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A CONTROL STRATEGY FOR A VARIABLE AIR VOLUME SYSTEM

M. Zahee¡-uddinl and P. A' Gohz

Abstract

A multi-input, muld-output control strategy for a variablc air volumc systcm is

devcloped. Thc control variables a¡e the coil face and blpass dampcr opening fractions ald

the input energy rcquircd to run the chiller. The model outputs a¡e the zonc dry bulb

¡emperaturc and the relæivc humidity.

The overall model consists of sub-models for the zonc loads, thc cooling and

dehumidifying coil, the chiller and storage tank arrangement, a fan and ûss¡Ñistsd

ductwork. The model equations are described and the controller algorithms for

implcmentation afe given. In order to implement the control strat€gy thc steudy-statc

op¡imal values for supply air enthalpy and thc chilted water temperatgre Ítf€ rcquircd' A

method of computing these values is given. The operating performance of the vAV systcln

is illustrated using scveral simulated test cases. The results indicate that the conmrllcrs are

responding to changing loads in a stable and efficient manner. This is shown in ¡crms of

timc rcsponse cha¡acteristics of the conEollefs to a step change in load and as wcll ns to n

qpical daily load profile. In both cases, the control strategy is able to maintain thc zonc dry

bulb temperatrrc and relative humidity close to the set point values'
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A CONTROL STRATEGY FOR A VARIABLE AIR VOLUME SYSTEM

M. Zaheer-uddin and P. A. Goh

1. Introduction

Cennal heating, ventilating and ai¡ conditioning (HVAC) systems are broadly

classified into two categories, namely, constant volume (CV) systems and variable air
volume (VAV) systems [1]. Constant volume systems, as their name implies, supply

constant quantity of conditioned ai¡ to the space and the condition of thc supply ai¡ (dry

bulb tempcraturc and humidity ratio) is varied in response to the changing loads. Thus, the

CV systems a¡e well suited when the load cha¡acteristics of differcnt spaces are the same

(for examplc, single zonc systoms). On the othcr hand, since different spaces in large

buildings arc subjected to different loads at any given time, the single zone CV syst€ms can

not supply conditioned air at different temperatr¡res to suit the needs ofindividual zones.

Under these ci¡cumstances multi-zone CV systems a¡e used.

One draw back of the CV systems (single o¡ multi-zone) is that the fan energy

consumption remains the same irrespective of the zone loads. An alternative system which

provides the supply ai¡ to different zones according to their needs while at the same time

uses less fan cnergy at lo$, loads is known as VAV system. These systems are capable of

supplying varying quantities of air to different zones. Since the quantity of supply air is

proponional to the fan speed and fan power is proportional to cube of the speed, it is
evident that at low loads only low quantities of air are required and hcnce considerable

amount of fan energy could be saved-

Although VAV systems have definite advantages in reducing the operating costs,

they are also known to be diffrcult to control. One problem is that when the supply air

quantities are reduced in response to decreasing load, the relative humidiry of the air tends

to be high unless additional control actions a¡e taken. Furthermore, low ai¡ flow rates may

lead to thermal discomfort due to inadequate air movements and poor indoor air quality
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which could bc attributed to low ventilation rates. Undcr these ci¡cumstances the issue of

designing contnol strategies for VAV systems become quiæ imponanr

There have been some studies done concerning the control of VAV systems. For

example, reference 2 deals with the practical issues of the admining outdoor airindependent

of VAV fan dynamics. Designing and tuning of PI conrolleñ¡ to control the discharge air

temperarurc is discussed in [3,4,5]. Experimental studies on implementation of adaptive

controllers in ÍIVAC systems are discussed in reference 6. Bypass control and is effect on

humidity control in a conditioned space is studied in reference 7. However, these studies

deat with ai¡-side loop conrol problems. rWhat is not add¡essed though is the minimization

of chiller energy when the chiller is an integral part of the VAV system. In this paper' we

address the performance of a VAV system based on not only the control of supply air

conditions but also the enerry used by the chiller. Control strategies based on such dual

performance criterion will be superior.

