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Abstract 

Dynamic models are developed to simulate the thermal, hydraulic, environmental and mechanic characteristics and energy 
performance of a building and VAV air-conditioning system under the control of EMCS. Three on-line supervisory strategies and 
programs based on integrated EMCS stations are developed to optimise the VAV static pressure set-point, AHU outlet air 
temperature set-point and outdoor ventilation air flow set-point, The strategies and programs are commissioned and evaluated under 
the simulated ‘real-life’ environment. This paper presents the dynamic models, the control strategies and the simulation exercises for 
commissioning and evaluation of the strategies. 0 1999 Elsevier Science Ltd. All rights reserved. 

Nomenclature 

.4 area (m’) 

C CO, concentration (ppm) 

c. cp specific heat, specific heat of air (kJ/kg K) 

C2 pollutant concentration (ppm) 

CS strength of CO* source (1 0p6m3/s) 
DP differential pressure (Pa) 
G humidity (kg/kg) 

GS strength of humidity source (kg/s) 

H damper position (0- 1) 
h convection coefficient (kW/m3K) 
L distance (m) 
.I4 mass of air (kg) 
III mass flow rate (kg/s) 
.Y number of occupants 
P pressure (Pa) 
PS strength of pollutant source (1O-6 m’/s) 
Q heat load (kW) 
R heat resistance (K/kW) 

T temperature (K) 
II velocity (m/s) 
V volume (m’) 
1’ volume flow rate (m’/s) 
II., specific mass of air (kg/m?) 

Subscripts and superscripts 

abs absorbed 

*Tel.: 00852 27665859; fax: 00852 27746146; e-mail: beswwang@j 
polyu.edu.hk 

amb ambient 
CAV CAV 
exf exfiltration 
exh exhaust 
fh outdoor air 
fut furniture 
inf infiltration 
leak leakage 
out outside 
P occupants 
R room (or space) 
rtn return air 
s supply air 
SA ‘sol-air’ 
VAV VAV 
wi wall inside 
win window 
zone occupied zone 

1. Introduction 

Dynamic simulation of HVAC system provides a con- 
venient and low cost tool in testing, commissioning and 
evaluating HVAC system control strategies or the control 
programs implemented in Energy Management and Con- 
trol Systems (EMCS) [I, 21. Dynamic models, which are 
convenient to use and well represent the dynamic charac- 
teristics in all the aspects of concern, are the basis for 
practical applications. 

Recently, many researchers have focused on dynamic 
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modelling and simulation of HVAC systems. Studies on 
the VAV air-conditioning system dynamic modelling and 
simulation for control applications are also being conduc- 
ted. A transient model of a two zone VAV (variable air 
volume) is developed by Zaheer-Uddin and Zhen [3]. The 
building and VAV air-conditioning system is simulated 
by House and Smith as a test facility for studying the 
optimal control [4]. The programs such as TRNSYS, 
DOE-2, HVACSlM+, etc., also provide models to simu- 
late VAV air-conditioning systems [5-71. Two VAV sys- 
tem dynamic simulation packages were developed in the 
framework of emulation exercises within IEA (BCS) 
Annex 17 to evaluate the control strategies in real EMCS 
[I]. However, those models focus on simulating the ther- 
mal dynamic and energy characteristics. 

simulation exercises were conducted. In the first exercise, 
the programs and strategies are commissioned and tuned. 
The second exercise is an exercise to test and evaluate on- 
line performance of the control strategies. The strategies 
were evaluated under four different weather conditions 
selected from different seasons in Hong Kong. 

2. Building and VAV system 

When the on-line control performance of supervisory 
and local control strategies are of concern in order to test, 
evaluate and commission the strategies under simulated 
‘real-life’ conditions, the realistic characteristics of air 
flow-pressure balance needs to be incorporated into the 
system simulation. The real-life environmental behaviour 
of the system also needs to be incorporated into the 
system simulation due to the increasing concern on the 
effects of control strategies on indoor environment. This 
was not sufficiently addressed in the past although there 
are studies [8] conducted to study the environmental con- 
trol strategies using simulation method. The simulation 
test of on-line supervisory strategies implemented in inte- 
grated digital stations of EMCS also requires the simu- 
lation of the integrated VAV system of large scale. 

The building is a forty-six storey commercial building 
located in Hong Kong. The floor under study is an open 
plan office of about 2300 square meters usable floor area. 
Two central air handling units (AHU) serve the floor. 
Each serves half of the floor. One AHU consists of a 
VAV system and a CAV system. There are forty VAV 
dampers and over a hundred air diffusers associated with 
one AHU. The design air flow rates of the VAV system 
and CAV system are 6 m3/s and 1.4 m3/s, respectively. 
The design VAV supply fan pressure at the location of 
pressure sensor is 650 Pa. 

One AHUjVAV system and their associated buildings 
are simulated to test the control, energy performances 
and indoor air quality of the VAV system under the 
control of on-line optimal strategies implemented in 
EMCS. The office simulated has a floor area of 1166 m’. 
It is air-conditioned using VAV and CAV systems. The 
perimeter zones orientating north are equipped with CAV 
terminals beside VAV terminals, and the others are equip- 
ped with VAV terminals only. 

In this study, dynamic models of building and VAV 
air-conditioning systems, which incorporate the thermal, 
hydraulic, environmental (i.e. CO, and pollutant) and 
mechanic characteristics and energy performance, are 
developed to simulate the system controlled by strategies 
implemented in EMCS using a model-based program. 

On-line control strategies for optimising the VAV static 
pressure set-point, AHU (air handling unit) outlet air 
temperature set-point and the outdoor ventilation air 
flow set-point are developed. The VAV static pressure 
set-point optimisation strategy minimises the pressure 
set-point while sufficient air flow to individual VAV ter- 
minals is provided. The temperature optimisation strat- 
egy resets the temperature set-point to ensure that 
insufficient ventilation in individual zone is avoided 
whilst the effects on energy and space temperature control 
are incorporated. The outdoor air ventilation flow set- 
point supervisory strategy consists in a demanded ven- 
tilation control strategy according to the revised ASH- 
RAE standard 62-198913 [9] supported by a dynamic 
occupancy detection approach based on CO, measure- 
ment and an enthalpy control strategy. 

The floor area is divided into eight zones when simu- 
lating the office floor. Six of the zones are perimeter zones 
and the other two are interior zones. The area and air 
volume of the zones are shown in Fig. 1. A schematic 
of the air-conditioning system serving the office floor is 
presented in Fig. 2. The chilled water flow rates of the 
cooling coils are moderated to control the coil outlet air 
temperature. Two variable blade angle fans are equipped 
as VAV supply fan and return fan, respectively. The CAV 
supply fan is a constant fan. The pitch angle of the VAV 
supply (axial) fan is moderated to control the supply air 
static pressure. The return (axial) fan is controlled to 
control the exfiltration flow rate in order to maintain 
positive pressure in the building. It is achieved by con- 
trolling the difference between the total supply and return 
air flow rates within the upper and lower limits by mod- 
erating the pitch angle of the return fan. 

