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Niels Bohrs Vej 8, DK-6700 Esbjerg, Denmark

Abstract—This paper discusses mathematical modeling for
development and implementation of a model-based optimal
indoor climate control for a real-sized livestock stable system. As
a typical modern and large-sized stable system, the considered
stable uses hybrid ventilation and low-pressure climate control
strategies. Due to the main concern of the feasibility for
commercializing the developed control system, the single-zone
concept is adopted for modeling the considered system. Based on
the energy balance and mass balance analysis, the thermal and
flow dynamics of the indoor climate are quantitatively described.
The models for air inlets, outlets and their driving systems as
well as the heating systems, one is used to heat up the stable and
another one is used to emulate the animals’ heat generation, are
also extensively studied. The system parameters are identified
through arranged experiments. The developed model is further
validated through comparison with real system’s operations.
Even though some deviations in terms of the indoor temper-
ature can be observed, the developed model shows consistent
intendancy with the real system. Nevertheless, some modeling
errors can be compensated by an optimal (constraint MPC)
controller developed based on this simple model. The obtained
results show a clear feasibility to use a simple single-zone model
for developing a sophisticated optimal control to handle large-
sized climate control problem.

Index Terms—Modeling, indoor climate, model predictive
control, stable system

I. INTRODUCTION

An efficient indoor climate control for a livestock stable
not only means financial benefits in terms of less energy
consumption, less maintenance costs and better production
rates, but also gives a good animal welfare and helps reduce
global warming problem [3], [6], [9], [12]. This kind of
control system is usually sophisticated with respect to its
expected functions of coordination and control of different
components/subsystems’ operations in some optimal sense.
The development of an efficient and optimal climate control
for a large-sized live-occupant building system is still far
beyond mature comparing with the status for other industrial
control systems [6]. Some recent investigations, such as [2],
[51, [9], [11], [12], [13], [14], showed the huge potential to
use the model-based method for developing advanced climate
control systems.

A typical modern stable system is usually equipped with a
hybrid ventilation [3], thereby the modeling need incorporate
at least three key aspect: the natural ventilation mode, the

978-1-4244-2693-5/09/$25.00 ©2009 | EEE

3849

Martin R. Jensen
SKOV A/S
Glynggre, DK-7870 Roslev, Denmark

Fig. 1.

The outlook of the stable facility in Syvsten, Denmark

mechanical ventilation mode and the control strategy [6]. The
modeling techniques can range from a simple single-zone [9],
[11] through to multi-zone and computational fluid dynamics
(CFD) [3], [8]. From the control design point of view,
CFD often leads to too complicated model along with its
demanding computation power, therefore, we won’t consider
this kind of method here. The multi-zone modeling method
has been used in [5], [11] and some advanced controllers such
as MPC have been developed and studied through simulation
in [13]. The multi-zone model can provide a good and
reasonable precision to reflect the real system, and meanwhile
also has a good orientation for control design. however, so
far there are not many successful real-world applications
where the climate controller developed through this method is
implemented in a real-sized system. One challenging issue in
implementation of this kind of controller is to handle a heavy
computation load, which could significantly increase the costs
for commercialized control system. Furthermore, with the
concern of checking the commercialization feasibility of the
developed controller, we decided to pick up the simplest
single-zone strategy for the current modeling investigation.
One technical observation to support this decision lies in the
fact that the concerned stable system is internally completely
open and there are no any obstacles except the heating pipe
lines and transducer cables. Thereby it could be sufficient
enough to be approximated by a single-zone [6]. We believe
the procedure proposed here can be reasonably extended to
handle multi-zone situation. Based on this developed model,
a constraint MPC is developed and implemented in the real
system in [15]. It can be observed that some modeling errors
due to this simple single-zone method can be compensated by



the developed optimal controller. More details can be found
in [15].

The considered stable system uses a low-pressure hy-
brid ventilation principle. In contrast to steady-state bal-
ance models [6], [9], the dynamic system modeling [7] is
considered in the following. Based on the energy balance
and mass balance, the thermal and flow dynamics of the
indoor climate are described by differential equations. The
models for air inlets, outlets and their driving systems as
well as the heating systems, one is used to heat up the
stable and another one is used to emulate the animals’
heat generation, are also extensively studied. The system
parameters are identified through arranged experiments. The
developed model is further validated through comparison
with real system’s operations. Even though some deviations
in terms of the indoor temperature can be observed, the
developed model shows consistent intendancy with the real
system. The obtained results show a clear feasibility to use
a simple single-zone model for developing a sophisticated
optimal control to handle large-sized climate control problem.

