by a return air (RA)
damper 125.

Fresh air, preconditioned by flow through the air/air heat
exchanger 152, and drawn by a fan 110, 1s mixed with return
air from the return air damper 125 and conditioned by con-
ditioning equipment 101, which may include cooling, heat-
ing, dehumidification, filtration and/or other equipment (not
shown separately). The supply and return air flow rates may
be regulated by respective dampers 162, 163, 164, and 165 to
exchange air at selected rates to the respective occupied and
production spaces 143 and 153. The supply and return air
streams pass through respective supply 150, 151 and return
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145, 146 air registers. As will be understood by those skilled
in the art, the dampers 162, 163, 164, and 165 may be 1inte-
grated 1n a modular variable air volume (VAV) “box.” Also,
the dampers 162, 163, 164, and 165 may be linked mechani-
cally or the return dampers omitted (as illustrated in the
embodiment of FIG. 2).

A flow 1s drawn through a local exhaustdevice by afan 115
from a hood or other intake in the production space 153 and
discharges to the atmosphere. The exhaust 170 may be pro-
vided by a range hood such as a backshelf or canopy style
hood and the 1llustrated exhaust device 170 may be one or
many, although only one 1s illustrated. A transfer air vent or
other opening 155 such as a window allows transfer air
through a transfer air connection between the occupied and
production spaces 143 and 153.

The supply dampers 162 and 163 may be used to move air
from the occupied space 143 to the production space 153 to
compensate for exhaust from the production space 153.
Although the spaces 143 and 153 are shown adjacent, they
may be separate and air transfer accomplished by ducting.
Also, any number of spaces may be 1n the systems of FIGS. 1
and 2, and two spaces 143 and 153 are shown only for pur-
poses of 1llustration. Note that air may be brought into the
occupied 143 or production 153 spaces actively or passively.
For example a vent may be provided 1n the wall of the pro-
duction space 153 (as illustrated 1n FI1G. 2) or by a makeup air
unit or system (also illustrated 1n FIG. 2).

Another embodiment of a space conditioning system 1s
illustrated 1n FIG. 2. The features of this embodiment may be
incorporated in the embodiment of FIG. 1 separately or 1n
concert. Instead of regulating the flow of transter air through
a passive transier air connection 155, as 1n FIG. 1, exhaust
flow may be balanced by regulating return line dampers 163
and 164 (see FIG. 1).

The transfer air exchange rate may be regulated by means
of a variable fan 201 or a damper 202. It 1s assumed, although
not shown and as known 1n the art, that variable flows may be
regulated with teedback control so that the final control signal
need not be relied upon to determine the effect of a tlow
control signal. Thus, i1t should be understood that all variable
devices may also include feedback sensors such as pitot tube/
pressure sensor combinations, flowmeters, etc. as part of the
final control mechanism. An air/air heat exchanger bypass
and damper combination 211 may be provided to permit
non-recirculated air to bypass the air/air heat exchanger 150.
The conditioning equipment 101 may be accompanied by
another piece of conditioning equipment 212 1n the leg of the
supply lines 112 leading to the occupied space 140 so that
conditioning of the two supply air streams may be performed
by respective units 101 and 212 satisiying different criteria
for the spaces they serve. Note that the fans shown, such as
110 and 120 in both FIGS. 1 and 2 may be incorporated within
a rooftop unit that combines them with the conditioning
equipment 101 and 212. Additional make-up air may be sup-
plied by a separate fan and 1ntake 232.

The local exhaust 206 may be fed to the air/air heat
exchanger 152 as well, but preferably, 11 the local exhaust
contains a large quantity of fouling contamination, the stream
should be cleaned by a cleaner 206 before being passed
through the air/air heat exchanger 150. For example, the
production space 153 could be a kitchen and the exhaust 170
a hood for a range. Then the cleaner 206 may be a catalytic
converter or grease lilter.

