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Abstract

This paper presents a mathematical model and a robust control technique for temperature and
humidity control in an evaporative cooling system of a poultry house. The model was considered from
mass and energy balance relations of air and water in the system. To validate the mathematical model,
its responses were compared with a real system by using a set of feed forward experimental signals.
Additionally, the well known sliding mode control with decoupling control law was also applied to the
model. The simulation in case of summer conditions shows its behavior and demonstrates the ability of
the proposed control technique in order to compensate for the changing ambient air conditions around
the house.
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1. Introduction

Currently, the number of domestic poultry
houses that have changed from open to closed
system has increased for the sake of inside air
condition control. Such systems use evaporative
air conditioning systems for an appropriate
adjustment of temperature and moisture content.
This change results in higher production per unit
of poultry house. With suitable design of
temperature and moisture controller, increment
of production and energy efficiency in terms of
equipment used can be achieved. To reach that
point, a mathematical model that elaborates
relationship between temperature and humidity
has to be derived first.

To validate the model, its response is
compared with a real plant (Fig.1). The plant has
a size of 14*125*4 m®, the number of chicken is
60,000, and a chicken weighs 2 kg. For more
details of the plant, see Table 1.

This work is organized as follows. Section
2 constructs a set of mathematical models.
Section 3 introduces the response comparison
between the model and the real plant, while in
Section 4, simulation in the case of summer is
presented. Finally, conclusions are given in
Section 5. Figure 2 shows the Research

methodology.
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Table 1 Plant description
Nomenclature Value
P, 1.2 kg/m®
C'p 1.005 kd/(kg*K)
VT,VH 70% of poultry house
size (14 x 125 x 4 m’)
N, 60,000 unit
u, 0.712 kW/K [6]
) 2.257 kJ/ 8,0
where
L. is air density

c, is specific heat of air
VT,V is inside air and heat
NC is number of animals

U is coefficient of heat convection

is Latent heat

Figure 1The poultry house in this study (a case

study of a chicken farm in Khon Kaen, Thailand)
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Figure 2 Research methodology

2. Mathematical modeling of an evaporative

air-conditioning system

In this section, the theory of energy and
mass balance in air and water is used to construct
a set of equations. The equations can explain
the relation of temperature and moisture content
inside any control volume in terms of ordinary
differential equations. In this form, further control
law design can be conveniently made. However,
before we get to those equations, the
fundamental direct evaporative cooling process
has to be considered first. Figure 3 shows the
direct evaporative cooling process with constant
enthalpy because of the adiabatic process

assumption.
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With the evaporative process, ambient air
is cooled and moisture added from direct contact
with water in the cooling pad simultaneously. The
process is shown in the Psychometric chart from
state 1 to 2 with the hypothesis that there is no
loss of heat to the environment during the
adiabatic process. In the other words, some
sensible heat from the outside air is transformed
to be latent heat for evaporation as show in Figure
4. The cooled supply air absorbs energy to

increase its temperature from state 2 to 3.

Water
Ambientair Supply air

Induct Dralt Fan

kg dry air

Direct Evaporative
Cooling Process

idity Ratio kg

Dry-Bulb Temperature °C

Figure 3 A direct evaporative cooling system
and the Psychometric chart illustrating the

constant enthalpy Process
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Moist air

to evaporate
water

latent heat energy
Sensible heat in the air is used to evaporate water
(transfered to latent energy in the moist air)
Figure 4 Simplified Evaporative Air-Conditioning

Process [3]

In order to find the relationship between
the inside air conditions and the evaporative
cooling process, a block diagram of an air
conditioning system is illustrated in Figure 6.
Almost saturated air will occur when the air from
state 1 passes the cooling pad into state 2. If the
cooling pad effectiveness is 100%, state 2 can
have perfect saturation with relative humidity of
100%. However it is not true in practice. Finally
from State 2 to State 3, heat in the process will
cause decrement of relative humidity. The cooled
air state 2 (assume no moisture absorption in the
poultry house) is mixed with the air in the poultry
house. Then the mixture will reach the required
temperature and be removed from the poultry

house eventually.
2.1 Model for feed forward control

To meet the desired conditions the cooled
supply air is sufficient against the amount of
cooling load. To achieve this goal, the cooling
load has to be calculated first. Assume that both

dry air and water vapor are perfect gases.
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Then the mass flow rate of the air (m,) can be

determined by the cooling load as follows.[3]

Cooling load = Mass Flow rate x [Enthalpy of

state(3)-Enthalpy of state(2)]

Qlatent + Qsensible = macpu [T3 - TZ] (1)
Qrotal = macpu [Ts - TZ]

where

Cu=Cut a)cpv is the specific heat of wet air.

