International Journal of Innovative Technology and Exploring Engineering (IJITEE)

ISSN: 2278-3075, Volume-1, Issue-2, July 2012

A new mathematical dynamic model for HVAC
system components based on Matlab/Simulink
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Abstract— In this paper, a new and complete mathematical
dynamic model of HVAC (Heating, Ventilating, and Air
Conditioning) components such as heating/cooling coil,
humidifier, mixing box, ducts and sensors is described. All of
these components are proposed and simulated in
Matlab/Simulink platform. The proposed model is presented in
terms of energy mass balance equations for each HVAC
component. We have considered two control loop for this model,
namely, temperature control loop and humidity ratio control
loop. The proposed model is a full dynamic model of HVAC
system that includes least approximations and assumes.

Index Terms— HVAC
Matlab/Simulink, HVAC model

system, HVAC components,

I. INTRODUCTION

Initially, the most important issue of HVAC (Heating,
ventilating and Air-Conditioning) systems factories was to
maintain the zone conditions in predefined values related to
occupants' thermal comfort. However, with start of energy
crisis, the amount of energy consumption of these
equipments became important. In order to, evaluate these two
options, the designer have been started to modeling and
design of new type of HVAC system components.

In this paper, some study has been focused on HVAC
modeling. For instance, Wang et al. [1] have used heat
transfer and energy balance principles to identify a linear
model to represent a non-linear model of a cooling coil.
Clarke [2] has presented a transient model for a HVAC
system for some components such as humidifier and mixing
box, but no specific model for cooling/heating coils was
given. Stoecker [3] provided a model for cooling coil with
empirical parameters under the assumptions of constant air
flow and water flow. Braun and Rabehi [4,5] presented two
cooling coil models that were too complex and iterative
computations. Many researchers studied HVAC dynamic
models using empirical or theoretical methods. Underwood
and Crawford [6] developed a nonlinear model of a heat
exchanger loop. Nassif et al. [7] presented a validation of the
cooling coil, mixing box and a fan for a VAV (Variable Air
Volume) system.

An issue related to HVAC systems modeling, is the use of an
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appropriate simulation tool. We can categorize these
modeling tools on three sections.

First, tools that used for pipe/duct sizing, as AFT Fathom,
DOLPHIN, DUCTSIZE, EES (Energy Equation Solver) and
PHYTON.

Second, tools that used for energy performance analysis, as
Carrier HAP, TRANSYS, and HVACSIM+.

Third, tools that used for control and modeling analysis of
these systems, as MATLAB and Energy Plus.

Advantage and disadvantage of these tools have mentioned
in [8]. With these programs, the heating, cooling, lighting,
ventilation and other energy related flows in a building can
be simulated. Lebrun [9] presented a simulation of a HVAC
system by using EES.

In these groups the reason for choosing Simulink, which is
part of the Matlab package, was a larger degree of flexibility,
modular structure, and transparency of the models and ease
of use in the modeling process. The modular structure in
Simulink makes it easier to maintain an overview of the
models, and new models can just as easily be added to the
pool of existing models [8]. Recently, some
Matlab/Simulink-based simulations of HYAC systems have
been developed. Some examples of these studies are Reiderer
et al. [10], Mendes et al. [11], Dion et al. [12], Huang and
Lam [13], Ghumari et al. [14], Oliveira et al. [15].

In this paper we have focused on the modeling of HVAC
system components and simulation of the presented model.
The HVAC system components that modeled are the zone,
the cooling coil, the heating coil, the humidifier, the mixing
box, the ducts, and the sensor models. This paper is
organized as follows: Section 2 presents an introductory
explanation of the HVAC system and its components models.
Section 3 covers details of the new proposed model. In
sections 4 and 5 we have simulated presented model in
Matlab/Simulink and discussion about results, respectively.
Finally, in section 6 we have mentioned conclusion.

Il. MODEL OF HVAC SYSTEM COMPONENTS

In recent years, several numerical simulation models for
HVAC systems performance were developed. Because of
complexity of these systems a complete theoretical approach
of formulating the model is too difficult. In order to, achieve
full dynamic model of HVAC system we have to reach all of
the important models of components. The major components
considered in the system model can be divided in two groups,
which are the zone model and Components of HVAC system.
First we propose a model for the zone and then for all of
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components that are in HVAC system.
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Figure 1. View of energy and mass balance equation that used for the zone modeling

A. The Zone Model

One of the most important sections of HVAC system
model is the zone modeling. All of components in HVAC
systems work to the zone achieve to optimal conditions. In
previous works, because of simplify and approximation in
presented models, they are far from their real performance.