3. System component models 

3.1. Simpkjied building model 

The realistic models of VAV system local DDC con- A simplified building model simulates the dynamic bal- 

trols and the supervisory control strategies implemented ance of energy, moisture, CO2 and a pollutant, which is 
in the integrated digital stations of EMCS are developed suitable for testing the control, energy and environmental 

and incorporated into the VAV system simulation. Two performances of on-line local and supervisory control 
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Fig. 1, Selection of zones of simulated floor. 
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Fig. 2. Schematic of Air Handling Unit (AHU) and pressure measurement points. 

strategies. It is developed on the basis of the concept of 
the building model developed in the IEA Annex 10 and 
17 [ 10, Ill. The modelling of CO2 and another pollutant 
aims at simulating the occupant and non-occupant gen- 
erated pollutants although both can be used to simulate 

any type of pollutants if the relevant generation sources 
are properly modified. 

The model represents the open plan office floor by a 
network of thermal resistance, thermal capacitance and 
air volume. Figure 3 illustrates the principle of the 
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Air exchange rate of two zones 
Exfiltration or infiltration flow rate 
Capacitance of air 
Capacitance of floor 
Capacitance of internal structure 
Capacrtance of heavy structure 
Occupant heat gain 
Equipment t light heat gain 

Qtrm 
Rfl 
RfUi 
R.SI 
Rso 
RWlll 
TSZI 

Transmission solar heat gain 
Resistance of floor 
Resistance of internal structure 
Resistance of heavy structure connecting msrde 
Resistance of heavy structure connecting outside 
Resistance of windows 
Equivalent “sol-air” outdoor temperature of 
perimeter zones 

Fig. 3. Illustration of building thermal model 

dynamic energy balance of the open plan office divided 
with the multiple spaces or air volumes. Each space is 
considered as a node of well mixed air volume with uni- 
form temperature, moisture, CO, and pollutant con- 
centration. The connections between zones are the air 
mass exchanges caused by air flow. The external wall of 
each zone is represented by a node of thermal capacitance 
and resistance linking the zone with outside. The external 
walls of a zone are categorised to be heavy wall and light 
wall. An external wall is considered to be a heavy wall 
when the thermal capacitance is relatively large and 
affects the heat transfer to the zone significantly. On the 
contrary, it is considered to be a light wall. The thermal 
capacitance of heavy external walls is represented by a 
thermal capacitance, while the thermal capacitance of 
light external walls is neglected and only their resistance 
is considered. The internal structure and furniture in each 
zone are represented by a node of thermal capacitance 
connected to the zone through a thermal resistance. 

The model uses a simplified method to compute the 
heat load of solar radiation absorbed by the external 

walls by means of an equivalent ‘sol-air’ temperature. 
The ‘sol-air’ temperature is defined here as an equivalent 
temperature, which takes account of the effect of the solar 
radiation absorbed by building external walls (including 
absorbency and emission) as the effect of increment of 
outside air temperature to building. The solar heat gain 
transmitted through the windows is added directly to the 
node of the internal structure and furniture of a relevant 
zone. It is firstly absorbed by internal structures and 
furniture, and then released to the zone air due to the 
temperature difference. It is modified from the con- 
ventional definition of the ‘sol-air’ temperature [lo], 
which is used in the building model of IEA Annex 10 and 
17. 

Each zone node employs four ordinary differential 
equations describing the balance of energy, moisture, 
CO1 and non-occupant generated pollutant. The dynamic 
balances of an occupied zone i (i = 1,2, . . . ,8) are shown 
in eqns (l)-(4). Since the occupied zones fully use double 
layer glass as external walls with relatively low thermal 
capacitance, only the resistance is considered in the model 
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and the thermal capacitance is neglected. The external 
wall of the plenum employed concrete structure. Both 

thermal capacitance and resistance are considered. 

M,c, $ = Qi+ mvAv,cCp(TvAv - T) 

+ ~cAv,F~(TcAv - T) + minf,iCp(Tamb- 7;) -mexf,rcpT 

TWi-T 
+ cm,,cp(T, - TJ + e + 

c1l 

I WI.I 

q;-T I Tsg--T, 

fut,r wm,, 

dG, 
Mjz = GSi+mvAv,, (GVAV - Gi) + RAV,,(GCAV - G,) 

+ minf,i(Gamb - GO - mexf,,G, + c m&G,- G,) (2) 

dc, viz = CS,+UV*V,i (C”,” - c,> + VCAV.SGAV - Ci> 

+ ~,,f,r(Gnb - c;)-v~~f.ici+~v,~cj-c3 C3) 

v dC2, 
~ = psi+ vvAv,i(c2”*” 

’ dt 
- CT) + v,A”,,(c&.4” - a) 

+ Uinf.i(C2amb - C2i) - V,xf.iC2, + C V,(C2j- C2i) (4) 

Where, T, G, C and C2 are the space air temperature, 
humidity, CO, and pollutant concentrations, respec- 
tively. Q, GS, CS and PS are the total internal heat, 
moisture, CO, and pollutant generation rates, respec- 
tively, in a zone. M and I/ are the total air mass and 
volume, respectively, in a zone. m and v are the mass and 
volume flow rates. R,, is the thermal resistance of external 
wall node in connection to the indoor air node of a zone. 
Rfu, is the thermal resistance of internal structure and 
furniture node in connection to indoor air node of a 

zone. R,,, is the thermal resistance of indoor air node 
in connection to outside. The values of infiltration and 
exfiltration flow rates are positive only and they cannot 
have nonzero values in the same time. 

The equivalent ‘sol-air’ temperature of a zone is defined 
as the equilibrium temperature of the zone internal node 
when the solar radiation absorbed by building external 
walls is the only heat sources of the zone (i.e. internal 
heat load and other external heat load are zero) and when 
the zone is isolated from other zones. The equivalent ‘sol- 
air’ temperature of a zone (TSA) can be calculated by 
summarising the equivalent ‘sol-air’ temperatures of all 
the external walls of the zone using equation (5). The 
equivalent ‘sol-air’ temperature of an external wall (TSA,,) 

is defined in equation (6). 

m TsA., c- 
!=I Ri 

TSA = (5) 

T SA,r = Tout + + Qabs (6) 
1 O”Ll 

Where, R, is the overall heat transfer resistance of an 
external wall, Aiis the area of a wall, h,,,,, is the convection 
coefficient of a wall on the external surface, Qabs is the 
rate of heat absorbed by an external wall. Cinf is the 
capacity flow rate of infiltration air to the zone. 

