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Resumen

En esta tesis se propone una metodologia de modelado del comportamiento de la temper-
atura y humedad relativa de un invernadero usando redes de Petri fluidificadas. Las redes
de Petri son una representacion de sistemas de eventos discretos que se integra por lugares,
transiciones, arcos y marcas dentro de los lugares. Las redes de Petri modelan sistemas
positivos y pueden describir sistemas concurrentes. Las marcas se pueden interpretar como
recursos presentes en el sistema. La fluidificacion es una técnica en la cual el modelo de
la red de Petri se relaja para obtener un sistema de estados continuos que se comporta de
una forma similar a la red de Petri de eventos discretos.

El invernadero es un sistema no lineal positivo de miltiples entradas y miiltiples salidas
que esta sujeto a perturbaciones del ambiente externas e internas. Al ser un sistema
positivo, las redes de Petri fluidificadas pueden modelar el sistema si se pueden representar
con las semanticas actuales de las redes de Petri fluidificadas. Algunas no linealidades del
sistema y las perturbaciones se agregan a la red de Petri.

Se realiz6 una simulacion de identificacion parameétrica para el modelo en redes de Petri
a partir de un modelo reportado en la literatura que resulté en una buena representacion del
invernadero. El modelo obtenido de la temperatura y humedad relativa del invernadero con
redes de Petri fluidificadas aporta una representaciéon visual de variables y la interaccion
de las mismas. También, la influencia de los actuadores (que tiene un limite en la practica)

esta acotado por el marcado de los lugares que representan cada actuador.
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A bstract

In this thesis a methodology for greenhouse temperature and relative humidity modeling
using continuous timed Petri nets is proposed. A Petri net is a representation of a discrete
event system (DES) which is integrated by places, transitions, arcs, and tokens positioned
inside places. Petri nets model positive systems and can describe concurrent systems.
Tokens are usually interpreted as resources presence. Fluidization is a technique in which
the Petri net model is relaxed into a continuous state system thata behaves in similar way
as a discrete event Petri net.

The greenhouse is a non linear positive system with multiple inputs and multiple out-
puts which is subject to inside and outside perturbations. Since it is a positive system, it
can be modeled with continuous timed Petri nets if the system can be represented with
the current defined semantics. Some non linearities and the perturbations are added to
the Petri net.

A simulation of parametric identification is carried out for the continuous timed Petri
net model from a model found in the literature which resulted in a good representation
of the greenhouse. The obtained continuous timed Petri net greenhouse temperature and
relative humidity model provides a pictorial representation of variables and interaction
between them. Also, the actuators inputs (limited in practice) are bounded by the place

marking representing each actuator.

X111
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Chapter 1

Introduction

A greenhouse is a metal structure covered with transparent material (usually plastic) which
is commonly used for growing plants (it can also be used to breed and raise fishes). Green-
houses protect crops from external hazards and are also used to create an inside climate
different yet dependent from the outside. This dependence of the greenhouse climate can
be reduced using actuators to modify the greenhouse climate. The actuators used vary
from the automation level of the greenhouse. For example, to increment water vapor con-
centration in a non automated greenhouse, the floor is irrigated so when it evaporates it
increases the water vapor concentration.

Protected agriculture has increased its use in recent years due to its advantages. Grow-
ing plants in a greenhouse provides protection from external hazards, improves volume
and quality of crops, and season dependent plants can be produced thoughout the year if
the inside climate is controlled. Particularly in Mexico, greenhouses are mostly used to
grow tomatoes, on a smaller scale, flowers; even be used for avocado production. Also,
they may be used to grow cucumbers, strawberries, blueberries, lettuce, peppers, eggplant,
basil, etc. According to a study carried out by Fideicomisos Instituidos en Relacién con
la Agricultura (FIRA)[1], the yield for tomato planted in the open is 40 metric tons by
hectare while tomato planted in greehouses yielded 140 metric ton by hectare. In [25], the
rentability of greenhouse tomato production is shown.

The use of control loops tuned as the agronomist and biologist researches propose,
improves the use of water, energy and fertilizers. Simultaneously, the volume and quality
of crops is increased. One of the main problems with greenhouse climate control is the
computation of a fine mathematical model capturing the dynamic greenhouse behaviour.
The models are most modeled by non linear differential equations including disturbances
where the parameters are varying with time, i.e. even if the model is known, the parameters
can change constantly causing an error between the real system and the model. The

obtained models lead to very complex differential equations.

1



2 CHAPTER 1. INTRODUCTION

1.1 Greenhouse Systems Modeling State of Art

Researchers have used many modeling approaches for greenhouses, most of them mainly
based in the heat and mass balance equations. In [7], a greenhouse model including natural
ventilation and evaporative cooling is presented. Authors use heat and mass balance
equations to derive the model. Since that approach includes a linearization stage, the
model is only valid in the nearby of the operating point. Another approach deals with linear
and non linear identification of the greenhouse behaviour using neuronal networks [6]. This
method uses, however, a large amount of data samples due to their large number of degrees
of freedom, and also requires a large computation time for training. In [14], a method for
robust non linear identification of a climate system using evolutionary algorithms was
proposed. Although the model is validated, the convergence of the algorithm could be too
long. In [26], a fuzzy model of a greenhouse by taking heat and water measurements is
proposed. However, the number of fuzzy rules needed to compute an actual greenhouse

model is too large and it is not clear how to find out the rules.

1.2 Owur Approach

A Petri net is a representation of a discrete event system (DES) which can describe the
topology of a distributed, parallel, or concurrent system. It is integrated by places, tran-
sitions, arcs, and tokens positioned inside places. Arcs can only connect a place with a
transition in any direction, they can not connect two places or two transitions. Transitions
decreases tokens in an input place and increases the ones in the arrival place. A transition
is enabled if all its input places have enough tokens. Tokens are usually interpreted as
resources presence. Petri nets model positive systems which poses no problem with the
greenhouse temperature and relative humidity. Also, since some actuators can be modeled

as a source place, Petri nets provide a bound to some system components through tokens.

Continuous timed Petri nets allow to model highly populated DES. They are a nice ap-
proach since the state combinatorial explosion appearing in DES are translated to problems

in differential equations.

When infinite server semantic (IS) is used in continuous timed Petri nets (ContPN)
((16], [19], [20], (3], [24]), the state combinatorial explosion is translated into the analysis
of a number of linear differential equations dependent on the number of places and sin-

cronizations. Although it seems to be a problem, several authors showed that interesting

properties can be analysed despite the large number of linear systems.

When product semantics (P5S) is used, the model is represented by one set of non linear
differential equation. These nets have been widely used to model biological systems (15]).
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In both semantics, the non linearities are introduced by the synchronizations nets. In IS,
the non linearities are represented by a set of linear systems while in PS just a non linear
differential equation is required.