The rest of the paper is organized as the following: Section
IT introduces the considered stable facility; Section III dis-
cusses theoretical modeling of the considered system; Section
IV briefs parameter identification and model validation; and
finally we conclude the paper in Section V.

II. CONSIDERED SYSTEM

The considered stable facility is shown in Fig.1. This stable
was originally constructed as a boiler house and was equipped
with SKOV commercial climate control system. The physical
size of this stable is internally 12m wide, 64m long and 5.25m
high (to ridge). There are 31 air inlets on each long-side wall
and total 5 air outlets on top of the roof. The inlets are of
the type DA 1000 from SKOV A/S. One inlet consists of an
adjustable shutter which is controlled by a winch motor via
a cord drive. A potential meter is attached on the motor shaft
so as to measure the opening angle of the shutter. One inlet
requires 0.6m x 0.275m mounting area. The air outlets are
of the type DA 600 from SKOV A/S. This outlet consists of
a variable-speed fan insider a chimney tube. Beneath the fan
there also is a turnable plat which can be placed in positions
from O to 90 degree. The outlet tlébe has 0.65m diameter
and the air flow can be up to 17.87~. A number of air flow-
meters are installed inside the outlet tubes so as to measure
the air flow.

Due to the specific Scandinavian climate, there is no any
mechanical cooling setup insider the stable. The cooling is
done purely through the natural cooling mechanism. The
heating system inside the stable is configured for two dif-
ferent purposes: one heating system is used to heat up the
stable air if requested; another is used to emulate the heat
produced by the animals in the normal stable circumstance.
Both heating systems are connected to one oil furnace. The
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Fig. 2. The schematic ventilation principle inside a stable

warm water is circulated through a set of pipe lines, which are
mounted along the walls near the floor and suspended with
steel bearings. A set of temperature transducers typed of DOL
15 temperature sensor from SKOV A/S are distributed inside
the stable to measure the indoor temperatures. The outdoor
weather conditions in terms of wind speed, direction and the
temperature are provided through a Davis Monitor II weather
monitor. More details about the facility and setups can be
found in [10]. It should be remarked that the research done
in [5], [12], [13] is also based on the same testing system.

III. SINGLE-ZONE MODELING

Concerning the single-zone modeling strategy, the follow-
ing assumptions are made:

o The temperature and air pressure inside the stable are
assumed uniformly distributed; In practice, the average
of several temperature measurements from different
locations is used for model validation and feedback
purpose as well;

The indoor air pressure is always lower than the outdoor
pressure;

Only the temperature is considered as a unique criterion
to evaluate the climate control system, i.e., the animal
thermal comfort is defined as the stable temperature
should be kept within a proper range, e.g., from 20
degree to 22 degree [8].

A schematic diagram of airflows, the heat generation and the
heat loss in a stable is illustrated in Fig.2. The modeling of
the considered system should consist of the following key
parts: the stable’s thermal and air flow dynamics; air inlets
and outlets; the heating system; the animal thermal influence
and other disturbances as well, such as heat leakages via the
building envelope and the solar radiation etc.. Some system
variables and parameters used in the following are listed in
Table L.

A. Internal Thermal & air flow Dynamics
According to the energy balance [4], we have

dT,, - .
mey =" = Qi+ Qg M



TABLE I
SOME VARIABLES USED IN THE MODELING PROCEDURE

Notation Description Unit
m mass of the indoor air kg
m™m air mass changing rate %
Cp heat transfer coeff.

Tin indoor temperature degree
Tout outdoor temperature degree

Qin air flow rate via inlet m> / s
Gout air flow rate via outlet m3/s
Ca inlet discharge coefficient -

A inlet opening area m?
Pout outdoor air density kg/m?
Pin indoor air density kg/m?

Vwind outdoor wind speed m/s
Tw,in water temp. at pipe inlet | degree
Tw,out water temp. at pipe outlet | degree
Muwater water mass flow rate %

where Q; is the sum of the heat changing rate at which the
heat transfers from the outside into the stable, and Qg is the
sum of the heat changing rate at which the heat is generated
inside the stable, e.g., via animal behaviors or the heating
system. These heat changing rates can be detailed as

Qt = Qinlet + Qoutlet + Qleakage + Qsola7‘7

Qg = Qanimal + Qheatem (

where @, is the heat changing rate between the stable air
and the o component. The estimation of these functions are
discussed in the following.