Separate routes for convection, either forced or natural, and
either controlled or uncontrolled may exist either by design or
fortuity. These are represented symbolically by make-up air

units 272 and 262, vents with dampers 274 and 264, and
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uncontrolled vents 276 and 266. The make-up air units 272
and 262, vents with dampers 274 and 264 may be controlled
by a control system (See 300 at FIG. 3 and attending discus-
sion). Uncontrolled vents 276 and 266 can represent open
windows, doors, and leaks.

Referring now to FIG. 3, a control system for either HVAC
system 100 or 200 (FIGS. 1 and 2, respectively) or a combi-
nation of features (or subset of features), thereot, 1s shown. A
controller 300 controls conditioning equipment 370 and 371,
which may correspond to conditioning equipment 101 or both
101 and 212 11 used in combination or any other combination
of like equipment. Preferably the controller 1s a program-
mable microprocessor controller. The controller 300 may also
control variable tlow fans and/or fixed speed fans such as a
return line fan 310, air transfer fan 315, local exhaust fan 320,
and first and second or other supply line fans 301 and 302,
respectively. The controller may also control dampers (or
other like tlow controls) such as a return damper 330, air/air
heat exchanger bypass damper 335, first and second supply
dampers 340 and 345, and/or other instances. The controller
300 may also control a mixer fan 321 and/or other devices
which may correspond to mixing fans 221 and 285 or others.
Various feedback sensors 380 may send input signals to the
controller 300. Also, the controller 300 may control a sub-
system controlled by some other control process 390 either
that 1s separate or integrated within the controller 300. For
example, the local exhaust 170 may be controlled by a control
process that regulates exhaust tlow based on the rate of fume
generation.

Inputs to the controller may 1nclude:

Cooking or fume load rate or exhaust tlow rate, which may
be controlled directly or locally by a local processor or
by a control process integrated within the controller.

Local exhaust flow rate or mputs to a control process for
controlling local exhaust tlow rate.

Production space temperature, air quality, or other surro-
gate for determiming the cooling load for the production
space. For example, the cooling load could be deter-
mined by thermostat, the activity level detected by video
monitoring, noise levels. If the production space 1s a
kitchen, the load may be correlated to the occupancy of
the dining room which could indicate the number of
dishes being prepared, for example as indicated by a
restaurant management system that can be used to total
the number of patrons currently seated 1n the diming area
(occupied space). The latter may also be used to indicate
the occupied space load.

Pressure of the spaces relative to each other to determine
transier air. The transfer air damper or fan may be used
to regulate the flowrate to ensure air velocities 1n the
production space do not disrupt exhaust plumes thereby
reducing capture efliciency.

Flows of supply air which may indicate loads 11 these are
slaved to a VAV control process integrated within con-
troller 300 or governed by an external controller.

Time of day keyed to kitchen operation mode (prep. mode,
after hours cleaning, not occupied, etc.)

Direct detection of air quality such as smoke detection, air
quality (e.g., contamination sensor), etc.

Preferably, the controller 300 has the capability of per-
forming global optimization based on an accurate internal
system model. Rather than relying on feedback, for example,
a change 1n temperature of the occupied space resulting from
a lixed-rate increase 1n air tlow to the occupied space, the
elfect on air quality (e.g. temperature, humidity, etc.) may be
predicted and the increase 1n flow modulated. For example,
the system may predict an imminent increase 1n load due to
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the arrtval of occupants and get a head start. The internal
representation of the state of the occupied spaces, equipment,
and other variables that define the model (although definitions
ol the interactions between these variables are also consid-
ered part of the model) may be corrected by regular reference
to the system inputs such as sensors 380.

The local exhaust 170 may be permitted to allow some
escape of effluent. Referring to FI1G. 4, a signals from detector
of smoke or heat escaping the pull of an exhaust hood (not
shown) are classified as a breach of a portion of the controller
300 (FIG. 3). The detector or detectors may 1include an opac-
ity sensor 402, a temperature sensor 404, video camera 400,
chemical sensors, smoke detectors, fuel flow rate, or other
indicators of the fume load. These and others are described 1n
pending U.S. patent application Ser. No. 10/344,505 entitled
Flow Balancing System and Method which 1s a US National
stage filing from PCT/US01/25063, which 1s hereby incorpo-
rated by reference as if fully set forth 1n 1ts entirety herein.