The modeling developed in this work uses ContPN to capture the greenhouse dynam-
ics. This model includes the external conditions (solar radiation, outside temperature, etc)
as disturbances. The modeling methodology starts by representing every state variable by a
Petri net place p,. Afterwards, positive (as solar radiation) and negative variables are rep-
resented by a function place ps which have input and output transitions to p, respectively.
Positive /negative variables are represented by both, input and output transitions. The
output of this first step is a Petri net structure, the next step deals with the identification
of the transition’s firing rates. This task is performed by a least squares algorithm. Due to
the fact that the obtained ContPN includes only two synchronizations, the identification

algorithm converges rapidly to the actual system parameters.

1.3 Work Objectives

There are various variables to control inside a greenhouse, some of them are: temperature,
relative humidity, CO;, luminosity, etc. Both temperature and relative humidity are a
priority to control in order to create a good climate for the crop.

This work focuses in obtaining a model for the greenhouse temperature and relative
humidity with continuous timed Petri nets in order to have a methodology to construct a
modular model for a greenhouse to allow an easier adding or removal of equipment both
physical and in the model. Since this work only includes a model, in future work the
control of the temperature and relative humidity will be studied.

Some supositions for modeling are:
e The greenhouse temperature is considered uniform in the greenhouse.

e The radiation exchange between objects is not considered. Only solar radiation

absortion is considered.

e No plants inside the greenhouse is considered.

1.4 Contributions

e A heat and mass balance modeling methodology for continuous timed Petri nets.

e A continuous timed Petri net model representation of greenhouse temperature and

relative humidity.
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e A parameter identification process for the model previously mentioned.

1.5 Contents General Description

Chapter 2 presents Petri nets preliminaries from the definition of a Petri net, a continuous
Petri net, and continuous timed Petri net. For the latter, infinite server semantics and
product semantics are explained since they will be used for modeling in Chapter 4. Also,
the least squares method is shown. Chapter 3 explains some greenhouse subsytems like
cooling, heating, COy inyection, assimilation light, and other subsytems are explained.
Also, a greenhouse temperature and relative humidity model from literature is explained
for later use in the document. In Chapter 4, a Petri net model is obtained based on
a methodology proposed in this thesis and a simulation of the greenhouse parametric

identification is carried out. Appendix A shows the values of the parameters used in the

simulations.



Chapter 2

Preliminaries

In this chapter, Petri nets concepts and the least squares identification method are de-
scribed. The concepts cover Petri nets, continuous Petri nets, and continuous timed Petri
nets. For the latter, the infinite server semantics and the product semantics are shown,

and function places are presented.

2.1 Petri Nets Concepts

This section introduces basic concepts on continuous timed Petri nets. In order to
have more detailed information, an interested reader may also consult [10], [12], [18], and
[29].

Definition 2.1. The Petri Net structure is a bipartite digraph formed by the four-tuple
N = (P,T,Pre,Post) where P is a finite set of nodes called places; T is a finite set of
nodes called transitions; Pre and Post are |P| x [T'| matrices representing the weighted
arcs going from places to transitions and from transitions to places respectively.

Let g € PUT be a node of N. The input set of ¢q, denoted by eq, is defined as
oq = {q; € PUT| there exists an arc from ¢; to q}. Similarly, the output set of a node g,
denoted by ge, is defined as ge = {q; € P UT'| there exists an arc from ¢ to g;}.

Transition
Figure 2.1: A Petri net

Definition 2.2. A Petri net system or simply a Petri net (PN) is the tuple (N, mg) where

N is the Petri net structure and mg is the initial token distribution or initial marking; a

5



6 CHAPTER 2. PRELIMINARIES

marking m : P — Z!ﬁ is a vector representing the number of tokens residing inside each

place. The notation m(p;) denotes the marking in the place p;.

The evolution of the discrete PN marking is given by

mrg41 = 110 = C? (211)

which is known as the fundamental PN equation, where C = Post — Pre is the incidence

matrix, mg is the current marking, @ is a |T'|-dimensional vector with the i-th entry
representing the number of ocurrences of ¢; in o, and my is the resulting marking after

the fired transitions.

When a transition is fired, a number of tokens are substracted from the input place and
another number of tokens are added to the output place. The number of tokens substracted
or added are dependent on the weight of the arcs. A transistion is fired when a certain
event happens, it can be dependent on a sensor reading or pushing a button. Equation
(2.1.1) shows the change in marking since the transitions fired are represented in 7 and

are multiplied to the incidence matrix which have the information of which places and how

many tokens to substract or add to the current marking mg.

Right and left annullers of C are called T- and P-flows respectively; i.e., Cx = 0
(yC =0) is a T- (P-) flow for x # 0 (y #0).

Example 2.3. The Petri net of Figure 2.2, has the next incidence matrix:

and its annullers are:

1

1
T-flow =span 0| 7; P-flow =span
1
1

O O = =
O = e =
S e T



2.1. PETRI NETS CONCEPTS 7

t

P1

Figure 2.2: PN of example 2.3

A transition ¢; is named a join (a place p; is named an attribution) if | e ¢;| > 1
(| e p;] > 1). A Petri net structure is said to be free choice (FC) ([12]) if for every
p1,p2 € P, either p; e Npoe = () or p1e = pye.

(a) Join (b) Attribution

Figure 2.3: A join transition (a), and an attribution place (b)

A continuous Petri net (CPN), which can be seen at in [9] and [29], is a relaxation
of the discrete PN model, where parts of tokens can be moved between places. As a

consequence, the number of tokens in each place is a positive real number.

Definition 2.4. A continuous Petri net (CPN) is the pair (N, mg) where N = (P, T, Pre, Post)

is the PN structure and m : P — Rl:ﬁ)l assigns a real number of tokens inside each place.

The initial token assignment is mg € IRI_;J.

Let m(p;) = m; be the marking of a place p;. A transition ¢ € T is enabled iff for every
p; € of, m(p;) > 0.
The enabling degree of a transition is given by

enab(f,m) = gég% { PZ([E;? y } :

As in discrete PN, the firing of a transition ¢; leads to a new marking; in this case it

is computed, by
m’ =m + C7? (2.1.2)
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where the firing vector 0 < 7 < enab(t;, m), = Rgg.

If m is reachable from mg by firing the finite sequence o of enabled transitions, then
m = mg + C7 is named the CPN state equation where k= Rg(l is the firing count
vector; 1.e., ?,— is the cumulative amount of firing of ¢; in the sequence o.

The set of all reachable markings from myg is called the reachability set and it is
denoted by RS (N, mg). In the case of a CPN system, RS (N, my) is a convex set [30].

A CPN is bounded when every place is bounded; i.e., Vp € P,3b, € R s.t. m(p) < b,
at every reachable marking m, and it is live when every transition is live (it can ultimately
be fired from every reachable marking). The concept of bounded and live can be defined
for an infinite firing secuences as lim-bounded and lim-live [31].

In order to include the notion of time in the CPN models, a function A : T — RZ is
used. This function assigns to each transition a positive value representing the maximum
number of tokens that can flow through the transition per time unit ([18]) and it is called

the firing rate of the transition.