As shown in Eqg.(1), given the cooling load

Qma‘ and air mass flow rate, the final temperature

inside the control volume T3 can be evaluated
by

) ota 1
T, = Qrotal L

Cpu m, (2)

From Eq. (2), we can consider the terms
1/m,and T, as input to the system. Consider
the relation for Cooling pad efficiency (€) as in
Eqgs (3) and (4). If (TI_TWbl) is the wet bulb

depression,

n-r,

£ =———— )
Tl_wa1

or

n=T—¢[ T)-1,,] “)

The pad efficiency or cooling effectiveness (&)
relates to speed of the air passing through the
cooling pad in the form of an exponential decay
as shown in Figure 5 and Eq (5).

From the work of Camargo et al [4].

the effectiveness can be considered from

e=1-c[ms] ©
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Cooling Effectiveness

COOLING EFFECTIVENESS

100 200 300 400 500 600
AIR VELOCITY, FPM

Figure 5 Characteristic curves for effectiveness [8]

h_ is coefficient of heat convection of
Cooling pad (w/m”.°C)

heat exchanger evaporation area
of cooling pad (m?)

C is specific heat of air (J/kg.K)

m, is air mass flow rate (ka/s)

State 1 State 2
Initial State Supply air
W Evaporator T, =2283°
O, = 4146 % o b, =9145%
®, = 0.01 kg H;O/kg dry H, = 63.70 kikg.K

©; = 0.02 kg H,0/kg dry air
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In the above equation, with constant air
mass flow rate (M) the effectiveness (€) can be
found. From considering Egs. (2),(4) and (5), the
equation that has the inside temperature (TS) as
response and air mass flow rate (m,) as control
signal is formed to be Eq. (6).

—hcA

_ QTotal 1 Mg Cpu
Ts = e+ Tun, o L R P

| (6)

2.2 Model for feedback control

From Eq. (6), the inside temperature (Ts)
can be found from the heat load (Qma‘). However,
the heat load varies all the time. So, this equation
can be used for feed forward control only. It
cannot respond to the changing environment.
However, the heat load can be updated

according to the outside temperature. It is still

Cooling load

j State 3

Final desired State
T3 =2847°C
G3=71.01%

H; = 73.10 kJ/kg.K

5 = 0.02 kg H,0/kg dry air

Poultry house

Figure 6 Block diagram of the ideal steady state evaporative cooling process.

(Where T is Dry-bulb Temperature, (I) is Relative Humidity, H is Enthalpy and @ is humidity ratio
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difficult to enforce the system because there is
no compensation in model errors of the heat load
(4) . In order to design a feedback control system,
the balance of mass and energy has to be
considered as follows.
Energy balance
Inside energy changes

= Energy input—Energy output
Mass balance
Inside humidity changes

= Water input — Water output

These relations can be expressed as

dT,
paiGCVT d_li” = en + Qc - Qv - Qev (7)

PV 4o, =Wen T Wairowr T Wey = Wairin (8)
dt

where

o is air density

C, is specific heat of air

v, is inside air (m®)

T, is inside temperature ( °C)

t is time in second

Qe is sensible and latent heat from chicken

in kd/s

Q. is heat load from the ceiling and wall

into the poultry house in kW

Q, is heat loss from ventilation in kW

Q.y is heat used to evaporate water in KW

w;, is humidity ratio in the poultry house in
8moisture/ kgdw ar

W is humidity ratio from chicken in
8moisture/S
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Wairoue 1S humidity ratio from ambient air into
the poultry house in g isture’S

Wey is humidity ratio from evaporated water
N Bmoisture/S

W,irin 1S humidity ratio out the poultry house

in Bmoisture/S

From Equations (7) and (8), each term on
their right hand side can be supplied as in the

following sections.