The direct sensor signal may be applied to a suitable clas-
sifier 410 according to type of signal and appropriate process-
ing performed to generate an indication of a breach. For
example, the classifier 410 for opacity or temperature may
simply output an indication of a breach when the direct signal
goes above a certain level. This level may be established by
preferences stored 1n a profile 415, which may be a memory
portion of the controller 300. To classily a breach, a direct
video signal must be processed quite a lot further. Many
techniques for the recognition of still and moving patterns
may be used to generate a breach signal.

An indication of a breach may be integrated using a suit-
able filter 405 to generate a result that 1s applied to a volume
controller for the exhaust 420. The result from the filter pro-
cess may be selectably sensitive by selecting a suitable filter
function, for example an integrator. In this manner, the con-
troller 300 may be made configured to allow a selective
degree ol breach before correcting it by controlling the
exhaust fan 320 or exhaust damper 355 (FIG. 3) by means of
the appropriate control action, here represented by the vol-
ume controller 420. Note that the filter 405 1s shown as a
separate device for illustration purposes and may be inte-
grated in software of the controller 300. Also, 1ts result may be
a rule-based determination made controller 300 software or
accomplished by various other means, a filter function being
discussed merely as an 1llustrative example.

As mentioned above, a mixing fan 221 may be used to mix
the effluent with ambient air to help dilute 1ts concentration.
This mixing fan 221 may also be under control of a central
control system. The mixing fan should be configured so as not
to disrupt any rising thermal plume near an exhaust hood
which may be accomplished by ensuring 1t 1s a low velocity
device and 1s suitably located.

Preferably the rate of transfer air 1s governed such that
energy requirements are minimal while the air quality
remains at an acceptable level. Thus, at times when air 1s
exhausted at a high rate from the production space 150, large
amounts of replacement air are necessarily brought in to
replace it. At such times, 1t may be permissible to allow a large
volume of (used; contaminated) transier air from the occu-
pied space, which, when diluted by the large volume of fresh
air results 1 acceptable air quality 1n the production space
150.

Again, the flow velocities resulting from transier air move-
ment from the occupied 153 to the production space 143 may
be limited by active control to prevent disruption of exhaust
capture. However, the upper limit on the transier air velocity
may be made a function of the type of processes being per-
tormed (products of which are exhausted), the exhaust rate,
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the activity level in the production space, etc. The reason for
this 1s that local velocity variations may already be above a
certain level, for example due to a high level of activity in the
production space 143, such that the exhaust rate must be made
high to ensure capture. In that case, a low cap on the transier
rate would waste an opportunity to provide make-up air from
a “free” source. Thus, when the exhaust rate 1s increased
already due to some other condition, such as transient air
velocities near the exhaust hood stirred up by worker move-
ments, the transier air may be increased. Alternatively or in
addition, to allow the transfer of great quantities of air without
interfering with hood capture, transier air may be distributed
by low velocity distribution systems such as used 1n displace-
ment ventilation or under-tloor distribution.

Referring momentarily to FIG. §, velocity sensors may be
located near the hood, for example hanging from a ceiling, to
measure transient velocities. If such velocities exceed a pre-
defined magnitude, for example based on average, root mean
square (RMS), or peak values, an alarm may be generated. At
the same time, the problem may be compensated until
addressed by increasing exhaust flow. Various convolution
kernels or other filter functions may be applied to account for
occasional spikes due to escape and thereby account for their
undesirability approprately.

The transfer air should also be controlled so that when
outside air 1s at moderate temperatures, 1t 1s low so that the
cleanest possible air can be provided to the production space.
This may be accomplished using, for example, the simple
economizer control approach described 1n the background
section, which the controller 300 may be configured to pro-
vide, or more sophisticated approaches.

The local exhaust flow (e.g., via fan 32) may be controlled
to allow occasional escape of effluent from the hood. This has
a result that 1s analogous to transierring used air from the
occupied space 1n that 1f suificiently diluted, the escaping
elfluent does not cause the production space air quality to fall
below acceptable levels.