The air exchange rate between zones, mi, (or VJ is 
affected by the velocity of the supply air, the difference 
between the air temperatures in the zones, the size of the 
zone and other factors (such as the effect of walking of 
occupancy). In this building model, a mean air velocity 
of each zone is introduced to evaluate air exchange rate 
[12, 131. The air mass exchange rate between any other 
neighbour is computed using eqn (7). The mean air vel- 
ocity (uJ consists of two parts: one (ui,, and u,,~) con- 
sidering the effects of the supply air flow rate and another 
(uZ.,,) considering the effects of the natural convection 
caused by the temperature difference. 

m, = paAvuq = paA 
ul,i+uIJ 

2 
+ u2.4 (7) 

u2.9 = iJ (9) 

Where, L is the distance between the outlet of supply air 
and the inlet of return air, Mi is the air mass of a zone, 
M,,,i is total supply air mass flow rate of A/C system to 
the zone, T, and Tj are the air temperature of the zones, 
pa is the air density, and 5 is a coefficient depending on 
the geometry of a zone [14]. 

3.2. System pressure--ow balance 

A model is developed to simulate the pressure-flow 
balance of the building and air-conditioning system. The 
model is illustrated in Fig. 4. The effects of air velocity 
and wind effect on the system pressure-flow balance is 
neglected. 

The flow resistances of the VAV and CAV filters and 
cooling coils are considered to be constant. The constant 
flow resistance before VAV pressure sensor represents 
the resistance of the air attenuator and duct before the 
sensor. The resistance of the air duct after the VAV 
pressure sensor is considered to be constant. The constant 
CAV duct flow resistance represents the flow resistance 
of the CAV air attenuator and duct. The flow resistances 
of the CAV terminals and diffusers are considered to be 
constant. The resistances of VAV terminals and diffusers 
are variables, which depend on the positions of the VAV 
dampers. The pressure in the entire occupied space is 
considered to be uniform when simulating the system 



686 S. Wang / Building and Em~ironment 34 11999) 681-705 

Outdoor AK 
Duct before Sensor 

Return Duct 

Fig. 4. Schematic of system pressure-flow balance model. 

pressure-flow balance. The air leakage through the build- 
ing envelop is computed by assuming a constant flow 
resistance linking the occupied space to outside. The flow 
resistance of return duct is considered to be constant. The 
resistances of the outdoor air, recycle air and exhaust air 
dampers vary according to the positions of the dampers. 

The static pressure-flow characteristics of the VAV 
supply fan, CAV supply fan and return fan are simulated 
by separate models. The pressure flow balance com- 
putation is based on the air mass conservation and pres- 
sure balance. The air mass balance of the system is shown 
in eqns (IO)-(12). The pressure balance of the system is 
shown in eqn (13)-( 15). The pressure drop on each flow 
resistance (i.e. component) is represented by eqn (16). 

m SW = msup,VAV + msup,CAV = IfI mVAV,,f i IyICAV,! (10) 
,=, i= I 

m rtn = msup - mexf (11) 

m ret = mrtn - mexh = msup - mout (12) 

Dpfan.V~V - DP~~,VAV - DPmt --PM - DPVAV 

= P,,,, - P,,, (13) 

DPfan.~~v - DPWAV - DPd,c~v - DPCAV = pm --mm 

(14) 

DPr,,.,t, - DPd.rtn - DP,,, = P,,, - P,,,, (15) 

DP; = R,. IzI,~ * v, (16) 

Tests show that serious convergence difficulty exists in 

the iteration process when simulating the air system living 
pressure-flow balance by adding the component flow 
characteristics directly into the corresponding thermal 
performance models using the component based simu- 
lation programs designed for building thermal per- 
formance simulation. Therefore, one single component 
model is used in the study to simulate the system pressure- 
flow balance in order to avoid the problems of conver- 
gence. The iteration process of the system pressure-flow 
balance controlled by DDC is illustrated in Fig. 5. 

Providing the resistance of the system components, 
duct, damper and the delivery static pressure head of 
three fans, the system pressure-flow balance model com- 
putes the flow rates and pressure at different locations of 
the system. When simulating the pressure-flow balance 
at each simulation step, iteration of three fan delivery 
pressure heads and air flow rate through the fans takes 
place until they are converged. The damper models and 
control models are not involved in the iteration of system 

pressure-flow balance computation at a simulation step. 
The controllers will update the control according to the 
change of the controlled pressure and flow rates. These 
control actions will change the fan curve due to the 
change of pitch angle and the resistances of the relevant 
dampers. But these changes affect the pressure-flow bal- 
ance of following steps only and do not affect the iteration 
process of the current simulation step. The fan charac- 
teristics and damper resistance are unchanged during the 
iteration when simulating the pressure-flow balance at a 
simulation step. 
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Return ‘Fan 

Damper Resistance 

Fig. 5. Illua itration of iteration proces! 5 for system pressure-flow balance simula rtion 

The flow resistance of an individual damper at certain 
damper position (H) is calculated using Legg’s exponent- 
ial correlation [ 151. The air flow (u,,,) passing through a 
damper at nominal pressure head is calculated using eqns 
( 17) and (18) for damper with opposed blades and parallel 
blades, respectively. The flow resistance (R) is then cal- 
culated according to eqn (19). 

1‘ ““Ill = (1 _H).v,,,k+H.e4.725’(H~‘) (17) 

1 = (1 -H)*Oleak+H*e 3 789.(H- I) 
“Olll (18) 

(19) 

3.3. Duct model 

A duct model is developed to simulate the heat loss 
through duct wall, dynamic effects of the duct wall and 
the effects of transfer delay on temperature, moisture, 
CO, and the pollutant. A duct is divided into a number 
of sections considering the duct length and the velocity 
range of the air flowing inside. The process of the air 
flowing in the duct at a simulation step is assumed con- 
sisting of three separate ‘sub-processes’: moving of the 
air segments; mixing of air within individual sections and 
the heat exchange with outside through duct wall. 

The air segments are assumed to reach their end pos- 

Flow Rates and Pressure 
at Various Locations 

Rbn, hi, R~EI 
Rbn, Rbsz, Rasz 

Sensor 

Actuator 

itions of the step within infinitesimal time. After the air 
segments have reached their end positions of the step, the 
air within one duct section is mixed within infinitesimal 
time. The new temperature, moisture content CO2 and 
pollutant concentrations within each duct section are 
computed assuming perfect mixing. A dynamic heat exch- 
ange process then takes place between the air with each 
section and the environment through the wall of relevant 
sections. This heat exchange process wholly occupies the 
time of a simulation step. The new air segments trans- 
ferring in the next simulation step is the air volume within 
individual zone sections after the heat exchange process. 
The heat exchange of the duct wall along the air flow 
direction is neglected. 