(1) Sensible heat (Q,;) and Humidity (w,,) from
chicken

From data from the case study, one
chicken generates heat and water of 10 Btu/hr
and 105 cc./day, respectively, these data have
been considered by an expert. In this work, both
parameters follow the equation in the work of
Daskalov(6) which used the case of 20 kg piglets.
This is because there is no equation for chickens
expressed as a function of sensible heat and
ambient temperature. Rough estimation in the
model can be done due to the ability of Sliding
Mode Control (SMC) that can compensate for
uncertainty in that model. Therefore, with 2kg per
chicken, 60000 chickens is equivalent to 6000
piglets in Daskalov’s equation. However, the
equation was not designed for poultry but the
objective of this work is to give guidelines for
automatic control system design. However, if
there is a relationship for the chicken, it can be

substituted into the control model easily.
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Quy = Ny, X 0.096 X [0.8 —
1.85 x 1077 (T}, + 10)*] ©)

weh = Ng, x 0.001 X [0.26T2 — (10)
6.465T;, + 81.6]

where

Ngp  is number of animals

Och is sensible heat from the animals (kW)

Ty, s inside air temperature (°C)

wey, is  humidity ratio production from the

animals (kg/h)

(2) Heat load from the Ceiling and Wall into the
poultry house (Q)

Normally, the heat conduction through the
building can be expressed as a linear function
of temperature difference between inside and

outside.

QcZUA[Tout_Tin] (11)

where
UA is coefficient of heat convection of
ceiling and wall (kW/K)

Tout is outside air temperature (°C)

(3) Heat loss from ventilation (QV)
This loss not only depends on the
temperature difference, it also varies according

to the ventilation rate as expressed in Eq. (12)
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Qv = PaVeCy [Tou = Tin] (12)
where
Vy is Volume of air flow rate (m%s)
(4) Heat used to evaporate water (Qev)

The heat used to evaporate water can be
obtained easily by multiplication of the latent heat

of vaporization by the amount of evaporated

water.

Q., = 4w, (13)

ev
where
)b is Latent heat

(5) Value of humidity ratio from ambient air

coming to the poultry house (W,

air out)
Wair out — pairVR a)out (14)

(6) Value of humidity ratio flow out of the poultry

house (W, i,)

Wair in = pairVRa)in (15)
where
Weir out» Wairin @re external and inside absolute

humidity in 8y o/kg,

) respectively.
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Substituting equations (9) - (15) into equations (7) and (8) yields

dqT me01w6x[08—185x104(ﬂn+10f}+UA[nm—J;]—zM%, Y
Dlin _ =T =T (16)
dt paiGCVT VT
dw, Nax0.001x[0.26T—6.465T, +81.6]+w, Vv_
= __[Win _Wout] (17)

dt pairVH

Vi

Then substituting the plant parameters from Table 1 into Eq. (16) and (17) leads to

fg%-z[77.76—4.801x10*5(nn+10)4}x10*3+(x12036x10*[th—Tm]—

0.1059x10 D w  — Low =T Ve (18)
* 4900
, 0.265T,) —6.5918T,, +83.26 |x 107
dg;m = [ Tc00 ] +4.72x10%w,, — 4\9/?)0 [Win - wom] (19)

The above set of equations can be simplified to be multi input/output (I\/Ii/MO). That is

Tl:n] — fl] + [_bl _bz] WeV]
Wi fa by —by Vi

VVhem;fl:[7176—1801x1o*(ﬂn+10f}xlo*-+012036x1o*[T@t—Tm]

[0.265T. —6.5918T, +83.26 <107

: 3600
b, =0.1059x107*
— [Tout _Tin]
> 4900
b, =4.72x10°°
— [Vvln - WOU[]
‘ 4900

One way to control the inside temperature
(Tm) and humidity (Wm) is to use some nonlinear
control design to compensate the system for
nonlinearity and uncertainty. For this work the well
known sliding mode control technique with
Lyapunov stability analysis has been used to
design a control law in section 4. Before going
to that section, validation of the mathematical

model has to be done.