One simple control techmque 1s to slave the transfer tlow to
the make-up air flow, which may be a combination of venti-
lation air satisfied using a standard VAV approach such as
ventilation reset plus supplemental air intake 232. This may
be performed by the controller using known numerical tech-
niques. A more sophisticated model based approach may also
be used as discussed below.

Model based approaches that may be used include a pro-
cess that varies mputs to a model using a brute-force algo-
rithm, such as a functional minimizing algorithm designed for
complex nonlinear models, to search-for and find global
optima on a real-time basis. A simplified smoothed-out state-
function can be derived by simulation with a model based on
the particular design of the system and used with a simpler
optimization algorithm for real-time control. The model may
be adequate with multiple decoupled components by which
control may be performed by independent threads or by
means of different controllers altogether. A network model,
for example a neural network, may be trained using a simu-
lation model based on the particular design of the system and
the network model used for predicting the system states based
on current conditions.

The desired temperature of the production space 150 may
be varied depending on various factors. For example, i a
restaurant, during periods of high activity such as during busy
meal periods such as lunchtime or dinner time, the target
temperature of the kitchen (production space) may be low-
ered to save energy in the winter. This may be done by
controlling according to time. It may also be done by detect-
ing load or activity level.
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The air/air heat exchanger bypass preferably bypasses
exhaust flow when tempering would not save substantial
energy. For example, 11 outdoor temperatures are moderate,
the bypass may be activated to save fan power. The threshold
temperature governing this control feature may be varied
depending on the target temperature, which as mentioned,
may be varied.

Referring now to FIG. 6, as indicated above, a global
predictive control scheme may be employed to compensate
for interaction between conventional control loops and time
lags between conventionally measured system responses and
control actions. In the diagram of FIG. 6, delays are 1llustrated
by the delay operator symbol used 1n discrete time texts as
shown at 515, for example. Infinite enthalpy sources and
sinks are illustrated by the electrical symbol for “ground™ as
shown at 350, 555, 535 and 520. Respective space condition-
ing systems are 1illustrated, which 1s common 1n kitchen-
dining room environments. For example, a separate rooftop
unit 510 and 505 may be provided for each of several zones,
here, a production zone 153 and an occupied zone 153 which
could be a kitchen and dining room respectively.

Over time, enthalpy 1s transierred by forced convection and
conduction processes, illustrated at 5435 and 540, respectively,
to a heat exchanger (not shown) to vapor compression equip-
ment with the conditioning units (e.g. rooftop unit) 505 and
510. When conditioning units 505 and 510 are forced air
units, they satisty cooling and heating loads by means of
forced convection illustrated at 525 and 530, respectively.
Within each space 153 and 143, enthalpy 1s transferred to
objects that can store 1t such as thermal mass, as well as
objects that can originate load such as occupants here 1llus-
trated as blocks 575 and 580. In the production space fuel 570
may be consume adding to the load. Direct losses may exist
due to natural and forced convection (exhaust) and conduc-
tion processes. In the production space, the exhaust QF may
be the greatest source. Transier air and natural convection and
conduction may transfer enthalpy as indicated at 582 between
the spaces 143 and 153.

Each process may involve a substantial delay as indicated
by the respective delay symbols (505, typ.). Also, each roof
top unit 510 and 5035 has internal delays, for example, the time
between startup and steady state heating or cooling, charac-
teristics that are well understood by those of skill 1n the art. A
model may be employed 1n many different ways to control a
system such as discussed in the present application. In a
preferred embodiment, outdoor weather predictions for tem-
perature, humidity, wind, etc. are combined with predictions
for occupancy, production orders (which may in turn be used
to predict the amount of heat and fume loads generated), to
“run” the model and thereby predict a temporal operational
profile in discrete time. From such a profile, the total energy
consumed, the duty cycle of equipment, the number and
gravity of oif-design conditions (e.g. indoor pollution due to
exhaust hood breach) may be dertved over a future period of
time.