Definition 2.5. A continuous timed Petri net (ContPN) is a 3-tuple (N, A\, mg) where

(N,mg)isaCPNand A: T — IR?;U is a function associating a firing rate to each transition.

It is possible to differentiate (2.1.2) to obtain a state equation
m = Co = Cf(r) (2.1.3)

where 7 is the time variable and f(7) = &(7) is the transition flow.
The different ways of defining the transitions flow f of (2.1.3). One of them is called

Infinite Server Semantics which is defined next:

Definition 2.6. A ContPN is called infinite server semantic ContPN (IS—ContPN)
if the flow of a transition t; is

. Ny e [ m(p)
fi = A\i - enab(t;, m) = )\ %‘é{Pw[p, ti-]} (2.1.4)

where f; is is the flow of transition #; and the i-th row of the vector f.

Notice that a IS — ContPN can actually be considered as a piecewise linear system
(a class of hybrid systems) which is a system composed of disjointed convex polyhedrals
whose union form the space " Each partition has a linear system and the linear system
in use depends on the polyhedral where the current values of the state variables are at a
given time doing the swithching between systems dependent on internal variables ([4]). An
IS — ContPN can be considered a piecewise linear system due to the minimum operator

that appears in the enabling function in the flow definition since it makes the switching
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among the embedded linear systems internally. Equation (2.1.3) can be expressed as a

piecewise linear system given by

m = CAII(m) - m. (2.1.5)

The firing rate matrix is denoted by A = diag (A1,...,\7y). A configuration of a
ContPN at m is a set of (p,t) arcs describing the effective flow of all transitions:

1
—— if p; is constraining ¢;
II(m)[i, 5] = { Prelpi, ] ’
0 otherwise.

where a place p; is constraining ¢; if its marking m; is the minimum of the marking of all

places p € eot;.

Definition 2.7. A ContPN is called product server semantic ContPN (PS—ContPN)

if the flow of a transition ¢; is

fi=x ] {?TTZ%T} (2.1.6)

pEel;

One way to define constant flow transitions (source transitions) is to model a transition

t; together with a place p; such that ef; = p; C t;e and Pre|p;,t;] = Post|p;,t;] = 1 as

Pf L Ps

Figure 2.4: A well defined source transition

shown in figure 2.4.

Definition 2.8. In a ContPN, a transition ¢{; € T is named well defined if | o {;| > 1;

i.e., it has at least one input place. A ContPN is named well defined if Vt; € T, ¢; is
well defined.

As proposed in [13], join transitions are separated from single input transitions in order

to work either with the linear part or the non linear part of the ContPN.

Definition 2.9. The set of single input transitions is the set
Tsi = {t; € T|| o t;| = 1}.
Definition 2.10. The set of join input transitions is the set

T; = {tj eT|| ot;| > 1}.
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Itcanbeseenthat T,; NTy =0 and T,; UT; =T.
The transitions in a ContPN can be renamed to match the first transitions to single

input transitions and the following ones to join transitions. Then, the incidence matrix is
reformulated as C = [Cr,, Cr,]. Thus, (2.1.3) is expressed as

fr .
m = [Cr,; Cr,] [ ” ] (2-1.7)
e
or
m = Cr. fr.. + Cr,fr,. (2.1.8)

For both IS — ContPN and PS — ContPN, for a transition & € T,;,

Ak

fk — m : m(p) = gk m(p) (21.9)
where p, € o t; and oz = E%Lﬂ' It can be seen that Cr {7 . is linear. Thus, equation
as “k
(2.1.8) can be represented by
m = [Cr,, 0] ar,, - m + Cr,fr, (2.1.10)

where Cr,fr, is a non linear term, [Cr,, 0] has as many columns with all zero elements as
transitions are in Ty, and ar,, is a |T'| x |P| matrix given by

a. if i=k and j=a

QarT,; [i, .7] = {

0 otherwise.

In the case of mixed semantics (both infinite and product server semantics are used),
the join transitions can be arranged such that infinite server semantics are separated of
product server semantics as Cr, = [Cr,; Cr,.]-

Following a procedure as stated before, the state equation can be expressed as
m = (Cr, Olar, -m+ CrisAr Il (m) - m + Crpslrps- (2.1.11)

The state equation may be separated in two parts if (2.1.5) representation is used for
both IS — ContPN and linear equations are added:

m = [Cr,, C1,5 0] AII(m) - m + Cr, 1, .. (2.1.12)

Example 2.11. Figure 2.5 shows the structure of two ContPNs, one with IS and the other
with PS. The initial conditions are: m;(0) = 6, m2(0) = 2, and m3(0) = 3; the rates are:
Al =X =1.
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Figure 2.5: ContPN of Example 2.11

The infinite server semantics equations are given by:

mi = — A1 min (ml, ma) + Aam3
mo = — A\p min (my, ma) + Aamg

m3 =A1 min (ml, mz) = /\2m3.
And the product server semantics equations are given by:

mp; = — A\ymyms + Aams
Mo = — A\ymima + Aams

‘ﬁ'l3 =/\1m1m2 — A2m3.

#_—--------'—--—'----

5.8

5.6

5.4

Figure 2.6: Evolution of tokens in p;
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Figure 2.7: Evolution of tokens in ps

In figures 2.6, 2.7, and 2.8, the evolution of tokens of pj, p2, and p3 are shown. The
equilibrium points for the PS — ContPN is mymy = m3 and for the IS — ContPN in this

case 1S Mg = MmMas.

4.2 R [ e T -

3.8}

3.6

3.4

3.2 1

28" i

26 J

Time (seg)

Figure 2.8: Evolution of tokens in pj3

In order to apply a control action in (2.1.3), a substracting term u, such that 0 < u; < f;

is added to every transition ¢; to indicate that its flow can be reduced. This control
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represents a system with maximun capabilities that can only be reduced through control.

Then, the controlled flow of transition ¢; becomes w; = f; —u;. Introducing u in (2.1.3),
the forced state equation is

m=C[f-u|=Cw
0<u; <f{;

which in the case of IS — ContPN, f = AII(m)-m; also, the state equation can be simpli-
fied, the input vector u is rewritten as u = I, AIIl (m) -m, where I,, = diag (Im, i i ’I“ITI)
and 0 < I,,, < 1. Then the matrix I, = I — I, is constructed and the state equation can

be rewritten as
m = CI.f = Cw. (2.1.13)

Thus, the control I, is the fraction of eduction to the flow of transition ¢; due to the
control action.

A transition is called non controllable when its flow cannot be reduced. Every non
controllable transition ¢; has associated a constant input control I, = 1.

In the case of mixed semantics, from equation (2.1.12), the infinite server semantics part
is taken from the result reached at (2.1.13). For the product server semantics transitions,
fr,. is divided in controllable and non controllable transitions (fr,s = frps. + frps,.)-
While non controllable transitions have a flow transition as defined in (2.1.14), controllable

ones are defined as

fi=Nla |1 {#[(I?td} (2.1.14)

pEet;
It has to be noted that transitions ¢; and ¢; may have a flow rate given by I.,A\; and

I._); respectively, meaning the control input affects two or more transitions.