According to the mass balance [4], we have

3)

where g is the air mass changing rate between the stable
and the 8 component. The estimation of these functions are
discussed in the following.

m = minlet + moutlet + mleakage7

B. Air Inlet Model

Due to the assumption of a single-zone concept, all phys-
ical inlets along one side of the wall can be modeled as one
big virtual inlet, we name it inlet-1. Similarly, all inlets along
the opposite wall can be modeled as another virtual inlet, we
name it inlet-2. They have to be distinguished due to the fact
that the outdoor wind may have different influence to these
inlets’ functions. Since the low-pressure ventilation principle
is adopted in the considered stable, it means that the air flows
through these inlets have only one direction, i.e., from the
outside to the inside. Thereby, according to the Bernoulli’s
Equation [1], there is

2A}D’L’n e
Gin = Ca Ay | St
Pout

The differential pressure across the inlet - A P;,;.; can be
estimated by the sum of pressure differences induced by the

“4)
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wind condition, denoted as (A Py,;,4), and the thermal buoy-
ancy, denoted as (APy), i.e., APipiet = APying + O Py.

The pressure induced by the possible wind can be esti-
mated by [1], [3]

1
2
Pw'ind = icppomvwind’

®)

where C), is the pressure coefficient which can be determined
empirically according to the wind direction. vy,;,4 is the wind
speed at the measure location. Then the pressure difference
over an inlet (inlet-1 or inlet-2) due to the possible wind can
be estimated as

A-Pwind = Pwind + (Pout,ss - Pin,ss)
_ 1 2
— Qcppoutvwind + Pout,ss - Pin,ssa

(6)

where P, ss and P, o, are the steady-state outdoor and
indoor pressures, respectively.

The pressure difference due to thermal buoyancy can be
estimated by [1], [3]

APtb - Pout - Pin - (pout - pin)gHinletv

where H;,i.: is the equivalent height of the inlet center re-
garding to the reference pressure level. Based on the ideal gas
equation, the air densities mentioned in above equation can
be substituted by the measurable temperature information,
then we have

Tin - Tout

AP)tb - AF)out - APzn + poutg(anl - Hinlet) ] 3

n (7)
where AP,,; (AP;,) is the deviation of the outdoor (indoor)
pressure w.r.t. to its corresponding steady-state value. H,,;;
is defined as the neutral pressure level when the thermal
dynamic inside the stable becomes steady-state, which can
be calculated from the following relationship [9]:

Tv’,n,ss - Tout,ss

Pin,ss = poutanpl
Tin,ss

Pout,ss -

Combining (6) and (7), we have

AF)inlet = %Oppoutvz,ind + Pout - P)in
. 3)
+poutg(anl - Hinlet)%a

The controllable input for this air inlet model (4) is
the opening area A. This open area is determined by the
position of the shutter which position is controlled by a winch
motor. This controllable input has minmum- and maximum
limitations, i.e., 0 < A < A4z, Which corresponds to the
fully close or open position of the shutter.

C. Air Outlet Model

The air outlet is a kind of axial ventilator, which consists
of a variable speed fan placed inside a chimney as shown in
Fig.2. The controllable input of the outlet model is the fan’s
speed w and the output is the air volumetric flow rate goy.



Due to the assumption of a single-zone dynamic and the fact
that all outlets are identical, all outlets are modeled as one
big virtual outlet in the following.

For a given fan speed, the relationship between the pressure
increment APy, over the fan and the air flow rate g, can
be described by a second-order polynomial, which is usually
called a fan curve [1]. For instance, for a given fan speed
wref, the fan curve can be described as

APfanﬂ‘ef = Qo,ref + a1,refout,ref + a2 reflout,ref s (9)

where all coefficients a; ..y for i = 0, 1,2 can be determined
from experiment data through the curve fitting method or
some other artificial intelligent methods.