The duct outlet temperature, moisture content, CO2 
and pollutant concentrations are that of the well mixed 
air volume of the air segments leaving the duct at a 
simulation step. The heat exchange process is illustrated 
in Fig. 6. The heat exchange of an air segment between 
two simulation steps is represented by two differential 
equations as follows. The initial air temperature of a 
section is the temperature of the well mixed air in the 
section. The initial duct temperature of a section is the 
duct temperature at the end of heat exchange in the 
previous step. 

c, d71,,, Tn., - Ta., - = 
‘,’ dt RI.! 

(20) 
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Fig. 6. Schematic of duct thermal model. 

(21) 

To simulate an axial fan, the state of the fan is rep- 
resented by three normalised variables (cp, t, 2) [16] rep- 
resenting the air volume flow rate, fan total pressure rise 
and fan absorbed power, respectively, as shown in eqns 
(22)-(24). 

4 * L’, 
cp= z2.D’.N 

(22) 

l= 
2 * PT,, 

pa * (n - D * IV)’ 
(23) 

(24) 

The fan performance law is fitted by a polynomial of two- 
variables of normalised air flow rate (cp) and fan pitch 
angle (0) as eqns (25) and (26). The steady-state pressure 
rise of the fan is obtained from the fan total pressure rise 
using eqn (27). The fan motor power input ( WmOt), using 
eqn (28) is obtained from the fan absorbed power (IV,,) 
and the efficiencies of the fan and motor (qfan, q,,,), which 
are affected by the fan power. 

DPf,, = PT,Bn - P,,, * 

(25) 

(26) 

(27) 

(28) 

3.5. Cooling coil 

A dynamic model is developed to simulate the cooling 
coil, which is the same model used in the study presented 
in refs [2, 171. The model includes a steady-state approach 

and a dynamic approach. A first order differential equa- 
tion is used to represent the dynamics of a coil with 
lumped thermal mass. The dynamic equation on the basis 
of energy balance ensures that the energy is conserved. 

dt, t,,,, - t, f, - t,.,, 
Ccdz=--- R, R2 

(29) 

Where, t, is the mean temperature of coil, t,,,, and t,,,, 
are the inlet air and water temperatures. C, is the overall 
thermal capacity of the coil, R, and R2 are the overall 
heat transfer resistances at the air and water sides. 

The air and water temperatures at the outlet (t,,,,, t,,,J 
therefore can be computed by the heat balances of both 
sides: 

t SHRkim - tc) 
‘i.C\ = ta.,n - 

R,Ci 
(30) 

(31) 

Where, C, and C,. are the capacity flow rates of air and 
water, SHR is the sensible heat ratio. SHR uses the same 
value calculated in the same inlet condition in the steady- 
state case using the by-pass factor method. 

The heat transfer calculation applies the classical Num- 
ber of Transfer Unit (NTU) and heat transfer effec- 
tiveness methods. The classical method to calculate the 
effect of the fin on air side thermal resistance is applied. 
Two different methods are used to calculate the heat 
convection coefficient on air side in dry and wet regions, 
respectively. 

In dry regime, the overall heat transfer resistance (R) 
is computed as follows. Where, A is the total heat transfer 
surface area, R,, R, and R, are the heat transfer resist- 
ances of air side convection, coil metal and water side 
convection, N,,, is the number of row. 

UA A 

NTu = c,,, = C,,,(R, + R, + R,) 

t: =J’ 
C 

N,,,,-- cm;n , NTU 
m.,x 

(32) 

(33) 

(34) 
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In wet regime, a fictitious air flow is assumed, which has 
a specific heat equal to the average saturation specific 
heat (c,, specific heat of saturation moisture air at the 
average temperature of air inlet wet bulb temperature 
and water inlet temperature). The air capacity flow rate 
and air convection coefficient of the fictitious air flow 
(Car, h,,,,) are as follows. Where, Cpj is the specific heat of 
moisture air. 

(35) 

(36) 

Then, the overall heat transfer resistance (R) is computed 
using the same approach. Where, subscript ‘wt’ rep- 
resents wet regime, ‘f represents fictitious air flow. 

(37) 

t;f =f Nr,,, 
Gl,” f 
~, NTUf 
Cnl,, f 1 

(38) 

QW 
Ewt = (T,,,, - T,,,,) . C,i" ! 

(41) 

3.6. DDC controller, sensor and actuator models 

A ‘realistic’ controller model is developed to simulate 
the DDC controllers [18]. The model represents the fol- 
lowing functions of the EMCS: DDC (Direct Digital 
Control) functions, discrete-time operation of digital con- 
trollers and supervisory control strategies. 

The time scheduling of a sampling cycle is considered to 
be four steps: process variable sampling, control outputs 
computation, control signal output, and waiting time for 
the next sampling cycle. The PID control function used 
in DDC loops uses the ISA algorithm. Its discrete form 
is used in the models. 

The actuator model is used to represent the charac- 
teristics of actuators [19]. The actuator is assumed to 
accelerate very quickly and then turn at constant speed. 
A minimum change (e.g. the sensitivity of the actuator 
defined as a parameter of the model) in demanded pos- 
ition is required to restart the actuator. The model 
includes the hysteresis in the linkage between actuators 
and valves or dampers. If a valve stem is driven by a 
rotary actuator, the speed of the valve stem varies with 
the position of the crank. 

The dynamics sensor model is used to simulate the 
temperature, pressure, flow and CO2 sensors using the 
time constant method. Different time constants are used 

for different sensors depending on the characteristics of 
the sensors and the measured variables and the locations 
of the sensors. 

4. VAV system performance monitoring 

The parameters of VAV models to be used for simu- 
lation may be determined according to the VAV com- 
ponent characteristics given in manufacturer catalogues 
and/or determined according to empirical correlations 
given in handbooks using the system geometry con- 
figuration parameters. In this study, the VAV system 
performance data needed for determining the parameters 
of the VAV component models were obtained by moni- 
toring the VAV system on site. 

The supply flow rate, return flow rate, and fresh air 
flow rate and the pressure drops across the dampers, 
filter, coil, air ducts and VAV dampers are measured 
under various flow rates by manually changing the supply 
and return fan pitch angle. The flow resistance of VAV 
dampers at damper fully open position and minimum 
position was tested by manually setting the existing con- 
trollers. The flow resistance of a damper at fully open 
position was determined using second order curve fitting. 
The fan performance curves from manufacturer’s cata- 
logues were used to determine the parameters of the fan 
model. 

Figure 7 shows the flow-pressure characteristics, when 
all the VAV dampers are fully open, and the pressure 
drop on a VAV damper (including diffusers) at two 
different positions (fully open and minimum) at different 
total VAV supply flow rates while the other VAV dam- 
pers are fully open. It can be seen that the main pro- 
portion of the pressure drop was on the damper. When 
the damper position changes, the pressure drop changes 
significantly. Figures 8 and 9 show the flow-pressure 
characteristics of VAV supply air ductwork and return 
air ductwork. 

