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INTRODUCTION

Vaziable-sir-volume (VAV) air-conditioning systems control
the air temperatures inside a multi-zone building by varying
the amount of air flowing into the zones. Fig. 1 shows a typical

_V@.V system used in comchi;lhbu.ildiqg which requires only

cooling to mect thc thermal loads resuitin_; from occupancy,
lighting and ;quipment. As the zone tqmi;eraturu rise, the
dampers in the terminal boxes open to allow more cold air
into the zones, 80 as to maintain the zone temperatures at
their set-points. When the dampers in the terminal boxes
open, the static pressure in the supply duct drops, and the
control system increases the speed of the supply fan in order
to maintain the pressure. The apposite occurs when terminal

boxea are closed.

May (3) describes a number of control algorithms which
have been proposed for difforant types of VAV systems. In
conventional VAV systems, both the chilled water supplied to
the cooling-coil and the temperature of the cold air dalivered
by the central air-handling plant- are maintained at constant
temperatures. In more sophisticated systems, a load analyser

zone with the greatest cooling'demand. The design of the load
analysefis often baskd on hetristics and Is usually in the form
of filin-mix seléctotlogle. Noiford et 8¥ () eximine the effécts
of varyihg the supply-air tsmperature’od (Hé ‘energy ubed by
a VAV system. : i :

M ay et 3l (4).compaye the eneIgy Wption when
using diffexent coptrol strategies. The cost of operating the
VAV system is the sum of the cost of providing sufficient .
air flow and the cost of lowering the supply-air temperature,
Normally, the cooling-coil’s valve is used to adjust the Bow
“rate of chilled-water through thé coil to maintain the desired
supply-air temperature (pay-c ing}. Alternatively, when the
- outdoor temperature is cooler than the temperature of the
air returned from the building, the mixing-box is used to
adjust the propartions of the outdoor and return air streams
to achieve the required kemperature (free-cooling). The cost of
using mixed-air is negligible comparcdte the cost of operating
the fan and the chiller which generates the cold water for the
cooling-coil. The total cost of operating the YAV system must
be considered when some pay-cooling is needed in addition to
the available ftee-i:ooling. There is an ‘optimal ‘combination
of supply-air tefuperature and. supply-air flow rate that will

ia employed ¢ itor the Ioad varjations in th d Y o
1n employ o. i R Jn e zon.es an minimise the cost of operating the VAV plant for a given
vary the set-point of the supply air temperature to satisfy the B . e .
cooling demand in the building.
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Figure 1: A multi-zone variable-air volume sysiem.
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This paper explains how a constrained predictive control
algorithm, that ‘was developed by Ling (1) to control multi-
input plant, can be used to minimise the cost of operating a
multi-zone VAV system.

CONSTRAINED PREDICTIVE CONTROL
Plant modelling

Although the behaviour of the plant is nonlinear, previous
work by Ling and Dexter (2) has shown that (i) a linearised
process model can be used in the design of the controller if
safety factors are introduced to account for the nonlinearities
(ii) the short term dynamic response of the zone teraperatures
to changes in the control variables can be approximated by
that of a first order plus time-delay transfer function. For the
two-zone system considered in this paper, the following locally
linearised tranafer function model of the plant is used:
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where G,1 and (G,; are the incremental gains of the zone
terminal boxes and G and Gy are the incremental gains of
the cooling-coil and mixing-box in the central air-handling
plant respectively.

The variables T3, w, M, u. and uyg represent the zone air
temnperature, the set-point, the air flow rate into the zones
and the control signal to the cooling-coil and mixing-box
respectively. The air flow rates into the individual zones can
be used as control inputs because most VAV systems have
pressure independent terminal boxes which are equipped with
local flow controllers.

Controller design

The cost function of the controller includes terms which relate
to the power consumption of the different components of
the air-conditioning plant and to the cost of unsatisfactory
regulation of the zone temperatures. The cost of operating
the chiller is a monotonically increasing function of the water
flow rate through the coil and therefore of the control signal
to the valve's actnator. The cost of operating the fan is
similarly a monotonically increasing function of the total air
flow rate through the fan. The cost of opcrating the mixing
box is negligible. For Lthe two zone system, the following cost
function is used by the predictive controller:
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The weights A; and Az can be chosen to reflect the different
costs of operating the chiller and the fan. The magnitudes
of the weights must be small if significant offset errars are to
be avoided and their ratio should depend on the operating
conditions. For example, if the nutdoor temperature is lower
than the indoor temperature, a small value of %e- could
be selected so that the controller will minimise the cost of
operating the chiller by maximising the use of free cooling.
Conversely, if the outdoor temperature is higher than the
indoor temperature, a large value of %could be used to
minimise the cost of operating the fan,

Operating constraints

There are several constraints that have to be met while
operating the central air-handling unit and the terminal boxes.
A minimum air flow is required in each zone to ensure
d air distribution and ventilation, and the sum of

the air flow in each zone must not exceed the capacity of
the supply fan. The motor driven actuators attached to the
valves and dampers also have amplitude and rate limits. The

operating constraints ed in this ple are

® Minimum and design air flow in each zone:
0.145 < my <0.289  ‘kg/s

0.145 <ma < 0.289  kg/s
® Supply-fan capacity limit:
7y + g < 0462  kg/s

© Amplitude and rate limits on cooling-coil and mixing-
box control signals:

00<u.<1.0
01 S Ug S 10
~h/65 < Au, < h/65

~h/100 < Aug < h/100

where the controller sampling interval h is chosen to be 30
seconds.