2.1.1 ContPN Function Places

Regular ContPN models do not cover disturbances and nonlinearities, therefore it is re-

quired to add places that allow us to incorporate them. The next definition is proposed:

Definition 2.12. A place is called a function place if its marking at time 7 is determined
by a non linear function h : RT U0 — RT U0 of the actual marking of other places or

external disturbances. Thus, the marking of a function place p; is described by
m;(7) = h(m, D) (2.1.15)

where m;(7) is the marking of place p; at time 7, h(e) is a known function and D is a

measurable disturbance.

Notice that the marking of function places it is not directly determined by the differen-
tial equations. Also, since functions places are mainly seen as disturbances, their markings

do not represent controllable variables.
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2.2 ContPN Identification via Least Squares Method

The least squares method is a well known method for offline identification, it requires
to process collected data from a system to calculate the system parameters. In order to

calculate the parameters of the ContPN model, we construct the next array:

mi(1) my(l) me(l) -+ mu(1) ai,1
: — : : : : E (2.2.1)
m;(k) mi(k) mo(k) -+ mp(k) Qin
where m;(b) is the b-th sampled element of r;, m;(b) is the b-th sampled element of m;, and

a; j contains the parameters associated to m; (for example, it may happen a; ; = Aq + A\p)

for place p;. This equation can be abbreviated as
YT =UO (2.2.2)

where Y is a vector containing samples of the differential of the marking of place p;; ¥ is
a matrix with samples of the marking of places p; withz=1,...,n; and © is a vector with
the parameters related to m; for j = 1,...,n in the dynamics of place p;. The solution of

O is obtained from
e =(v'w) 1ol (2.2.3)

In order to identify the parameters of an I.S — ContPN, after having reformulated the

incidence matrix as in (2.1.7), W is reformulated in order to include the minimum operator:

mi(1) --- my(1) min {——mi(-ll—} +or i {M}

pPrEotiy Preh)x, tf+1] pzE€oln
: mz (k) : mq (k)
k) - m.(k S s..... i SR W e NTE
() Wik B, {Pre[p:;,t,-ﬂ]} pféi‘%n{Pre[pm,tn]}

where ¢1,...,t € Ty and ¢r41,...,t, € Tj. Note that Pre[p.,¢;] must be known when
t; c TJ and Px = .tﬂ-'

(2.2.4)

In order to identify the parameters of a PS — ContPN, after having reformulated the

incidence matrix as in (2.1.7), ¥ is reformulated in order to include the minimum operator:

mi(1) - ome(1) [ me) - ] ma(1)

: : : : : : (2.2.5)
my(k) - m.(k) H Mg (k) - H mq (k)

Dz Eolr 1 Pz Eeln

where ¢;,...,t, € Ty; and ¢t,41,...,tn € Ty. For PS — ContPN it is not necessary to know
Pre(p.,t;] when ¢; € Ty and p, € et, since it will be identified in the parameters a; ;.
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Example 2.13. The IS — ContPN of Example 2.11 will be used assuming that all places
are measured. It has to be noted that Pre[ps,t;] must be known in order to switch the
system just as the original one; in the other side, Post|ps, t2| is not necessary since it is
present in the equations of the IS — ContPN. The array for all places is given by

mni(1) m3(1l) min(m;(1), ma(1)) [

: _ ; ; a;,1 ]
mni(k) m3(k) min (my(k), mz(k))

If a identification of the PS — ContPN from the same example is desired, the function

min (ml(l),mg) is changed to mima:

m,-(l) m3(1) ml(l)mg(l)
B : : =
(k) m3(k) my(k)ma(k)

The difference is that the PS — ContPN can identify Pre[ps,t:] since it is not an
element of the PS — ContPN non linearities.

Figures 2.9, 2.10, and 2.11 show the error between the original and the identified system
(for the IS — ContPN) for m;, ms, and ms.

Figure 2.9: Error between the original and the identified system for m;
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x10
8r —— ¥ -
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Time (seg)

Figure 2.10: Error between the original and the identified system for ms

-

Figure 2.11: Error between the original and the identified system for ms



Chapter 3

(Greenhouse System

There are different types of greenhouses named according to its shape: gable, flat arch,
raised dome, sawtooth, tunnel, etc. In some cases, the greenhouse type is subject to what
crop will be inside it. In order to automate a greenhouse, there may be needed cooling

sytems, heating, COs inyection, motors for windows, artificial light, etc.

YY1

Gable Flat Arch
Sawtooth Tunnel Raised Dome

Figure 3.1: Some greenhouses types

Inside a greenhouse, two systems are dealed: climate and crop. The climate includes:
air temperature, soil temperature, water vapor concentration, CO; concentration, assim-
ulation light, etc. The crop can also be modeled, some of the variables are: roots mass
generation, leaf mass generation, fruit mass generation (dependent on the crop), assimi-
lates production, photosynthesis, respiration, etc. In this work, biological (crop) equations
are not considered, but if interested, [34], [36], and [22] can be seen. The reason not to

work with crop variables at the moment is simplicity; it may be tackled in future work.

This chapter presents some common greenhouse components such as COs inyection,

17
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heating, cooling, assimilation light, etc.; and explains the mathematical model of green-
house temperature and relative humidity. The mathematical model starts with heat and
mass balance equations; later on, they are detailed according to which variable is mod-
eled and what external variables it is dependent on. In this work, the variables modeled
are: greenhouse temperature, soil temperature, heating pipes temperature, water vapor

concentration, and C Oy concentration.

3.1 Greenhouse Subsystems

In this section some greenhouse components are described. In [23] and [35] additional

equipment and further component selection procedures are presented.

3.1.1 (CO; Distribution

In the photosynthetic process, CO, is used as a substrate to form the primary building
blocks such as sugars, aminoacids, and organic acids. Those blocks are transported along
the growing parts of the plants where they are transformed into structural dry mass.
Sugars are also a source of energy in the conversion process and are used in maintenance
respiration.

Aside from the COy in the air, to improve the plant production, additional CO; may
be added to the system. The supply system must be arranged in a way such that the CO,
reaches the plants by an uniform diffusion and flow. The best way to benefit from the
additional COs is to install the conduction tubes beneath the plants between beds.

The CO, can be provided from a tank connected to the ducts that distribute it to the
plants or it can be produced by a heat storage system and a gas purifier; for example,
assuming a density of 150kg/m® for natural gas and 700kg/m?® for CO,, natural gas is
burned freeing 0.53 m3 of CO; by 1 m® of natural gas ([32]) and the heat produced
by burning the natural gas can be stored to be used later; a downside is that the COy
must be purified before use because ozone, NOx, CO, and SO;, which are present at the

combustion, are toxic to the plants.