Figures 10 and 11 show the flow-pressure charac- 
teristics of VAV and CAV filters and coils. It can be 
observed that the pressure on the filter contributed the 
major part. It can be also found by comparing Figs 10 
and 11 with Fig. 7 that filters contributed significant 
proportion to the required fan static pressure rise. 

5. VAV system on-line control strategies 

5.1. Local DDC controls 

Figure 12 illustrates the control of central air handling 
unit. Two DDC controllers control the air temperatures 
at the outlet of the VAV and CAV coils by moderating 
the chilled water flow rate through the coils, respectively. 
The static pressure controller maintains the static pres- 
sure at two-third of the VAV supply duct at its set-point 
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Fig. 8. Overall pressure drop on VAV ductwork and dampers. 

by moderating the fan pitch angle of the VAV supply fan. 
The exfiltration flow controller controls the difference 
between the total supply and return air flow rates in 
order to maintain a positive pressure in the building by 
moderating the pitch angle of the return fan. The outdoor 
air controller controls the outdoor air flow by moderating 
the dampers. 

The zone space temperature control employs the pres- 
sure independent VAV terminal box (Fig. 13). The zone 
temperature controller maintains the space temperature 
by regulating the flow set-point. The VAV air flow con- 
troller controls the flow rate at its set-point by moderating 
the VAV damper position. The PID control is used by 
the local DDC controllers. 
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Fig. 10. Pressure-flow characteristics of VAV filter and coil 

5.2. Optimal outdoor airpow control 

The outdoor air ventilation affects both energy con- 
sumption of the VAV system (i.e. coil consumption) and 
indoor air quality [8, 201. The change of outdoor air 
ventilation flow often (but not always) results in two 
contrary effects on the energy consumption and indoor 
air quality. The optimisation of outdoor air flow control 

is achieved by making a compromise between two control 
strategies, i.e. combining the enthalpy control and 
demanded ventilation (Fig. 12). 

The outdoor air flow set-point determined by an occu- 
panty-based demanded ventilation control strategy is 
used to be the low limit for outdoor air control only. The 
enthalpy control strategy determines an optimal outdoor 
air flow set-point based on the enthalpy values of outdoor 
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air and return, total supply air flow rate and AHU supply 
air temperature set-point. The enthalpy control strategy 
aims at minimising the coil consumption, 

The occupancy-based demanded ventilation is 
developed to meet the requirement of the new ASHRAE 
standard 62-1989R [9] on the outdoor air flow. An on- 
line dynamic strategy is developed to detect the actual 
occupancy in occupied indoor space. The occupancy 
detector detects the actual occupancy in the space by 
sampling CO1 concentrations of outdoor air and return 
air. A controller determines the set-point of outdoor air 
ventilation rate (uOA) on the basis of the new standard 62- 
I989R, according to eqn (42). 

1’0‘4 = vp + zjg = RpN+ R,A (42) 

Where, up is the demanded outdoor air flow concerning 
occupants and their activity, vb is that concerning the 
occupiable area, R, and RB are the outdoor air require- 
ments per person and per unit area, respectively, A is the 
occupiable area and N is the actual space occupancy. 

The algorithm of occupancy detector employs a 
dynamic method as shown in eqn (43) assuming positive 
pressure in the indoor space. The number of occupancy 
at current sampling instant can be represented by the CO, 
concentrations and the outdoor air flow rates measured 
at the current sampling and previous instants as shown 
in eqn (42). Kalman filter is employed to increase the 
stability of occupancy detection strategy. 

N’ = Eac(v;h+v~‘)(c&Cc;h) + ,CR_CC’ 

2s SAt 
(43) 

Where, N is the number of occupants, vfh is the outdoor 
air flow rate, CR and C, are the CO, concentrations of 
the return air and outdoor air, respectively, v is the total 
indoor air volume, S is the average CO, generation rate 
per person. Superscript i and i- 1 represent the current 
and previous sampling instants, respectively. 

5.3. On-line optimal reset f3f static pressure set-point 

This strategy aims at minimising the VAV fan energy 
consumption by minimising the static pressure [21]. In 
order to supply sufficient air to every individual zone as 
well as to minimise the static pressure, the static pressure 
is controlled to be enough and just enough for the most 
heavily loaded zones. The on-line strategy makes use of 
all the VAV damper positions represented by relevant 
VAV damper position control demands as the indicator 
of relative load of the individual VAV terminals associ- 
ated with one AHU (Fig. 13). 

The local DDC control demands can be conveniently 
collected by the supervisory controller when the AHU 
and VAV control stations are integrated in a single 
network. The static pressure is adjusted just allowing that 
the VAV dampers with the highest relative cooling load 
among all the VAV terminals is controlled to be very 
close to fully open position any time, in order to ensure 
that all the individual zones are supplied with sufficient 
air and the static pressure is controlled at its lowest 
allowed level. 
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When a large amount of VAV terminals are associated 
with one AHU, certain limited numbers of VAV dampers 
may be allowed to be fully open (or over the threshold) 
by setting the parameter (N,,,). Therefore, the first N,,, 
largest damper positions are neglected and the 
(N,,, + 1)st is used as the maximum control damper pos- 
ition by the controller actually. When the maximum 
damper position is over a threshold, which is set as the 
set-point of the PID, one PID function is activated to 
increase the static pressure set-point. On the contrary, 
the other PID function is activated to reduce the static 
pressure set-point when the maximum damper position 
is below the threshold. A hysteresis is added to the thr- 
eshold as a ‘dead band’ of PID set-points to increase the 
stability of the control strategy. The static pressure set- 
point is determined by re-scaling the difference between 
the outputs of two PID functions within a pre-set pressure 
range. 

5.4. AHU supply air temperature set-point reset 

The air flow rate to a zone is reduced by closing down 
the VAV dampers when the load of a zone is low. Under 
low partial load, the total ventilation flow rate of a zone 
may be reduced to be very low in order to meet the 
reduced load. The reduction in total ventilation flow rate 
results in significant saving on fan power. On the other 
hand, a low ventilation flow rate may cause deficiencies 
of system performance, e.g. poor mixing of supply air 
and room air, inadequate room ambient air circulation 
and dumping [22]. When a minimum limit of the total 
ventilation flow rate is used, a space may be overcooled 
under low partial load if the supply air temperature is 
low. 