3. Model validation

To ensure correction of the model, response
comparison of the real plant and the model was
conducted by using the same actual input signal
as illustrated in Figure 7. Collected data in the
graph shows increment of air flow and switching
operation of the water pump. These control input

signals have been tested in the real plant and
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fed forward to the mathematical model in terms
of Volume of air flow rate (VR) and water flow rate
(w ).

By using the control input signal in Figure 7,
the air flow rate is all the way from about 32 m*/s
up to 104 m*/s while the under flow with 15 m*/s
constant rate is on/off for 6/10 minutes
respectively. A comparison of output signals is

shown in Figure 8.

From the responses in Figure 8 the
weather condition values from the derived
mathematical model are quite close to the real
measured values. Error between real conditions
and model in terms of inside temperature and
absolute humidity are 0.5487% and 2.9417 %
respectively. These errors are acceptable in
order to design a control law based on robust
control technique. Such a technique will be

presented in the next section.
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4. Sliding mode control and simulation results

Due to limitations of the controller in the
farm (using an open loop controller) and control
stability concerns for production, a closed loop
control experiment was not set up in this work.
However, with the acceptable accuracy of the
model, the simulation results of the SMC are
presented here.

In the SMC technique, the sliding function
has to be defined first. The errors between
response and desired condition of the inside
temperature and humidity content are given by:

Sliding function for temperature:

ST - Tin . de (21 a)
Sliding function for humidity:
Sw - Wm ) Wind (21 b)

where
de is the designed temperature

W is the designed humidity content

120 T T T 03 T 1120
&= 100 - S— N 1100
g .
R Bl = N e LR e -
2 80 I e - - wg
o i ]
3 | T g
2 ol 60
8 i
8 3
5 40| 1 40_‘3
""""""""" ----=-Vr - Fan
20| — Win - Pump | 20
S L L L L L L
0 1,000 2,000 3,000 4,000 5,000 6,000

Time (Sec.)

Figure 7 Air flow rate (m®/s) and water flow rate (kg/s)
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Although the sliding function has been
constructed, the control law cannot be derived
yet because of the coupling condition of the
control distribution matrix in equation (20) (2™
term of its RHS). Therefore, the decoupling
process will be done here. The assumption is
that all arguments in that matrix are known and
its determinant is not zero (detB#0). Note that
if the values are not known exactly, those
imperfections still can be compensated for by

the nature of the sliding mode control. Let
_ _bl _bz
5=[}, bl =
Then the control signal matrix of eq.
(20) can be
Weo] _ ooy UT] N [—b1 —bz]_l [UT]
[vi]=8 [UW b, —b, lu,l @
By using the Lyapunov direct method,

the Lyapunov function candidate can be written

as
V= %[s% +s2] + ; [R'TZ + R'WZ] (24)
where

is any estimated value

R is an estimation error of the residual
error that corresponding to a bound
(Mg) of a nonlinear formf, = f, — f
(Rr =Ry —Rp,Rr = |f1| < My)

R, is an estimation error of the residual
error that corresponding to a bound
(M,,) of a nonlinear formf, = f, — f,
(Rw =Ry — Ry, Ry, = |fo| <My,

and its 1% derivative is
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V = sp$r + sy8w + Ry [RT - ﬁT] +

R, [RW - f?w] (25)
It has been noted here that

uncertainties in the system are assumed to be

bound. So there must exist bound M; & M, in

the system. And because set point control of

T.q and w,_, will be applied, the residual

ind
uncertainty of R;, R, can be a slow variation

value. Therefore, Equation (25) is simplified to

be
14 = srlfi +.UT] + swlfz + Uyl —
R;R; —R,R, (26)

In order to satisfy the Lyapunov
stability condition (V< 0), the control law in this

work is chosen to be

Up=—h=crsp =Ry } (27)
Uy =—f2 —cwsy — Ry
where

c; & ¢, are any positive definite values
that can be used to adjust concentration of
convergence. Their magnitude can be chosen
as M; and M,, respectively. Then the residual

error estimation is
R; = fsT dt
R, = fsw dt
Substitute the control law in Eq. (27) into

the system Eq. (26), its error dynamics can be

expressed by

V < —cps?2 —c,s2 + Rrsp + Rysy, —

RyRy — RyR,

V < —cps?—c,s2 (28)
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Figure 8 Comparison of the climate in the
house between mathematical models and real

conditions.