3.1.2 Heating System

The heating system must be able to keep a minimum temperature inside the greenhouse
during extreme circustances. To heat, usually a cylindric flame combustion tube of triple
extraction is used. Other sources of heat are heating pipes, assimilation light, stored heat,

and heat/energy generation.

The most used heating pipe system is the Tichelmann system (Figure 3.2). In this
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system, the water in the returning pipe flows in the same direction as in the distribution
pipe so the water distribution is virtually ideal and the heat exchange is the same in all
parts if the hydraulics connections are the same and the distance of the boiler is similar to
all heat exchangers. Usually, 8 heat pipes by each 6.4 m of greenhouse are installed. The
pipes are usually laid in the floor to guarantee a proper heat distribution in the cultivation;
other pipes heating systems are located aerial to heat the greenhouse air, a combination of
both tipes of pipes can be used for better control. Occasionally, aerial heating is completely
obviated, though is risky due to the possibility of the plants getting wet at low temperature
of air and get infected with Botrytis.

Heat
exchanger
Hot
water Cold
water
N\
. J
Boiler Pump Water

tank
Figure 3.2: Draft of the Tichelmann system

An interested reader can look at [28] for other heating technologies.

3.1.3 Cooling System

To lower the greenhouse temperature, usually natural ventilation is used. The only problem
is that it depends on external temperature and wind speed to work. There also exists forced
ventilation to supersede the wind speed, but it still depends on outside temperature.
Another method, evaporative cooling, is used when ventilation is not possible or de-
sirable. The process is to obtain small drops of water to absorb the energy in the air to
evaporate and lower the temperatue at the same time. This can be done by using fan
and pad, or foggers. A hybrid between mechanical and evaporative cooling named indirect
evaporative cooling can be used in order not to increase the humidity of the greenhouse

while cooling.
An interested reader can look at [27] and [17] for other cooling technologies.
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3.1.4 Assimilation Light

Artificial light is used commonly to stimulate photosynthesis and increase quality. The
lamps used to light the greenhouse can also provide some heat to the climate. The lighting
system must be thought carefully to avoid loses, specially voltage related, and to reduce
the shadow they give to the plants while maximizing the radiation provided.

3.1.5 Additional Systems

Sulfur vaporizers prevent some diseases and plagues, sulfur is vaporized and disperse
through the greenhouse. An special mesh is used to reduce the light provided by the

sun but at the same time, it can concentrate the heat inside the greenhouse. Insect screens
are used to keep insects out the greenhouse. Desalinisaton systems may be used to purify

the water before irrigation

3.2 Mathematical Model

The greenhouses have an inside microclimate that is usually modeled by heat and mass
balance equations. The model can be as accurate as desired but its complexity increases. A
basic greenhouse model will be presented. The model vary due to the greenhouse structure

features or by using aditional equipment.

3.2.1 Heat Balances

The heat balance equation complies the law of conservation of energy. A general energy

balance equation can be defined as

dQ-
dit

= Qin,z — Qout,z T+ Pz (321)

where Q; (in J) is the system energy (being a sustance or object), ginz (in Js™!) the
ammount of energy enters a system z per unit of time, gou:- (in Js™!) is the energy
output, and p, (in Js~') the generated energy. The system has a boundary that is the
real or imaginary surface that separates the system of its surroundings.

The energy Q: is related to the temperature T, (in Kelvin) of the system through its
thermal capacity ¢, (in JK™1)

Q: =c; T;. (3.2.2)

Replacing (3.2.2) into (3.2.1) we obtain

dil;
Cx d¢ = Qin,z — Qout,xz + Pz- (3.2.3)
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The temperature is related to the average cinetic energy present in a sustance or object.
If the temperature is not uniform in al parts of an object or sustance, there is heat exchange
between those parts of the hole system (sustance or object).

Ailr Temperature

The temperature of the air in the greenhouse is affected by convection mainly from the
greenhouse hull, the plants, the soil, crop transpiration, and exchange with the ventilation
or leakages. The heating pipes system exchanges heat by convection, but heated air can be
introduced into the system. The cooling system is heat loss by convection. The temperature
of the greenhouse hull is affected by solar radiation, outside air convection, inside air
convection, radiation exchange with the sky, radiation exchange with the interior of the
greenhouse, and latent heat released by condensation of water vapour. The model to be

used does not consider all previous relationships and is given by

g% =00y —Ggio — 0" —g.st g~ doh + 0oy —dgc (3.2.4)
where T is the average greenhouse temperature and the other terms are explained further
in the section. The temperature T is just an average, this means there may be places in
the greenhouse where the air is hotter or colder than Tj,.

An interested reader may look at (2] for a more accurate model.
The latter equation is expressed in watts per square meter (Wm™2). The virtual heat

capacity of the greenhouse compartment (expressed in Jm~2K™!) is computed from

V.
Kg = Pacp,aA_g (3.2.5)
) g

where p, is the density of the air inside the greenhouse (kgm™3), ¢y the heat capacity of
that air (JK~1kg~1), V, the volume of the greenhouse (m®), and Ay the area covered by
the greenhouse (m?).

Equation (3.2.5) is a lower bound for greenhouse heat capacity since the crop and other
components increases it. Also, the relation between heat capacity and temperature is non
linear because its value is accurate only in a range of temperatures.

This model does not consider the exchange by convection of the radiation received

by materials inside the greenhouse, it considers only the solar radiation absorbed by the

overall system:
g =l (3.2.6)

where I, is the global solar radiation and 7, is the contribution of radiation to heat gain

of air and solids inside the greenhouse.
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The radiation absorbed by heating pipes is considered apart as

Ap

- (3.2.7)

9

where A, is the pipe surface area and 7 is the absorbed heat relative to radiation energy

received (n € [0, 1]). So 7y can be written as

A
Mg =MN—Tp = ( £= 712) n- (3.2.8)
g
A higher bound aproximation of 7 is the transmitance of the roof (7-):

‘r’ — TT (3.2.9)

Solar Radiation

Lateral
Ventilation

Forced
Ventilation

Heating
Pipes

Figure 3.3: Greenhouse with forced and lateral ventilation

Inside temperature is affected by the exchange with the outside temperature 7, due to

ventilation, as described by

q;;nt = UyPaCp,a(Ty — To) (3.2.10)
where u, is the natural air flow dependent on wind speed, and window opening percentage
in both windward u{?**® and leeward side uf?*** according to [11], [33]:

Aplsd
. pﬂlu'u Apﬂwsd
Uy = (1 N pv2u£p[3d + Dy3 + Dval,, ) V -+ Du5 (3211)
where p,; is j = 1,...,5 are ventilation parameters and v is wind speed. Normally, windows

are opened first on the leeward side and then on the windward side.

If forced ventilation is desired, u, can be reformulated to consider the fan air flow

capacity in a square meter of projected greenhouse.