The proper resetting of the supply air temperature 
allows the VAV system avoid the poor ventilation and 
save as much fan power as possible. A strategy for on- 
line reset of the supply air temperature set-point is illus- 
trated in Fig. 14. The strategy utilises the air flow rate 
set-points of the pressure independent VAV damper con- 
trollers as the cooling load indicators of individual zones. 
The minimum flow set-point is set to avoid performance 
deficiency in individual zones, which may have different 
values for different zones and needs to be selected and 
tuned according to actual design and situation of indi- 
vidual zones. The upper flow rate set-point is a parameter 
used only for calculating the relative load of a zone. Since 
different zones may have very different flow ranges, the 
rate of the flow set-point of each zone is normalised using 
the ratios of the set-point to the minimum flow set-point 
and upper flow set-point, respectively. 

The maximum ratio to upper flow set-point among 
zones is selected as the indicator of the relative load of 
zone with most critical thermal load. The minimum ratio 
to minimum flow set-point among zones indicates most 
critical zone in terms of ventilation. A positive value of 

L,,, indicates that flow in certain zone is too low and the 
supply air temperature set-point needs to be increased. A 

large value of H,,D indicates that the load of a certain 
zone is high and the supply air temperature set-point 
needs to be reduced. The outputs of the PID functions 
are re-scaled within a pre-set range to determine the tem- 
perature set-point. The change rate limit is applied to the 
temperature set-point to ensure the stability of system 
control. 

6. System simulation and test conditions 

TRNSYS (A Transient System Simulation Program 
[5], developed in University of Wisconsin-Madison) is 
used as the platform for the dynamic simulation of the 
air-conditioning system including building zones and 
EMCS. Figure 15 shows a schematic of the major inter- 
connection between the component models (information 
flow diagram) for the system simulation. The component 
integration for pressure-flow balance, thermal balance, 
moisture and pollutant balance computation as well as 
for the temperature control, pressure control, flow con- 
trol and supervisory control are illustrated. 

The occupancy, lighting and equipment loads in each 
zone, the solar gain of each zone transmitted through the 
windows, ‘sol-air’ temperature of each zone, the outdoor 
air temperature, humidity and CO1 concentration are 
provided by data files during simulation as test 
conditions. The transmission solar gain and equivalent 
‘sol-air’ temperature are computed by a pre-processor 
prior to simulation according to building construction 
data, the solar radiation and outdoor air temperature 
recorded in the selected days. 

The overall pollutant generation rate in the space is 
selected to be 1 .O * lo-” m3/s. The CO,, moisture and 
sensible heat generation rates of an occupant are selected 
to be 5 * 10ph m3/s. 1.17 * lop5 kg/s and 0.065 kW, respec- 
tively. The outdoor air CO2 concentration is selected to 
be 360ppm as a constant. The internal load and occu- 
pancy profiles in the zones remained the same for the 
strategy evaluation exercises in different seasons. The 
air-conditioning system worked between 7 : 50 AM and 
20 : 00 PM in the tests. 

Figure 16 presents the overall lighting and equipment, 
sensible occupancy heat load, and number of occupants 
used in the simulation tests. The number of people varies 
significantly to introduce dynamic load to the cooling 
and ventilation system. Some occupants leave the office 
during lunch hour. The variation of lighting and equip- 
ment loads in the normal office hours represent the 
change of equipment load. The load reduces significantly 
in the late afternoon since occupants are leaving and 
therefore the lighting and equipment are switched off 
gradually. 

Figure 17 shows the outdoor air dry bulb temperatures 
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Fig. 14. Schematic of AHU outlet air temperature set-point supervisory strategy 

in four selected days. The four test cases are one sunny 
day in summer, one mild cloudy day in summer, one 
sunny day in spring and one sunny day in winter. The air 
temperature on the sunny day in summer varies between 
26.7 and 33.4 C while it varies between 29.1 and 33.4’ C 
during office hours (8:00-16:OO). The air temperature on 
the mild cloudy day in summer varies between 27.6 and 
79.7X during office hours. The air temperature on the 
sunny day in spring varies between 18.7 and 25’ C during 
office hours. The air temperature on the sunny day in 
winter varies between 14.2 and 15.7’C during office 
hours. 

Figure 18 shows the humidity of the outdoor air on 
the same days. The humidity on the spring day during 
office hours changes the most among the others. On the 
spring day the temperature and humidity in the afternoon 
increase significantly. 

Figure 19 shows the overall solar heat gain of the 
perimeter zones transmitted through windows. The over- 
all solar gain on the sunny summer case is the highest 
followed by the sunny spring case, the cloudy summer 
case and the sunny winter case. The period of solar radi- 
ation in the winter period is significantly shorter than 
that in other cases 

7. Tests and evaluation of on-line control strategies 

Two simulation exercises were conducted to test the 
dynamic response of DDC local control loops and evalu- 
ate the supervisory control strategies. In the first exercise, 
tests were carried out to tune the control loop, to com- 
missioning the strategy programs and to check the capa- 
bility of the system simulation package in evaluating the 
on-line control performance of temperature, pressure and 
flow control loops as well as the dynamic occupancy 
detection strategy. The second exercise was conducted to 
evaluate the dynamic response, the energy and environ- 
mental performances of pressure, temperature and fresh 
air set-point optimisation strategies. 

Figure 20 shows some examples of controlled variables 
in the spring test case when the control loops were badly 
tuned. When improper PID parameters were used in the 
AHU VAV coil outlet air temperature control loop, the 
VAV fan control loop and fresh air control loop, respec- 
tively, strong oscillations occurred in those control loops. 
Figure 21 shows the same variables tested at same con- 
ditions after well tuning those control loops. The tem- 
perature, pressure and flow rate control loops were 
stabilised. 
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Figure 22 presents the occupancies detected by the 
occupancy detector when the fresh air Aow was constant 
and when the flow air varied, respectively, as shown in 
Fig. 21. Different between the occupancies detected in 
two difference cases and between the detected and real 
occupancies can be observed. But only small differences 
were found between the detected and real occupancy, 
which will not affect the DVC to set a proper fresh air 
flow set-point. 

In Exercise 2, five tests with different control strategies 
are conducted in each test day. These strategies are: ‘Con- 
ventional’+onstant set-points (i.e. 6.50 Pa for VAV 
static pressure, 14’ C for AHU air temperature in the 
winter case and 13’ C for other cases, 0.8 m3is for outdoor 
air flow), ‘AHU Temperature Optimisation’--only 
supervisory control for AHU temperature set-point is 
used, ‘VAV Pressure Optimisatiori-only supervisory 
control for VAV pressure set-point is used, ‘Outdoor 
Air Flow Optimisation’-only supervisory control for 
outdoor air flow set-point is used. ‘Overall Control Opti- 
misation’-three supervisory control strategies are used 
together. The overall energy, comfort and environmental 
performance data using these strategies in four test days 
are presented in Tables 14. An overall COP of chilling 
system is assumed to be 2.5 as a constant when calculating 
the overall electricity use. 