In the following, the physical model of the VAV system used in this study \r'i[ be

described and mathematical models of the component systems and the overall system will

be developed (section 2). The control strategy will be developed in section 3.

Implementation of the conrol sEategy and the results obtained through comput€¡ simulation

n¡ns will bc presented in section 4. Conclusion $,ill b€ given in section 5.

2. The Model

Figure 1 shows the schematic diagram of the VAV system used in this study. The

major elements of the system are i) a single zone environmental space, ü) a cooling and

dehumidifying coil, iü) a chiller and a storage tank iv) face and bypass dampers, v) a fan

vi) ducrwork and vii) a feedback control system. The operation of VAV system can be

understood by tracing the path of air a¡ound the loop.

For example, the ai¡ from the zone rcn¡ms through the return duct, a portion of this

ai¡ is exhausted and the remaining ai¡ is mixed with the fresh outside air. This mixed air

which is hot and humid (considering cooling case) is cooled and dehumidifred in the

cooling coil. The cooling coil receives chilled water from the chiller and storage tank

arrangement shown in the figure. The ai¡ leaving the coil must be at appropriaæ conditions

(in terms of dry bulb temperature and humidity ratio) in order to satisfy the cooling load

requirements of the zone. Therefore, for a good control of zone air temperature and
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humidity ratio, the supply air conditions musr be continuously modulated. This is
accomplished by the feedback conrol sysrem (broken lines in Fig. l).

As shown in the hgure there are th¡ee control variables that can be varied in order to
improve the overall performance. For example, the quantity of supply air is controlled by
incrcasing or decreasing the fan speed. The condition of the ai¡ leaving the coil is controlled
through a combination of face and bypass damper serting and by controlling the
temperature of the chilled water flowing in the cooling coil. A thi¡d control action deals

with the rcgulation of input energy rcquired to run the chiller as a function of cooling load.

All these thrce control actions require feedback signals from the room thennostat
(T) and the humidity sensor (W). When the room temperature increases because of an

increase in cooling load, the difference between the setpoint and the actual values of the
outputs (temperature and humidity ratio) increases. This is known as crror which is fed
back to thc conrollers in order to iniriate the cont¡ol action. Typically in this case (that is
when the cooling load increases) i) the fan speed is inc¡eased to inq€ase the mass flow rate

of supply air ii) the bypass dampers are partially closed and hence thc face dampers are

opened so that a higher fraction of air passes through the cooling coil iiÐ the chiller energy
consumption is controlled such that it is just sufficient to meer the incre¿sed cooling load. It
must be noted that all three control actions are coupled in the sense thc action of one

influences the other. Therefore, the effect ofchanging loads on the overall performance of
the system must be carefully incorporated into the control strategy.

2.1 Analytic Formulation

If mu is the mass flow rate, h. and W, are the enthalpy and humidity ratio of the

supply air an enthalpy balance on a single zone environmental space (Fig. 2) is writæn

m. (h, - hr) = lç +l m* h* {au* (1)

where the rate of heat extracted from the supply air is equated to the sum of all sensible
loads (I gr), latent loads (I m* hry) and terminal reheat energy eaux added, if any.

Similarly, a moisture balance on the zone gives

mu (W, - \) = m,," (2)
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where the rate of moisturc removed from the supply air is equated to the moistr¡¡e load on

the zone. The enthalpy is related to dry bulb temperan¡re (Ð and humidiry ratio (tJ[). That

is

(3)h=Cpa T+W(hg+Cp"T).