In our proposed model we have considered effect of
uncontrolled input as people, lights and so on, and effect of
the north wall, south wall, east wall, west wall, floor and
inner roof on the zone temperature. In this model we have
considered eight state variables: the zone temperature (T,),
inner wall temperature (Tws, Twn, Twes Tww: T Tr), and the zone
humidity ratio (W,). The pressure of air is assumed to be
constant and air in the zone in fully mixed.

With these descriptions, energy and mass balance
equations are (as shown in Fig. 1)

dT
Z
C, Tt fsaraC pa(Tsa - T;)
+HiwsAws Tws ~T2) + HynAwn (Twn -T2) O
+HueAwe Twe ~T2) + Hyw Auw Tow ~T2)
+ HrAr(Tr -TZ)+H f Af (Tf 'TZ)-I-Q
dT,
Cuws TWS =HusAws (rz _Tws)"'stAws (To _Tws) 2
dT,
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dT,
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dT,
wad_vtvw = HWWANW(I-Z _TWW)+HWWANW(|-O _Tww) 5)
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With taking the Laplace transform of Egs. (1)- (8) and
rearrange we have

T,() = Gy (S)[ AT (5) +[1 Gy (5)
+5szn ($)+ isze (s)+ ,UZGWW (s)

)
2 2
+0°Gp ($)](T; (8) +To () +7°G ()T (5) +Q]
Wz (S) = Gwz (S)Ws (S) + QQ (10)
Where
o= fsapacpa"'stAws +HynAun 1)
+Hye Ave + HywAww + Hr A + H g Ag
B= fsapacpa' 7 =HusAus: 6 =HynAwn, (12)
A=HyeAue: #=HywAw, 0 =H A, 7=H¢A;.
1 1
G,(s)=————, Gy (§) =——,
2 C,5+2a ws (9) CusS+27 12
1 1
Gyn(s)=————, Gy(5) = ———M.
wn () CynS +26 we (5) CueS+24
1 1
Gy (s)=——, G, (s) = ,
S CowS + 21 () C/s+o
! f (14)
Gi(s)=——, Gy, (s) = S .
() Cis+r we ) V,s+ fg
Roof
A B — Southwall
N
D
I
Westwall ———» A ‘4— Eastwall
E F'\""\u
N — Northwall
G ]’ H
Floor

Figure 2. Graphical view of the zone

Fig. 2 shows a graphical view of the zone that modeled.

B. The Cooling Coil Model

The most important component of every HVAC system is
cooling coil. The increased emphasis on variable operation of
HVAC equipment warrants a greater understanding of the
dynamic behavior of cooling coils. Due to importance of this
component, many studies have done as [16], [17], and [18].
In Fig. 3 a view of cooling coil is shown.

%
Jom




International Journal of Innovative Technology and Exploring Engineering (IJITEE)

WS ——  JIm
A T

QI O aout
[ AR RAREND M
QA0

U H

w el ||||I |||I|||[|]||||I[|||||I||||I|||

Figure 3. A view of cooling coil In air side

dT.
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We can rewrite Eq. 16 as follow

Ta(8) = 4T3 in(9)+ETg oyt (®) (18)
That in which

Y I\/Iacfl\z/il C 'SZ:M cMWJ(:VI\\//I Coy (19)
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By taking Laplace transform Eq. 15

(s+ AT, () =—a(To (9) T () + AT, in (9) (20)
We obtain T_t (s) by substituting Eq. 18 in Eq. 20

T (s) = sthrasy aout®+ B ;“5 Tain® 1)
In water side

dTyr _
e AT =T ) +6(Mps = Tir) (22)
Where

ISSN: 2278-3075, Volume-1, Issue-2, July 2012
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With rewriting Eq. 23 we have
-rw (8) = 1Ty (8) +&Tys (S) (25)
By taking Laplace transform Eq. 22
(3+0)Typ (5) = ATy (8) — AT, (5) + 6T 5 (5) (26)
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By equating right-hand sides of Eq. 21 and Eq. 27
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C. The Heating Coil Model

In HVAC systems heating coils are placed in the airstream
to regulate the temperature of the air delivered to the space.
During the heating mode, problems can occur if the hot water
temperature in the heating coil has been set too low in an
attempt to reduce energy consumption. If enough outdoor air
to provide sufficient ventilation is brought in, that air may
not be heated sufficiently to maintain thermal comfort or, in
order to adequately condition the outdoor air, the amount of
outdoor air may be reduced so that there is insufficient
outdoor air to meet ventilation needs.