Figure 23 shows the VAV static pressure set-point of 

the system in the four different test days when the static 
pressure supervisory control was employed. In both sum- 
mer days, the pressure was set at its maximum when 
the system was turned on, since the temperature in the 
occupied zones were high. It was set at minimum in the 
other two test days since the initial room temperature is 
low. The peaks in the morning and in the afternoon were 
due to the high solar gains to the perimeter zones lacing 
east and west, respectively. The valley in the lunch hours 
was due to two reasons: the reduction of occupancy load. 
and even distribution and reduction of solar gains to the 
perimeter zones. In the late afternoon, the set-point was 
set at minimum due to the reduction of the internal and 
external loads. In overall, the level of pressure set-point 
had no significant difference between three test days since 
the summer day is cloudy and the CAV system in the 
winter day was turned off. 

Compared with the Conventional’ control strategy, 
the total fan electricity consumption was reduced by 2.87, 
8.52. 9.25 and 15.01% in the four test days, respectively. 
That indicates that more saving in the fan consumption 
can be achieved by using VAV static pressure reset when 
the weather is cold and when there is no high solar heat 
gain. Saving in fan consumption can be achieved even in 
sunny summer since the system might not always work 
in full load the whole day. The test also shows that the 
use of pressure set-point optimisation did not affect the 

-Actual occupany 

-Detected Occupancy at constant outdoor air flow rate 

-Detected Occupancy at variable outdoor air flow rate 

10 12 14 16 18 

Time (hour) 

Fig. 22. Comparison between actual occupancy and detected occupancies in two different cases. 
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Table I 
Summary of energy and environment data of tests in sunny summer case 

Strategy 

VAV fan consumption (MJ) 

CAV fan consumption (MJ) 

Return fan consumption (MJ) 

Total fan consumption (MJ) 
Saving (W) 
VAV coil consumption (MJ) 

CAV coil consumption (MJ) 

Total coil consumption (MJ) 
sauiflg (%) 
Overall electricity use (MJ) 

Saving (%) 
.-tverage CO2 (ppm) 

.Maximum CO2 @pm) 

.Averdge pollutant (ppm) 

Masimum pollutant @pm) 
.-Yverage PPD (%) 

.Maximum PPD (‘%) 

Conventional 

524.49 

159.83 

435.70 

1120.02 

3826.29 

1268.92 

5095.21 
- 
3158.10 

- 
810.1 

987.4 
1.38 

3.53 
5.23 

5.95 

AHU temp VAV pressure Outdoor air flow Overall control 
optimization optimization optimization optimization 

521.95 493.89 513.5 480.08 
159.83 159.83 159.83 159.83 
433.13 434.10 423.28 420.09 

1115.51 1087.82 1096.61 1060.00 
0.40 2.87 2.09 5.36 

3782.69 3823.69 3534.16 3489.71 
1251.52 1270.64 1192.6 1173.60 
5034.21 5094.33 4726.76 4663.31 

1.20 0.02 7.23 8.48 
3129.19 3125.55 2987.31 2925.32 

0.92 1.03 5.41 7.37 
810.0 810.1 912.5 912.7 

987.6 987.5 1039.0 1039.0 
1.38 1.38 I .75 1.75 
3.53 3.52 4.01 4.03 
5.22 5.23 5.24 5.22 
5.56 5.93 6.14 5.55 

Table 2 
Summary of energy and environment data of test in cloudy summer case 

Strategy 

VAV fan consumption (MJ) 

CAV fan consumption (MJ) 

Return fan consumption (MJ) 

Total fan consumption (MJ) 

Saving (%) 
VAV coil consumption (MJ) 

CAV coil consumption (MJ) 

‘Total coil consumption (MJ) 
Suaing (%) 
Overall electricity use (MJ) 
Saving (%) 

.4verage CO2 (ppm) 

.Mosimun2 co2 @pm) 
Average pollutant (ppm) 

.Muximum pollutant @pm) 

Average PPD (%) 

.Masimum PPD (%) 

Conventional 

404.43 

159.83 

310.62 

874.88 

3149.91 

1302.97 

4452.88 

2656.03 

809. I 
986.7 

1.37 

3.53 

5.27 

6.55 

AHU temp. VAV pressure Outdoor air flow Overall control 

optimization optimization optimization optimization 

402.64 332.83 397.06 324.5 

159.83 159.83 159.83 159.83 
310.05 307.68 302.59 299.21 
872.52 800.34 859.48 783.54 

0.27 8.52 1.76 10.44 
3100.98 3148.87 2903.51 2854.41 
1280.27 1303.68 1223.91 1198.77 
4381.25 4452.55 4127.42 4053.18 

1.61 0.01 7.31 8.98 
2625.02 2581.36 2510.45 2404.81 

I.17 2.81 5.48 9.46 
809.0 809.1 906.8 906.8 

986. I 986.4 103.4 1033.0 
1.37 1.37 1.73 1.74 
3.52 3.54 4.07 4.11 
5.24 5.27 5.28 5.23 
5.44 6.52 6.74 5.46 

cooling coil consumption, the thermal comfort and 
environmental performance indicating that the supply air 
flow and distribution was not affected. 

Figure 24 shows the outdoor air flow rate set-point of 
the system in the four different test days when the outdoor 
air flow supervisory control was employed. During the 
whole day in the winter case and some period of spring 
case, 100% of outdoor air was set since the outdoor 
enthalpy is lower than that of the return air (however, 
the outdoor air used actually was less than 100% even 
when the fresh air damper was set at maximum open 
position and the recycle air damper was set at closed 

position due to the significant leakage of the recycle air 
damper introduced in the system). In the other cases, the 
outdoor air flow rate was at its minimum demanded level 
set by the demanded ventilation control according to the 
detected occupancy. 

Compared with the ‘Conventional’ control strategy, 
the total cooling coil consumption was reduced by 7.23, 
7.31, 1.57 and 78.76% in the four test days, respectively. 
That indicates the significant reduction on cooling coil 
consumption can be achieved either by demanded ven- 
tilation control when outdoor air enthalpy is relatively 
high or by free (partially free) cooling when the outdoor 



Table 3 
Summary of energy and environment data of tests in sunny spring case 

Strategy Conventional AHU temp. 
optimization 

VAV fan consumption (MJ) 
CAV fan consumption (MJ) 

Return fan consumption (MJ) 

Total fan consumption (MJ) 
Saving (%) 

VAV coil consumption (MJ) 

CAV coil consumption (MJ) 

Total coil consumption (MJ) 
Saving (O/O) 

Overall electricity use (MJ) 
Saving C%) 

Average CO2 (ppm) 

Mu.~imwn CO2 (ppm) 

Average pollutant (ppm) 

Ma.~rtllLinl p”llutcrnr ($/Inl) 

Average PPD (%) 

Mtr.t-i/?7Lfn7 PPD (1%) 

336.62 34x.94 

159.83 159.83 

149.31 265.9 

14s.71 774.61 
-3.88 

1858.10 1789.59 

892.56 785.51 

2750.66 2575.10 
6.38 

1846.03 1804.7 I 
2.24 

809.‘) 80’). I 

996.5 YH6.S 

1.38 1.38 

3.63 3.62 

5.70 5.33 

IO. 78 6.6/ 

VAV pressure 

optimization 

168. I7 

159.83 

248.78 

676.78 

9.25 

1X55.66 

x93.21 

2748.87 

0.07 
1776.33 

3.78 

x09.9 
Y8h.Y 

1.38 
3.63 

5.69 

10.73 

Table 4 

Summary of energy and environment data of tests in sunny winter case 

Strategy 

_. 