In SI units Equation (3) may be approxirnated as

h =T+rü/ (2501+ 1.86Ð kJ/ce (4)

Equations (1) and (2) describc the energy and mass balance on rhe zone. However, as

shown in Fig. 1, thc condition of air is changing continuously while the ai¡ is circulated in
the ducrwork. For exemple, the enthalpy of the ai¡ must be computed i) just after the

exhaust air damper, ü) at the mixing box, iii) after the cooling and dehumidiffing coil and

iv) after the fan. rWhile the enthalpy i5 çsmputed at the above mcntioned points, allowance

must be made for heat gainV or losses all along úe ductwork. Therefore, it is evident that

models for i) cooling and dehumidifying coil, ü) thc fan and üi) the ductwork are rcquired

In the following, thcsc models are briefly dcscribed together with a model for the chiller.

2.1.1 Cooling and Dehumidifying Coil Model

The cooling coil model developed in reference 8 was used. For simplicity thc

steady-state version of the model is used in this snrdy. The cooling coil modeled is of
counter-snoss flow type with circula¡ fins on the tubes. The model is capable of simulating

different coil configurations such as varying the numbcr of rows of n¡bes and the number

of fins per unit length of n¡be. Given the inlet temperatue of the chilled water Tw and the

conditions of the ai¡ entering the coil, the leaving conditions of ai¡ from the coil a¡e

desctibed by the following equations.

dT.

Ë = - cl Cta- Tqo ), (5)

1Yr =-cu(wa-wt,o,rt)r (6)
dyL

dr;- õ(t -'t. ) (7)
-a*:=- Ca(fw'TLo),

Ttp=C¿ [T"+C5To,+C60V"-Wt,o,rt)], (8)
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and

whef€

The cocfñcicnts C1 to C6 are given by

wt osr = 7.93x10'3 + 3.lx10a Tao + 7.5x10t (t.o - $)2. (e)

(1 1)

4.o"Cl=

C2=

(10)

(r2)

(1s)

(13)

v5-
Ra (14)

v6-

\ Er,o"

E",o" tg

Le Cp Es,o,

These coefficients are functions of the air-side and water-side resistances (Ra, Rw),

efficiency of thc fin (E 5p"), mass flow rates of air (t") *d water (m*) and Lewis number

(Lc).

Equation (5) to (9) were solved for the temperature T" and humidity ratio W" of the

air leaving the coil. The chilled water temPeratr¡rc was obtained by solving the chiller and

storage tank model as follows.
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2.1.2 The Chiller and Storage Tank Model

If T* is the chilled water temperatr¡re and Ç is thc thermal capacity of the storage

tank, the enerry balance on the tank is wriren

^ dTo,
Ç Ë='Ul,n* a*, (T* - T*r) - U2Umax(COP) + U AwCI*- Tw ) (16)

where the rate of energy stored in the tank is equated to the energy withd¡awn from the

tank, the rate of energy extracted from the water and the hcat gains from the surroundings.

U¡ in Equation (16) is the mass flow ratc of chilled water supplied to thc cooling

coil and U2 is the input energy (control variable) to the chiller. The coefficient of
performance of the chiller was modcled as

CoP=P(1-1=&)' almax
(17)

where To is the sink temp€ratru€ and ÂT*o is the maximum temperanue differential the

chiller is designed to work with.

2.1.3 The Fan Model

The heat generated by the fan motor is part of the cooling load- Therefore, it must

bc added as sensible heat gain to the air. The fan model given in ¡efercnce 9 was uscd- The

heat delivered to the air is expressed as

Pr- = P*ø ( 1.53x10-3 + 5.2x10-3 PLR + l.u pLR2 - 0.116 pLR3) (18)

where

Suoplv air flow ratcñ?ñ

Rated flow rate of the fan
(1e)



2.1.4 The Duct Model

Although transient models for duct heat loss or gain are available [10]' a simple

static model was used. The heat loss or gain from the duct was exPfessed as

(huc¡=UA(Ta-T-) (20)

where T¿ is the air temperanue and T- is the temperan¡¡e of the surrounding air' Apart ftom

the models described above, a zone loads model is required in order to predict the sensible

and latent loads on the zone. For this purpose a model developed in a previous study [1 1]

!\,as used. This is a transient model and is capable of predicting the sum of all the sensible

heat loads (such as transmission loss, infiltration, solar and internal gains) and the latent

loads. For simplicity ouÞut fum the zone loads model [11] was used in this study' That

is, the loads I Q. and I m* hr" in Equation (1) were obtained from ttre zone loads model.