In proposed model for heating coil we considered effect of
input/output water temperature through the coil, output
temperature of the zone and input air from mixing box on
output air temperature of coil.
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dT
Cah dtco = f swPwC pw(T wi —T wo)
+(UA) (T o—Tco) (30)
+f5aPaCpalTm=Tco)
[Cans+f saPaCpa™* (UA) a] Teo(S)
= f swPwC pwlT wi(8) —T wo()] (31)

+(UA) 4T o(S) + f 5325C paT m(9)

Tco = Gs(SOT wi(s) —Twol(S)]+ 2T o(s) + BTm(s)} (32)
Where

é‘: = f Sapac pa+(UA)a,V = fSprc pW: /1/ = (UA)al

6, (9) - ﬁ _ (33)

Vah + fsaWeo (8) = feaWin (5) (34)

W (5) = Gyyg (Wi (9) (35)

Gws(s)=L (36)
Vans+ fsa

D. The Humidifier Model

The measurement and control of moisture in the air is an
important phase of air conditioning [19]. In some references
has been presented model for humidifier as [19] and [20].

daT

Ch dth SaC pa(T Si Th)+ah To-TH (37)
W, he)

Yh dat fsa (WS| Wh) (38)

Pa

E. The Mixing Box Model

A mixing box is the section of an air handling unit used to
mix the return air flow with the outside air flow. It consists of
three sets of dampers whose operation is coordinated to
control the fraction of the outside air in the supply air while
maintaining the supply airflow rate approximately constant.
In Fig. 4 structure of air flow in the mixing box unit is shown.

mrcpaTr +myC paTo =m,,C paTm (39)
me +Mmy = Mg, (40)
m. T, +m.T
Tm _ rr 00 (41)
m, +mg
_ m W, +myW, 42)
m m, +m
r 0

exhaust air retnrn air
/ damper
: damper
i' R _\ ﬂ
= / damper =
outside air supply air

Figure 4. The mixing box structure

F. The Duct Model

The ducts are used in HVAC systems to deliver and
remove air. Air ducts are one method of ensuring acceptable
indoor air quality as well as thermal comfort.
dTout (hy +h )m

p
dt - h M C (rln Out) (43)
To(8) =Gyyct (T (5) (44)

(h +h,)m.,C
T 1 o/ a

G S) = , T= 45
dUCt() S+7T ’ hiMCCC (45)

Ts,temp
Ts,temp () = s temp® 1Tm temp (5) (46)

G. The Sensors Model

The sensors that are used in HVAC systems have different
types as temperature sensor, Humidity sensor, pressure
sensor, and flow sensor. In many studies different models
have been presented to these sensors. For instance, Wang
[17] by using of time constant manner considered a first
order differential equation for temperature and humidity
sensor.

Note that for achieve more exact model we have to
consider different time constant. In proposed model, we have
considered a first order differential equation with time
constant 1 for temperature sensor and time constant 2 for
humidity sensor.

Fig. 6 and Fig. 7 show changes in temperature and relative
humidity over the period 1th-31th march 2012 in Kerman,
respectively.

I1l. SIMULATION RESULTS OF PROPOSED MODEL

In order to simulate suggested system, the average
temperature and relative humidity of Kerman are compared
for mentioned period and are considered as two inputs for
mixing box subsystem. In this regards, we consider two
control loops so as to control temperature and relative
humidity.

Ts hum

Ts,hum (8) =~ 1 'm, hum ) (47)

S, hums ™
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Figure 5. Proposed model for HVAC system

IV. PROPOSED MODEL

The proposed model for a HVAC system is presented in
Fig. 5. This figure shows all components as subsystem in
simulink platform. Moreover, the components arrangement
is based on their real models.

We applied output temperature and relative humidity to
model, then simulated it. We considered two PID controllers
for control the loops.

Fig. 8 indicates the temperature-time curve of our
suggested model. From this figure, the zone temperature
tracks the set point very well, at time 40s arrive to desired
value, and speed of convergence is high.

The relative humidity-time curve is presented in Fig. 9 for
our suggested model. According to figures, it is revealed that
suggested model track the set point with less time constant
and high speed.
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Figure 6. Changes of temperature over the period 1th-31th
march 2012
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Figure 7. Changes of relative humidity over the period
1th-31th march 2012
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model
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Figure 9. The humidity ratio- time curve of proposed model

V. CONCLUSION

In this paper we have presented a dynamic model for
HVAC system components as the zone, cooling coil, heating
coil, humidifier, mixing box, the ducts and the sensors. After
derive mathematical models of components we analyzed
simulation system of the complete HVAC system in
Matlab/Simulink platform. In this models, which have been
presented up to now, several simplifier assumptions such as
effect of floor and roof on zone temperature, have been
considered. But, we present a model, which is close to real
model. Indeed, we present a complete mathematical dynamic
model. The simulation results demonstrated that our
suggested model for HVAC system components can be work
very well.
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