VAV fan consumption (MJ) 

CAV fan consumption (MJ) 

Return fan consumption (MJ) 

Total fan consumption (MJ) 
Saving 1%) 

VAV coil consumption (MJ) 

CAV coil consumption (MJ) 

Total coil consumption (MJ) 

Saving ( % ) 

Overall electricity use (MJ) 

Saving (%) 

Average CO2 (ppm) 

Mrr.vinlurll CO2 QJpn7) 

Average pOllUtant (ppm) 

Musiruum po/lutmr (/‘ptu) 

Average PPD (%I) 

Maz/n~uw PPD (‘%) 

Conventional 

354.42 

0.00 

166.15 

520.57 

1173.71 

0.00 

1173.71 

990.05 

775.6 

936.0 

1.13 

2.8X 

5.78 

13.33 

AHU Temp. VAV Pressure 

optimization optimization 

399.87 276.33 

0.00 0.00 

182.35 166.1 I 

582.22 442.44 

- 11.84 15.01 

II0220 1171.36 

0.00 0.00 

1102.20 1171.36 

6.09 0.20 

1023.10 910.98 

- 3.34 7.99 

797.1 774.7 

Y73.Y Y36.0 

I .20 I.12 

.?.KH 2.77 

5.51 5.17 

9.28 13.20 

Outdoor air flop Overall control 

optimization optimization 
_ ._ 

334.65 285.24 

159.x3 159.83 

249.67 266.98 

744.15 712.05 

0.22 4.52 

1811.05 1721.44 
896.5 759.47 

2707.55 2480.91 

1.57 9.81 
1827.17 1704.41 

1.02 7.67 

739.9 726.5 
YY7. I 9Wi.H 

1.12 I .oo 
4.32 2.98 

5.72 5.34 

I I .I)3 (,.&Y 

Outdoor air flow Overall control 

optimization optimization 

351.77 315.45 
0.00 0.00 

168.71 176.73 

520.48 492.18 

0.02 5.45 

249.3 I 304.57 

0.00 0.00 

249.31 304.57 

78.76 74.05 

620.20 614.08 

37.36 37.98 

484.6 509.0 

613.0 795.8 

0.33 0.58 

1.34 3.36 

5.14 5.41 

13.45 X.84 

air enthalpy is relatively low. The reduction on coil con- 
sumption is not significant when the outdoor enthalpy is 
close to that of the return air. The demanded ventilation 
control can control the pollutant and CO2 within the 
allowed level whilst the use of more outdoor air will 
reduce the indoor air pollutant and CO1 level. Resetting 
the outdoor air flow does not affect the indoor thermal 
comfort control. 

Figure 25 shows the AHU outlet air temperature set- 
point in the four different test days when AHU air tem- 
perature supervisory control was used. Both in the winter 
and spring cases, the temperature set-point was set at its 

maximum since the low initial indoor air temperature as 
well as the low cooling load in the winter case. In all the 
four cases, the temperature set-point was increased in the 
late afternoon since the load is very low. It was observed 
that the problem of insufficient total ventilation was over- 
come by resetting the temperature set-point, which 
occurred in certain zones when the AHU temperature 
set-point was set at a low constant point. The fan con- 
sumption was increased significantly in winter case and 
spring case (11.84 and 3.88’S, respectively) since more 
total ventilation flow was used to avoid insufficient air 
flow as shown in Fig. 26. The cooling coil consumption 
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Fig. 23. VAV static pressure set-point using pressure set-point reset strategy in four seasons 
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Fig. 24. Outdoor ventilation air flow rafe set-point using flow rate set-point strategy in four seasons. 
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in these two test cases was significantly reduced (6.09 and thermal comfort when resetting the AHU temperature 
6.38%, respectively) since the overcooling in many zones set-point. 
was avoided as indicated by the improvement of the When optimising the AHU air temperature set-point, 
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Fig. 25. AHU outlet air temperature using temperature set-point reset strategy in four seasons. 
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Fig. 26. Comparison between the total VAV ventilation fows using constant AHU temperature and AHU temperature reset strategies in winter and 

spring test cases. 
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the VAV static pressure set-point and outdoor air flow 

set-point at the same time, both the fan consumption and 
cooling coil consumption were reduced significantly. The 
saving in HVAC electricity consumption by employing 
the three supervisory strategies was 7.37, 9.46, 7.67 and 
37.98% in the sunny summer, cloudy summer, spring 
and winter test cases, respectively. The indoor thermal 
comfort was improved in all the test cases. The CO, and 
pollutant level was reduced in the winter and spring cases 
whilst sufficient outdoor ventilation air was provided in 
the summer test cases. 

8. Summary and conclusions 

Simulation tests show that dynamic simulation is a 
convenient and suitable tool in testing and evaluating the 
dynamic, environmental and energy performances of air- 
conditioning systems and their on-line control strategies. 
The control strategies can be tested and evaluated on 
‘living systems’ with very limited cost and time using 
computer simulation. The control software packages can 
be tested and commissioned under realistic environments 
prior to the implementation in real EMCS. The super- 
I isory and local control strategies can also be pre-tuned 
before being utilised in real systems. 

The thermal, hydraulic, environmental, mechanic 
dynamics characteristics and energy performance of the 
system can be simulated using the conventional com- 
ponent-based dynamic and energy performance simu- 
lation programs such as TRNSYS, that allows us make 
use of the available component models well validated. 
However, convergence when integrating all those charac- 
teristics in the programs might be a problem, which needs 
proper solutions in applications. 

Evaluation tests also show that integrated digital con- 
trollers (EMCS) provide promising potentials in opti- 
mising the control and operation of VAV air-condition 
systems. Both significant saving in energy and improve- 
ment on indoor environment can be achieved by opti- 
mising the set-points of AHU supply air temperature, the 
outdoor ventilation air flow and the static pressure of 
\‘AV air-conditioning systems with at most no additional 
cost by utilising the integrated digital controllers which 
are often available in the newly designed office buildings. 
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