The predictive controller uses Fletcher's active set algorithm
to determine optirhal values for the control signals. The
control horizen Ny, and the prediction horizon N2 are set at
the default values of 1 and 10 respectively to provide robust
and stable control (2).

The algorithm is applied to a detailed simulationof a t
system to evaluate the validity of the approach. A simulation
program developed by Park et al (6) is used to simul

Minimising operating cost aceording to plant
operating conditions

Y

‘Figure'3 illustratos the behaviour.of the plant on a day when
‘the outdoor'temperature xises. above the indeor temperature
“for the; latter patt-of the dayi: The controller mohitors the

indvoriand sutdoor & and 2 tically switcleen
the nuxing-box to mhuxmmnuunik air when ‘the outdoor

the behaviour of the two-zone system. Ideal control of fan
static pressure is assumed and the two zones are subjected to
different thermal loads based on weather data collected on a
summer day in the United Kingd The temp e set-
points for both of the zones are 22°C.

Effect of control weightings on operating cost

The correct ratio %‘ can only be calculated if the true cost
of operating the fan and the chiller are known. However, the
operating costs are a complex function of the plant design and
will vary with the operating conditions. Table 1 shows the
effect of using different values of %f on the cost of operating
the plant when the outdoor ternperature is held constant at
18°C. The results show that the total energy consumed by
the plant i u almost constant for both very small and very large
values of —3 , and increases as the value of % increases.

temperature exceeds-the indoor température. At:ihe ssme
time, the contraller changes'the: value of %f-?quvoel to'ifs0
as to minimise the total air flow rate supplied by thefan. After
the switch has occurred, the controller reduces the air Row into
the sone which has the lowest cooling demand to its lower
limit, decreases the supply-air temperature, and Dbttt
the air flow rate into the zone which has the greateat cooling

dermand.
I Normalised | Normaslised 1 Nermlieed
1
. Fan Energy Cl’uller Energy | Total Energy
Switched 1.00 1.00° 100
Constant 1.47 1.07 110

Tabie'2: Effect of m:mmmng air flow rate when out-
door temperature is higher thin indoor temperature.

Table 2 compares the energy comumed using thu strategy

Table 1: Effect of different weightings on operating
cost when the zone lemperature is greater than the
outside lemperature.

Operation of the plant at low outdoor tem-
peratures

Figure 2 shows the behaviour of the plant on a day when
the outdoor t ture is always at least 1°C lower than

the indoor temperature, The value of i‘l = 0.1is ch

%? Normalised Norsadieed Normalised with that when the value of -—3 0 1 is used throughout
) the course of the day. Again, t.he vahies presentedin the table

Fan Energy | Chiller Encrgy | Total Energy have been normalised for ease of comparison. In this sxample,

0.0 1.00 100 1.00 ings of about 10% have been made by varying the vplue of

0.1 0.96 1.06 1.02 Az . .

0.5 0.75 1.40 1.11 A '

1.0 0.70 ' 1.49 1.13

5.0 0.67 1.54 114 CONCLUSIONS

10.0 0.67 1.54 1.14

A constrained predictive control algorithin has been success-
fully applied to a simulated, two-zone, VAV air-conditioning
system. The design of the controller requires minimal
modelling effort and is based on available prior knowledge.
The controller varies both the supply-air temperature and the
air flow rates into the zones to maintain the temperatures of
the zones at their set-points. Depending on the operating
conditions, the weights in the cost function are adjusted
automatically so as to reduce the total cost of operating
the plant. Ad hoc supervisory control logic is avoided and
constraints arising when operating the plant are includedin a

50 that the controller will maximise the total air flow rate
into the zones while maintaining the zone temperatures close
to their set-points. The results show that the mixing-box is
alwaya providing 100% outdour air and the fan is operating
at its maximum capacity for most of the day. The controller
successfully adjusts both the supply-air temperature and air
flow rates into the zones to meet the cooling demands without
violating the aperating constraints.

A distributed impl ation of the i sch is now
being developed that could be used on air-conditioning
systems in buildings with a large number of zones. The use of
a rule-based supervisor (2), which monitors the performance
of the control system and adjusts the zone temperature set-
pointa to further reduce the operating costs, is also under
investigation.
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Figure 2: Constrained predictive conirol of a two zome bnldmy whenthe outdoor tcmgcmtm
remains below the zone temperaiure.
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Figure 3: Control performance when the outdoor temperature rises gbove the indoor temperalure
during the lgtier part of the day.