3.2. MATHEMATICAL MODEL 23

There is heat loss or gain by conduction through the plastic cover, as described by

AQ:O
AQ

@50 = Uygo—22(T, — To) (3.2.12)

where U, (Wm™K™!) is the heat transfer coefficient of the cover (roofs and walls) and
Ag o is the total area of the cover.

There is heat loss or gain by exchange with the soil (soil temperature is denoted as T}),

as described by
Ag,s

dg,s = Ug,s A (Tg o Ts) (3213)
9
where Ug s (Wm™2K~!) is the heat transfer coefficient toward the soil and A, , is the
effective contact area of the soil. The ratio % is close to one.
g
There is heat supplied via the pipe system, as described by
A
dp.g = Up,g _X;g (Tp — Ty) (3.2.14)

where U, g (Wm~=2K™1) is the heat transfer coefficient from the water in the pipe to the
greenhouse air, Ap 4 is the contact area of the pipes with the air in the greenhouse, and T;,
is the temperature of the pipes.

There is heat withdrawn by water evaporation by the humidifier, as described by

1
dg,h = 74;(1 - 71)€RPH20uhum (3-2-15)

where & (J kg™!) is the latent evaporation heat of water, 4; represents the fraction of water
not evaporated, and upym (m>s™!) is the flow of water through the humidifier. Since this

cooling method depends on ambient relative humidity (RH), € is used as a binary variable:

1 if RH <100
= (3.2.16)
0 if RH = 100.
Some heat is released due to condensation of moisture on walls and roof:
Qgr = = K(1 — 72)PH;0,9.r (3.2.17)

where v, represents the fraction lost to the environment (outside the greenhouse) and
P5S o (kg[H20lm™257") is defined in (3.2.37).

The heat withdrawn by the canopy evapotranspiration is given by
gy = KE, (3.2.18)

where E, (kg[H.O]lm™2s71) is the evapotranspiration rate of the canopy, explained later

on.
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Soil Temperature

A first order approximation of heat exchange between the air and the ground in the green-

house is considered, assuming that it does not receive direct heat by radiation:

d7,

K, dt = Qg,s — qs,ss (3-2-19)

where K is the virtual heat capacity of the soil and T is the temperature of the soil.

There is heat loss from soil to deeper soil given by
4s,ss = Us,ss(Ts - Tss) (3-2-20)

where U, ;s (Wm~2K 1) is the heat transfer coefficient toward the deeper soil and T; is

the subsoil temperature assumed to be constant.

Heating Pipe System

The heating pipe equation is given by
dTP rad

Kp"&? = Qboil,p — Gp,g + Qo,p (3-2'21)
with K, (J K~m™2) as the pipe heat capacity given by
Vo
Kp = szocHzoA_ (3222)
g
where cg,0 is the heat capacity of liquid water (JK~1kg™?).
The received radiation is described by
&5 =npl, (3.2.23)
where 7, is given by (3.2.7). Note that
g = qh% + gp%c, (3.2.24)
The heat supply to the pipe system by the boiler is given by
Qboil,p =qin,p — Qout,p
1
=A_9PH200H20FP(T in — Tp,out) (3.2.25)

where T}, i, is the temperature of the water when it enters the heating system, T}, ,; the
temperature of water when it exits the pipes returning to the water tank, and Fp the flux
of water inside the pipes (m3s~1).

To simplify the previous equation, a mean temperature is used:

Tpiiﬂ + T ,out

T, = 2

(3.2.26)
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clearing T, ot and replacing in (3.2.27) (assuming T}, ;, is constant and near to the tem-
perature of the boiler)

2
Qboil,p - A_pHgOcHQOFP(Tp,in - p)- (3227)
g

3.2.2 Mass Balances

The same considerations as the heat balance are used in the mass balance over a volume:

d
ditm = Qin,m — Qout,m + Pm (3-2-28)

where Qr, (in kg) is the mass of an element in the system, ginm and goutm (in kg s~ 1)
are the input and output mass flows respectively, and p,, is the mass produced per unit
of time (kg s~!). The last one is a misuse of language because we only use part of a
mass balance relating that produced mass; for example, a plant gets minerals and water
from the floor, during photosynthesis that water taken by the roots is transpired into the
greenhouse adding some mass, but it is not like it was generated, just transported from
one place to another.

The mass Q, is related to the concentration C,, (kg m—>) and the volume V (in m?):
m = VCn,. (3.2.29)

Replacing (3.2.29) into (3.2.28) we obtain

dCi.

V? = Qin,m — 9out,m t+ Pm- (3230)

Water Vapor

As all terms are normalized to the projected area of the greenhouse beacuse some terms

have the dependence of the projected area naturally, the water vapor concentration Cp,0o

is given by

VQ dCy 20 vent

A dt = B¢ + $PH20,h,g — PH,0,9,0 — ‘pc}?;lag,r' (3'2'31)
)

The evapotranspiration is modeled with a general Penman-Monteith form (15|

EC — acngIo + ﬂCApHQO{.} (3.2.32)

where Apg,0{-} is the vapor pressure deficit; o and . are parameters that depend slightly
on temperature, radiation intensity, and CO; concentration. In this model that dependency
is ignored, a more complete model can be found in [34]

The vapor pressure deficit is the difference between the saturation vapor pressure at

the canopy temperature 7, and the actual vapor pressure inside the air py,o:

sat

Apm,o0{'} = PH,0(Tc) — PHy0 (3.2.33)
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where pj’, is the saturation pressure at temperature T (in K) given by

sat () _ cs2T° (3.2.34)
PHzo( ) = Cs1 €Xp ces + TC e

where TC is temperature T in degrees Celsius. For simplicity, canopy temperature is
considered the same as greenhouse temperature (T, = 7,). Evapotranspiration model can
be adjusted by a factor f,,{:} depending on crop growth.

At the same time the humidifier lowers temperature, it also increases water vapor

concentration in greenhouse:

1
OHa0,h,g = A_(l — 1) PH,0Uhum. (3.2.35)
g

The vapor exchange between water vapor concentration inside (Cy,0) and outside

(CH,0.0) the greenhouse due ventilation is given by

vent

(IOHQO,g,o = Uy (CH20 - OHgO,o) : (3.2.36)

Since condensation only occurs when moisture concentration in the air is higher than

the saturation concentration dependent on roof temperature. So condensation is given by

— ;B0 (Y — pSat_(
PH:0.9r = kg,r%':p—-————————ﬂzo P ! zlmo sl (3.2.37)
g

where A, is the total surface cover (roofs and walls). The mass transfer rate k, , is given
by

Cm2

Tg = Tr
chlr
where ¢,1 and cp2 are parameters [21]. The denominator cr, . = 1 K with the only purpose

kg,r = Cm1 (3.2.38)

of making the equation dimensionally correct.