Assume a fan curve for a specific fan speed, e.g., curve (9),
is determined via experiments. Then, according to the infinity
law [1], [8], the pressure increment over the fan when it runs
at a speed w can be estimated as:

ao, ag,
APpoy = 2L 4 ZU g 4 ag e @R, (10)

Wie f Wref
The operating point of a fan in terms of the incremental
pressure and the flow rate will be determined by the intersec-
tion between the fan curve at a specific speed and the system
curve [1]. The system curve is used to model the relevant
environment where the fan is interacted. In general, a system
curve relating to a fan system can be modeled as

A[)sys = (Pout_f)in)"_quum (11)

where K is a coefficient relevant to the pressure loss due to
the viscous friction. K can be estimated through measured
incremental pressure and flow rate by setting up APjq, =
APsys, the output g,,¢ can be determined by

a1 refw

Wref

dout = — 2(az,res—K)

A

It can be observed that ¢,,+ has an algebraic relationship with
fan’s speed, subject to disturbance P;, and P,,;. It should
be noticed that the wind influence to the outlet is neglected
here. If the wind influence needs to be considered, then (5)
needs to be subtracted from (11). In addition, (12) also needs
to be corrected correspondingly.

12)

al,ref%

Wref

a - Ld2
)2—4(a2mef—K)(0:+f+Pm— out)
ref

2(az,ref —K)

D. Animal Heat Model

In practice, the heat produced by inside animals varies
according to their activity level during 24-hour day [8]. It can
be approximated by a sinusoid function called (dromedary
model) [8], i.e.,

an‘mal = eree,tot(l + dfree,totSin(Zﬂ'fat - @))a (13)

3852

where f, is the frequency, ¢ is the phase shift. Q free,tot 18
the total free heat generated by the animals. dyyce ot 1S the
percent-wise deviation from the heat generation. The total
free heat can be estimated by the number of animals and
animal species [8], [10].

E. Heating System Model

The stable heating system consists of a set of steel pipes
as shown in Fig.2, called heat exchanger. Both the inlet
and outlet water temperatures of the heat exchanger can be
measured. The volumetric water flow rate can be estimated
through the measurement from the water pump operation.

Assume that the temperature of the air surrounding the
heat exchanger is constant, and the changes in fluid kinetic
and fluid potential energy are negligible. The heat transferred
from the exchanger to the stable can be estimated by [14]:

Qheat = UhApipe AT’lma

where Ap;p. is the contacting area of the pipe line with the
warm water. ATy, is the average logarithmic temperature
difference [14], i.e.,

(14)

rfw,z’n — Tw,out

Tin—Tw,out \’
ln( Tz‘n*Tw,mt)
where T, i, and T}, o+ are warm water temperatures at the
inlet and outlet, respectively. The overall average heat transfer
coefficient Uy, (%) can be calculated by

ATy,

15)

= 1
Uh - _1 Twater l’fl( Tpipe ) 4 Twater _ 1 (16)
hwater Ksteel Twater Tpipe hair

where 7y,4¢¢r s the inner pipe radius, and 7,y is the outer
pipe radius. The parameters huwater and hg;, are the average
heat transfer coefficients of the water and surrounding air,
respectively. kgiee; is the pipe steel thermal conductivity.
By focusing the circulated warm water, the warm water
temperature at the outlet of the exchanger can be described
as a function of the water temperature at the inlet of the
exchanger [14]i.e.,
UhApipe

Tw,out = Tin + (Tw,in
mwatercp

This model is necessary if we want to carry out complete
simulation study. The identification of system parameters will
be discussed in the following section.

— Tin)exp( A7)

F. Entire System Model

As we mentioned at the beginning, the other thermal
comfort criteria except the indoor temperature won’t be
considered at this stage. The heat loss due to the leakage,
convection and the solar radiation etc are assumed to have
a small contribution to affect the stable dynamic compar-
ing with the influences from the inlets, outlets, and heat
system. Thereby they are simply modeled as some random
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Fig. 3. The system block-diagram in Matlab/simulink

signals with relatively small amplitudes. Combining (4), (12),
(14),(13) and (17), the entire system model can be obtained.
Define the system state X, output Y and input U as:

A
X:|:1;;:|aYZ[Tin]7U: Gout )
T’w,in

then the obtained system can be described as a nonlinear state
space formulation as:

X _ |: fl (Tin7 m, A7 Gout> Twﬂ'n; d; Tout)
fQ(Tin7m7Aa QOut7d7 Tout) ’ (18)
Y =T,

where disturbance vector d represents all the uncontrollable
inputs to the model, e.g., Vwind, Qammal etc. An imple-
mented Simulink/Matlab diagram is shown in Fig.3. It can
be noticed that the inlets are classified into two groups. It
is due to the fact that the wind induced pressure coefficient
Cp in (5) is different for these two groups (sign difference).
The heating system is also classified into two groups as well,
this is due to the fact that these two groups physically locate
oppositely and are configured differently.