It has been seen that the control system
is stable in the Lyapunov sense with the control
law in EqQ. (27). The control system components

can be seen in Figure 9.
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Plant

Control part

Decoupling part b

Figure 9 Block diagram of the closed Loop

Control System in the Matlab simulation.

Performance of the control law in Eq. (27) will be
shown in this section by simulation. Parameters
for the model in Eq. (20) are addressed as
follows. Ambient conditions are temperature of
33 °C, 40% relative humidity and moisture
content of 12.5 gHzo/kgdry . The model has two
saturation portions caused by real plant
conditions. That is, ranges of air exchange and
water flow rate are between 35-175 m®/s and
0-13 kg/s, respectively. Uncertainties are also

added in the forms of outside temperature and

moisture by using ATeuin is 1 sin 900 ¢t and

AWipouis 1x 107 sinz—”t . It has been noticed
900

that arbitrary uncertainty value can be added into
the system as long as the value still bounds and
does not make actuators in the model become
saturated. The inside desired conditions in this
work are 27 °C, 70% relative humidity and
16.8 gHZo/kgdny ,, Of moisture.

The simulation results are shown in three
cases as follows.

Case 1 feed forward control,

Case 2 no variation of outside conditions,

Case 3 sinusoidal variation of outside

conditions.
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4.1 Case 1 feed forward control.

Results of the feed forward control have
already been illustrated in Figure 8 of section 3.
Normally, to meet the design conditions with this
technique, an operator must have enough
experience to set the actuator as in Figure 7.
Although the set of control signals may be
recorded and then used by a predefined
controller, it is still unusable for ambient
changing. As you can see in Figure 10, by using
the same control signal as Figure 7, the response
cannot track the same response (real condition)

if there exists uncertainties in the outside air.

From Figure 10, itis seen that closed loop
control with uncertainties compensation is
necessary for the air condition control in the

poultry house.

4.2 Case 2 no variation of outside condition

Simulation results of the control system of
this case are shown as Figure 11 and Figure 12.
It is not surprising that the temperature and
moisture responses in Figure 11 track their set
point very well. Small steady state errors in
moisture are present because integral action of
the control law did not include it and from
mismatch between the plant and control law
parameter. Figure 12 shows the corresponding

control input of Figure 11. The inputs are
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flattening out after about 400 seconds due to its
control response having reached the reference

value.

4.3 Case 3 sinusoidal variation of outside

condition

In this case, the uncertainty is given as a
sinusoidal function as stated earlier. The results
of the simulation for this case are shown in Figure

13 and Figure 14.

From the response in Fig.13, there is slight
fluctuation after a time of about 200 sec. This is
because of variation of outside conditions. For a
transient period (before 200 sec.), there is a spike
of both responses and saturation of the control
input signal. This transient behavior occurs due
to the added uncertainties making the larger
input signal in the first period compared to the
second. The input thus becomes saturated.
However, the adaptation law that has been
operating since the beginning of the control
action will give suitable input signals after the
temperature and moisture reach the set point.
Therefore the transient spike responses
disappear eventually. This case shows that the
controller can overcome the uncertainties and
nonlinearities in the plant and make inside air
conditions comfortable for chickens according

to the operating designing conditions.
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g g

2
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Figure 14 The control signal (a) VR and (b) W,, v of case 3

5. Conclusion

In this work, the mathematical models of
air conditioning in a closed type poultry house
are presented. For close loop control, the energy
and mass of water balance was used to derive
the mathematical model. The constructed model
was verified using the experimental input/output
data. The errors of output between simulation and
collected data are 0.5% and 2.9% for
temperature and moisture, respectively.
Therefore this acceptable model could be used
for controller design. Due to the presence of
nonlinearity, uncertainty and coupling structure,
the SMC and adaptation law with simple

decoupling technique was applied to force the

complex system to reach the desired condition.
It has been noted here that the control volume in
this work is an active mixing volume at about 60%
of total volume. For larger size of poultry house
that has much deviation of temperature and
humidity, one may divide it into small volumes
before applying this technique. The simulation
results show that the SMC can force the system
to the set point against variation of ambient

conditions.
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