The cover temperature is a weighted average between outside and inside air tempera-

ture:
Since measurements are taken as relative humidity (RH) which is defined as
PH>0 .z .
100 —  if pg,0. > 0 and p3¥,(T) > 0
Ry = Pito(T) o e (3.2.40)
0 if pr,0z <0 or p‘;?;O(T) <0

where the subindex z represents if the measurement is inside the greenhouse (pH,0, RH,
CH,0) or outside the greenhouse (pg,0.,, RH,, Ciat0)-
To compute the concentration given the RH, the ideal gas equation is used: after

computing py,o0,. from last equation, the water vapor concentration is obtained:

PH,0.:MH,0
R,T,

where My, 0 is the molar mass of water (in kg mol~') and R, is the gas constat (J mol~1 K —A,

CHy0,2 = (3.2.41)
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Carbon Dioxide

The C'O; concentration model is given by

V, dCco
?4_2' 7 = ~NC0y/dwP +Mco,/duwR - PE0g.9.0 T UCO; (3.2.42)

where Nco, /4w’ a0d Nco, /4w R are CO; losses or gain due to canopy photosynthesis and
respiration respectively, might be considered as perturbations since biological equations
asides evapotranspiration are not considered.

The CO, exchange between the concentration inside (Cco,) and outside (Cco,,0) the

greenhouse due ventilation is given by

vent

‘PCOQ,g,o = Uy (CCOQ = CCOg,o) : (3243)

The CO, supply can be expressed as a valve opening (ug,, € [0, 1]):

UCO, = "vcpog ©CO, Jin,g (3.2.44)

where ¢@g: . o is the maximum flux of CO; given by the CO; tank.

in,g



Chapter 4

Continuous Timed Petri Net

Based Greenhouse Modeling

In this chapter a modeling methodology of inside temperature and water vapor concentra-

tion of a greenhouse with ContPN is proposed.

The proposed modeling methodology consists on:

1. Elementary modules are defined according to each basic equation involved in the

energy and mass balance equation.

2. The system variables are associated with places and disturbances with function

places.

3. Modules are constructed representing the physical effect between variables using the

elementary modules defined in the first step.

4. Once constructed, the modules are merged in order to model a complete (greenhouse)

system.

5. Least square method is applied in order to identify the model parameters.

Sections 4.2, 4.3, 4.4, and 4.5 explains points 2 to 5 using the greenhouse as an example.

The model of Section 3.2 will be used as a reference, except for some components and some

considerations presented next:

e The heating pipes are not considered so (3.2.21) is not used, thus g, , is not present

in (3.2.4).

e The greenhouse is considered without crop, so the evapotranspiration terms qtfg""

and E. are not considered in (3.2.31) and (3.2.21) respectively.

29
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e Also, since no crop is considered, —nco, P + nco, R are zero in (3.2.42).
e No CO, injection system is considered, so uco, is zero in (3.2.42).

With the previous considerations, the particular greenhouse mathematical model ob-
tained is:

dT, q“’"d ' sk
Kyﬁt_ —‘Ja,g - q;fm dg.s — dg,h + g,r
di,
L i (4.0.1)

V, dCHx.0 t
A_i dt2 =@H>0,h,g — ‘vae;O,Q,O o ‘PH?OIQ*"
Zg_dCCOQ et ‘puent
A, dt b

A concept that will be used during the chapter is heat capacity. The heat capacity 1s
involved in how much the temperature of a susbstance or object changes.

Heat capacity (or thermal capacity) is the amount of heat required to change a sub-
stance’s temperature by a given amount. The specific heat capacity is the heat capacity
per unit mass of a material.

The energy gained or lost (Q in W) during an increment or decrement of tempera-
ture (AT in K) in an object is related by the heat capacity (K in W K~!). The heat
capacity can be expressed as the proportional relationship between the specific heat (c in
W kg~! K~!) and the mass of the object (m in kg).

If one of the components during a heat exchange has a bigger heat capacity, the resultant
temperature will tend to its initial temperature. This can be seen normaly if a cofee cup is

left in a room, even if the cofee is hot, the temperature of the room is practically unchanged.

4.1 Elementary Modules

The elements of heat and mass balance equations can be separated into: variables to be
controlled (inside temperature, water vapor concentration, etc.), devices for control (fans,
humidifiers, heaters, etc.), external variables (ouside temperature, solar radiation, etc.),
and non controlled consumption or generation systems (like the crop not considered in
external variables).

The heat exchange could be given by conduction, convection, or radiation (the concepts
of heat exchange can be studied at [8]). Further, a module will be constructed in order to

represent each one of the heat exchange type.

Elementary modules are proposed in order to represent the interactions between heat

(mass) variables. As first proposal, the next model (Figure 4.1) for marking exchanges.
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Figure 4.1: ContPN representation of tokens exchange

For example, if p; represents temperature of 100 g of water and po the tempera-
ture of another 100 g of water, and the temperatures m; and mg are 298.15 K and
323.15 K respectively. The flow f; and f, represents the heat differential between tem-
peratures. If p; and py are mixed supposing no heat loss to the enviroment, results in
both p; and p, reaching a temperature of 310.65 K (obtained from 100cq,0(m1(tss) —
m;(0)) = 100cx,0(m2(0) — ma(tss))) since my(tss) = ma(tss)). But if instead, ps repre-
sents 10 g of water at 323.15 K, the mixture is 110 g of water at 300.42 K (obtained from
100ck;0(m1(tss) — m1(0)) = 10cH,0(m2(0) — ma(tss)))-

| s b e s AL N

Initial alanced Initial

(a) Example 1 (b) Example 2

Figure 4.2: Water heat balance example

The ContPN of Figure 4.1 has the following matrices:
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Thus, the marking equations are given by:

d
mp =— A\1mq + EAzmg
b
mo =E)\1m1 — /\2‘m2.

The balance of the marking is given when the steady state marking of m, and mo

are equal. So, the equilibrium points of latter equations must be m; = mg. Thus, the

relationships required are:

b C_)kz

= e 4.1.1
a d )\1 ( )
Replacing the latter relationships, the equations of the marking are:
my = —A1mq1 + A\1ms (4.1.2)

‘ﬁlg — /\z’ml = /\zmg.

For example, given a temperature in p; and a different temperature in ps, the difterence

between A\; and \g is because of the heat capacity of each system’s temperature.

. 1
To prove that the equilbrium points are stable, the Lyapunov function V(m) = .2T1m%+
1
-2—)\—2m§ is used:
- _ .
V(m) =—mimi1 + —MmMamy
A1 A9

= - m% + 2momy — m%

= — (m — my)°

which is always negative, so the equilibrium points are stable.

Notice that if the transformation mj; = mj + a and m5 = mgy + a, where a = mj(ts5) =
ma(tss) and it is constant, is used, the same system as (4.1.2) is obtained. Thus, the proof
works for all equilibrium points.

The number of tokens in the steady state are dependent on the initial values m;(0) and
ms(0). The marking at the equilibrium point can be separated in three cases: A\ < Ag,
A1 > A9, and A1 = As.