The equilibrium point(s) of the concerned system can be
calculated by putting X equal to zero in (18). By taking care
of the reality and legislation limitations, finally we pick up
a reasonable equilibrium point as T3, = 20degree, Ty =
15degree, m = 36.9kg, qout = 4.8m3/s, A = 1.46m?,
Ty,in = 2ldegree. This steady-state operating condition
corresponds to an ideal climate for broilers between the age
of 28-35 days. Based on this selected equilibrium point,
accordingly a linearized model can be obtained. We refer
to [10] for details.

upin

o o5 1 1.5 = 2.5 Y 3.8 a 4.5
Time [h]

Fig. 4. Calculated Uy, (for west and east parts) based on measurements
and a specific operating condition

IV. PARAMETER IDENTIFICATION AND MODEL
VALIDATION

A. Parameter Identification

The system parameters are estimated through experiments
or determined according to some empirical rules. Hereby we
just mention the identification of coefficient Uj,. We refer to
[10] for more details. Since the water temperatures, water
flow rate and the indoor temperature in the real system
are measurable, thereby Uy, can be determined through (19)
under different operating conditions. A result under the
operating condition: A = 1.77m?, gyt = 4m3/8, Ty in =
46 degree, Ty, an,in = 55 degree, is shown in Fig.4. Average
values from different tests are used as the final solution, e.g.,
Uhwest = 11.45W/M?K, and U, cqst = 12.09W/M?K are
used in our simulation model.

— 1

Un = _7mwatercpln <

Tw out — Ti
As ) 1

Tw,in - Tz

B. Model Validation

Since we picked up a simplest modeling strategy - single-
zone model for a relatively large stable system, thereby a
perfect matching between the model and real system is not
expected. However, some key features of these two should
exhibit clear consistence with each other.

The first test is to run the real system at the selected
equilibrium point subject to real external disturbances. The
comparison of test and simulation results is shown in Fig.5.
This test was performed during k1.12:03-18:27, 26 May 2007
in the northern Denmark. The initial indoor temperature is
20.5 degree. It can be seen that the indoor temperature
is always higher than the steady-state temperature at the
equilibrium point (20 degree), that is due to the outside
temperature being higher than its steady-state value (15
degree) as well. However, it can be noticed that the simulation
system has the same tendencies as the real system in terms
of rising time, mean steady-state indoor temperature. The
simulation result is more affected by the outdoor temperature,
this could be due to the fact that the stable is well isolated
and thereby not affected much by direct sun or wind. This
isolation plays a filtering effect which is not modeled in the
developed model. Moreover, the capability of thermal energy
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Fig. 6. Comparison of simulation and real test for dynamic ventilation

storing or releasing by the building materials is not modeled
either [14].

Another test is carried out regarding the dynamic behaviors
of the ventilation. This test is performed during kl.12.50-
20.33, 7 May 2007 in Northern Denmark. The comparison
of simulation and test results is illustrated in Fig.6. It can be
seen that the simulation model has the similar tendency as
the real system, however, it is more affected by the outdoor
temperature. For other testings and detail discussions, we
refer to [10].

C. Closed-loop Control System Using MPC

A Model Predictive Controller (MPC) with constraints
is developed and implemented in [10], [15] based on the
obtained model. One test result is shown in Fig.7. It can
be noticed that the controller successfully kept the indoor
temperature within a required range around the set-point. For
the control issues we refer to [15] for more details.

V. CONCLUSION

Modeling of a real-sized livestock stable climate using the
single-zone method is discussed. The thermal dynamic of the
indoor climate is modeled based on the energy balance and

i i i i i i i i i
0.5 1 1.6 2 2.6 3 3.5 “ 4.6
Time [h]

Fig. 7. Test result for MPC controlled climate with set-point of 21 degree
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the mass balance principle. The hybrid ventilation system,
including the air inlets, outlets and their driving systems,
and heating systems, are extensively studied and system
parameters are identified through experiments. The model
is further validated through comparison with real system.
The obtained results show a clear feasibility to use a simple
single-zone model for developing a sophisticated optimal
control to handle large-sized climate control problem. Of
course, for commercialization of a developed climate con-
trol system, some tradeoff should be considered between
the expenses for implementation and the expected system
performance.
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