3.0 The Control StrategY

The control problem was broken down into two stages. First, the steady-state

optimal control strategy was found using the techniques described in a previous study [12]'

This steady-state optimal strategy was taken as reference and dynamic controllers of the

form of modiñed lag compensators were designed to implement the steady-state optimal

solution. We describe here the dynamic controller equations and a method of implementing

them.

For simplicity only two controllers were implement€d: namely, the settings for the

coil face and bypass dampers (US) afld the chiller input energy control (U) shown in Fig'

1. The controller equations were expressed as

uz(n+l)=AUz(n)+BK(n)tt+rf-T*(n)) QL)

where A and B a¡e sonstants, ti is Oe optimal chilled water tank temperan¡re and K is the

dynamic gain factor. These a¡e given by

227
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Q+ q
Ut'n*a* E '

Utmara,r(T* - T*r) + U Aw (Tv- T_ )

coP u2mar

T*=T, - (22)

(23)

and

K(n) =

similarly, the compensator algorithm for the coil face dampers was written

U3(n+1) = C U¡(n) + D L(n) t I +h? - hs(n) l
where

h! = [ Ts. *,yj( 2o5t + 1.86 Ts. )],

-r=T q
ls = lzset- ;;6 ,

vç' ='ü/""t- +* '

(24)

(2s)

Q6)

Q7)

(28)

(2e)

L(n) =
m" [h ,(n) - hr(n)l
Ut,noa*(T* - To,n)

The ai¡flow rates were computed a priori (it was assumed that an esrimatc of e, and e¡ are

available) and thus the rness flow rate of supply ai¡ was obtained from

Daset=
q +Q

(h rs"t - h.."t)

3.1 Implementation Methodotogy

In order to implement the control srrategy given by Equations (21) and (24), first
the steady-state oprimal values of h! and rf have to be calculated. one merhod of
computing these values is to base them on estimated average loads. Since the actual zone
loads a¡e likely to be different from the esdmated loads, the control algorithm tries to reduce
the error between h! and h' Ti and T,,r.

On the othe¡ hand in order to calculate h, and T*, the model equations describcd in
section 2have to be solved. It was found that time steps between 3 to 12 minutes were
adequate to ensure stable operation of the controllers.
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4.0 Results and Discussion

Several simulation tests were ca¡ried out to study the time resPonse characteristics

of the conuollers and as well as the typical daily operating performance. These ¡esuls will

be presented in two stages. First, the VAV system performance with only the face and

bypass damper controller (U¡) in place will be given. In the second stage, the second

controller (i.e, chiller input energy controller U, wiU b€ added and the overall performance

of the VAV system when both U2 and U3 controllers are working will be discussed'

Shown in Figures 3a, b, c is the transient response of the coil face and bypass

controller to a step input change in ttre total load (sum of the sensible and latent loads). The

zone seçoint temperah¡r€ was 23.8 C dry bulb (75 Ð and the relative humidity was set at

SoVo.Itmay be noted from the figures 3a, b, c that as soon as the load is increased thc

controllcr opens the coil face dampers (Fig. 3a) and as a result the zote ut temperature

begins to dccrease rapidly fust (Fig. 3b) and gradually settles to a value close to the

setpoint. The ¡elative humidity as shown in Fig. 3c has settled to about 407o which is of

cou¡se is less than the setpoint value. This is becausc of the æmperature of the chilled watcr

flowing in the coil which was set at a constant value corresponding to the maximum load.

This has the effect of dehumidifying the supply air and thus the humidity level falls.