To make the predictions of the model usetul for control, the
model may be used to “test” several possible operational
sequences over a future period of time to determine which 1s
best. However, like a chess game, each moment 1n the future
may provide a new opportunity to branch to a new operational
sequence. An example of an operational sequence, as dis-
cussed above, 1s to use a dining room rooitop unit to satisty
the load 1n a kitchen by bringing the dining room unit online
and transierring air to a kitchen prior to opening the dining
room to the public. Other constraints may be imposed such as
limiting the flow of exhaust to low predetermined 1dle level
and the model run through a stmulation run. This may be done
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for multiple starting times. In addition to multiple starting
times, the different sequences may be characterized by sub-
stantially different operating modes such as, instead of start-
ing the dining room rooitop unit and providing transfer air,
kitchen and dining room units may be run simultaneously or
sequentially with respective start times.

Of course, the simulation need not be so detailed as to
actually model the dynamic performance of the systems 1n
discrete time since most processes can be represented 1n a
lump parameter fashion. For example, the dynamic energy
elficiency ratio of an air conditioning unit may be represented
in the model as a function of duty cycle which can be dertved
from an 1nstant load and an instant steady state capacity.

Not all predictive control strategies need be based on a
complex dynamical model of an overall system. One rela-
tively simple kind of predictive control can be simply to use
occupancy information to change the current mode of the
space conditioning equipment to provide more precise track-
ing of temperature and humidity. Such mnformation can come
from such exotic sources as counting individuals 1n a video
scene as mentioned above. An example 1s where occupancy or
activity level can be used to control the exhaust system of a
kitchen. The controller may increase exhaust rate in response
to 1increased activity which may be recognized by occupant
count 1n the kitchen, by sound levels, by motion detection,
etc. Thus would “anticipate” and thereby better control
exhaust to prevent escape of elffluent from an exhaust hood.
Note that occupancy or activity may be inferred from time of
day and day of week data or from networked equipment, for
example, by the count of check-ins at a register used for
tracking patrons and assigning waiters at a restaurant.

What 1s proposed 1s that each operational sequence repre-
sent a system state trajectory to be tested with at least some of
the details of an operational sequence being specified by the
trajectory. For example, implicit within the sequence dis-
cussed as an example where the kitchen load 1s satistied by the
dining room rooitop unit and transfer air, there may be a
control process by which any additional make-up air required
1s satisfied by a separate kitchen make-up air unit. Within each
trajectory, many such local or global control processes may
be defined.

What 1s claimed 1s:

[1. A method for controlling a commercial kitchen exhaust
flow rate, comprising the steps of:

receving occupancy data indicating an instantaneous

occupancy rate of a kitchen;
controlling an exhaust rate of an exhaust hood such that a
rate of exhaust flow 1s sufficient to permit only a first
amount of escape of effluent from an exhaust stream 1n
response to a first occupancy rate indicated by said data;

controlling said exhaust rate such that said exhaust tflow 1s
suificient to permit only a second amount of escape of
effluent from an exhaust stream 1n response to a second
occupancy rate indicated by said data.]

[2. A method as in claim 1, wherein said second amount is
higher than said first amount when said second occupancy
rate is higher than said first occupancy rate and vice versa.]

3. A method for controlling a commercial kitchen exhaust
flow rate, comprising:

receiving data indicating [the] @ physical activity level of

human occupants 1n a kitchen, which activity stirs up
transient air velocities near an exhaust hood in the
kitchen; and

controlling an exhaust rate of [an] #2ze exhaust hood in the

kitchen responsively to said data such that a fume load is
capturved by the exhaust hood without escape of effluent
therefrom despite said transient aiv velocities.
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4. A method as 1 claim 3, wheremn said controlling
includes increasing [an] #2e exhaust [flow] rate when said
data indicates a high physical activity level of the human
occupants.

5. A method as 1n claim 3, wherein the data includes a video
stream.

6. A method as in claim 3, wherein the data includes output
from an optical sensor.

7. A method as in claim 3, wherein the [commercial]
kitchen includes a source of transter air to make up a quantity
of air exhausted as a result of the controlling.

8. A method as 1n claim 7, wherein the source of transier air
1s a dining room.

9. A method as 1n claim 3, further comprising transierring,
air from a dining space to make up at least a part of an exhaust
flow resulting from the controlling.
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