However, a 4¡O7o relative þrmifi¡y is still within the comfort zone. Also note that, the

steady-state time of the controller seems to be about 30 minutes (from Fig. 3b the time

required to reach within in t|Vo of. the final value). This can bc decreased somewhat by

fine tuning the controller.

Figure 4a,b, c show the typical daily operating perfomtance of the vAV system

when only the face and bypass controller is working. The load profile for this day is shown

in Fig¡rc 5. It may 'oe noted from Figure 4b that the zone temperatur€ is maintained close þ
the seçoint, however, the relative humidity is low during the peak load (berween houn 9

to lg as in Fig. 4b). The r€ason for this as pointed out earlier is that the temperature of the

chiled water was assumed constant. This problem can be overcome by implementing the

second controller (U2) which can vary the chilled v/ater temperatufe in response to the load

va¡iations. Also to note from Figure 4a is the fact that the face damper setting (U¡) is

changing rapidly between 0 to 5 hours. This is anributed to the fact that the initial

temperature of air was assumed arbitrarily which is likely to cause a large error benreen the

zone air temperature and the seçoint. The controller therefore r€acts to this large initial

error as a result of which its response seems to be somewhat oscillatory' In terms of

absolute values the temperature va¡iation during this time is about t 0'5 C which is not

un¡easonable.
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The VAV system perfonnance can be furttrer improved by implementing the second
connoller (u/ for the chiller. In the following, the combined response of u2 and u3
conrollers to changing loads will be discussed.

Figure 6a, b, c show the combined response of u2 and u3 controllers to a step
change in load. Figure 6a shows that while the face damper opening fraction increases
rapidly in response to the road, the chiller input energy is decreasing, suggesting that the
chilled water from the storage tank is sufficiently low in temperature that it can be used
directly in the coil while operating the chiller at very low levels to replenish the tank. The
zone temperature is maintained very nearly at the setpoint (Fig. 6b). As far as rhe zone
relative humidity is concerned the combined response of u2 and u3 has improved this
value from aboût 4ovo as shown in Fig. 3c (when only u3 was operating) to about 47vo as
shown in Fig. 6c (when both u2 and u3 are operating). This is a significant improvemenr
given the fact that good humidity control is difficult to achieve in vAV sysrems.

Finally, the typical daily performance of the vAV sysrem with both u2 and u3
controllers operating simurtaneously is shown in Fig. 7a, b, c. The first thing to note from
Fig. 7a is the fact that the chiller input energy increases during the peak hours (9 to lg h)
which is consistent with the load. The zone air remperature (Fig. 7b) and the relative
hllmirlitv /F'io 7¡\ oø 'ñ^i-r^r-^Ã ^t^-- ,- ,t
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It must be pointed out here that the rcsponse of the controllers can be improved

somewhat by fine tuning the parameters A, B, C and D in Equations (21) and, (24).

However, care must be taken to avoid oscillatory response which is likely to occur during

sudden changes in loads. It was found that when the load va¡iation is gradual, a value of A
= B = 0.5 is satisfactory. On the other hand for rapidly changing loads, the magnitude of B

has to be reduced while that of A has to be increased with A+B = 1.0. The same guide lines

may be followed for choosing proper values of C and D.

5. Conclusions

A simple, implemcnuble control strategy for a VAV system was dcveloped based

on two imputant considerations. It is assumed that an esti¡nate of zone loads is available or
can be prcdicted, and the steady-state optimal values for the refer€nce inputs are

pr€computed based on the predicted loads. The implementation of the control strategy was

achieved by developing a modified lag compensator which possess the capabilities of
reducing the error between the steady-state optimal reference values (h! and Tf ) and the

actual values h, and T*.

The time response cha¡acteristics of the controllers indicate that the control strategy

is able to respond to the changing loads quickly and efflrciently. This is evident from the

fact that the interaction between the air-side (U3) and the water-side (U) controllers is

stable and thei¡ combined connol action is such that the zone temperature and relative

humidiry a¡e mainained close to the seçointvalues.
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