If Ay < A2, m; gains (or losses) tokens slower than mg losses (or gains), so the steady
state marking value is closer to m1(0). If A\; > A9, m; gains (or losses) tokens faster than

mg(0), so the steady state marking value is closer to mg losses (or gains). In the case
m (0) + m2(0)

2
A variable may be affected by unknown variables or non modeled variables. For sim-

A1 = A9, the steady state marking is given by

plicity, the marking of those variables is measured (a variable that can be modeled but it is

not necessary for control, it can be measured in order not to use its model). For example,



4.1. ELEMENTARY MODULES 33

the temperature outside the system is affected by the system itself and by other elements
of the climate not considered; thus, it will be measured. The ContPN of Figure 4.1 would
model the relationship between the outside temperature (p;) and another temperature
(p2), but it is desired to only measure m; while not modeling it.

So, instead of using the the ContPN of Figure 4.1, it is better to model it with the
ContPN of Figure 4.3c.

:Pd tﬂ Pvar Pd %% pvar

(a) Generation (b) Consumption

(c) Balance

Figure 4.3: Generation (a), consumption (b), and balance (c) modules

The only way the ContPN of Figure 4.3c represents the balance needed is if Ay, = Ap,

because the marking of p,.r is given by
Myar = Aby Md — Ab; Myar- (4.1.3)

Definition 4.1. An elementary ContPN is called balance module (Figure 4.3c) if it has
the following: a place p,qr is assigned with marking m,.- representing a variable z; a place
pq with marking my is assigned to represent a function d(7); and transitions ¢;,, and ¢,
are created with a maximum flux Ay, = Ay, = k representing a gain factor. The next arcs

are created: an input arc (Zp,, Pvar), & pair of arcs (2y,,pq) and (pq, s, ), and an output arc

(pvar: tbz ) .

Notice that in a balance module, when m,,r < mg4, marking m,,, increases; and when

Myar > Mg, Marking m,., decreases. In other words, m,,, always tends to equalize the

value of my, since the firing rates of both transitions are equal (Ap, = Ap, ).

It is possible to have a balance module between two system variables, even if my is not

reduced. In order to have a real balance between the two variables, two balance modules

have to be used (if the ContPN of Figure 4.1 is not used): one with z; as p,qer and z; as

pd, and the other with z; as p,er and z; as pq.

Definition 4.2. An elementary ContPN is called generation module (Figure 4.3a) if it

has the following: a place pyqr is assigned with marking m..r representing a variable z; a
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function place py with marking my is assigned to represent a function d(7); and a transition

t, is created with a maximum flux )\, = k representing a gain factor. Arcs are created:
an input arc (ty, Pyer), and a pair of arcs (tg,pg) and (pq,t,). Since kd(7) is positive, it is

increasing x.

It is called generation module because the disturbance pg only adds energy (mass) to
the variable represented by pyq.r-. The marking my is not reduced since p, is a function

place and my depends on a function; in order to represent this in the ContPN there are

input and output arcs that preserve my.

Definition 4.3. An elementary ContPN is called consumption module (Figure 4.3b)
if it has the following: a place p,qr is assigned with marking m,,, representing a variable
z; a function place py with marking my is assigned to represent a function d(7); and a
transition ¢, is created with a maximum flux A\, = k representing a gain factor. The arcs
created are: an input arc (pyar,tc), and a pair of arcs (f.,pq) and (pg,tc). It differs from

the adding module in the fact that tokens are used from my,;.

It is called a consumption module because the disturbance p; only removes energy

(mass) to the variable represented by p,.r. The marking m, is unaffected during the

consumption.

Definition 4.4. An elementary PS — ContPN is called fluid balance module (Figure
4.4) if it is a representation of a balance element with a proportional fluid flow relation. It
is based on a balance module with: an extra place pcony With a marking mcon, representing

the fluid flow; the arcs (£s1,,Pconv), (Peonvstsby)s (tfbys Peonv), and (Peonv,t fby)- Since the
relationship is proportional, transitions ¢s,, and ¢, have a flow as in (2.1.14).

This module is similar to the balance module except the heat (mass) transfer is affected
by a fluid flow.

pconv

pd t'fb]_ Pvar tsz

Figure 4.4: Fluid balance module

Definition 4.5. An elementary ContPN is called device generation module (Figure
4.5a) if it has the following: a place p,q, is assigned with marking m,,, representing a

variable ; a place p,,, with marking Mp.on 1S assigned to represent a percentage used
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of the maximum capacities of the device (temperature, water flow, etc.); a place Pp.of f
with marking m; s which represents a percentage not used of the maximum capacities
of a device; transitions ¢y, , and ¢, , to represent the dynamics of the actuator and are
controllable; and a transition tdg With a maximum flux Adg = k representing a gain factor.

The next arcs are created: (tg,,,Ppon), (Ppoffitan)s (tgr.20Ppoff)s and (Ppon,ty, ;); an

input arc (Pyar,tdg); and a pair of arcs (19, Pp,on) and (Pp.on, tg)-

(a) Generation (b) Consumption

Figure 4.5: Device generation (a) and consumption (b) modules

This is a generation module that is controllable by a device; the device has its own
dynamics to consider during the control law design. The place p, ., has the amount of
tokens that are injected into the system variable p,,,; for example, if a fan is not powered
to have the maximum flow, the flow at the given time is represented in p, o and the missing
flow (the maximum flow minus the flow used) is represented in p, o17.

This module considers that the device has an infinite supply of tokens so there are arcs
that remain unaffected p, ., while affecting pyo-. Some of these supplies may be air flow,
water flow, electricity, etc.

If the dynamics of the actuator is faster than the dynamics of the system variable m,,,,
it may not be necessary to use the dynamics of the device in the model. Thus, a the device

PN can be reduced to a normal generation model (Figure 4.3a) with the exception of

Ay = I,k denoting it is a controllable transition.

Definition 4.6. An elementary ContPN is called device consumption module (Figure
4.5b) if it has the following: a place pyar 1s assigned with marking m,,, representing a
variable z; a place ppon With marking mpon 18 assigned to represent a percentage used of

the maximum capacities of the device; a place pp oy With marking m,, ,¢s which represents
a percentage not used of the maximum capacities of a device; transitions ¢, , and ¢ , to

represent the dynamics of the actuator and are controllable; and a trantision #4. with a
maximum flux Ay, = k representing a gain factor. The next arcs are created: (ter1)Ppon),

(Da o771 )i (tcl'z,ppioff), and (Pp,on,tc;,); an input arc (Pvar,tdc); and a pair of arcs

(tcﬁ pp,on) and (pp,om ts)-
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This is a consumption module that is controllable by a device. As with the device

generation module, it can be reduced to a consumption module with A; = I k denoting it

is a controllable transition.

Definition 4.7. An elementary PS—ContPN is called device fluid dependent balance
module (Figure 4.6) if it is a representation of a controlled balanced element with a
proportional fluid flow relation. It is based on a fluid balance module with: a place p, on
with marking m, o, is assigned to represent a percentage used of the maximum capacities
of the device; a place p, o7 with marking m,, ,ss which represents a percentage not used of
the maximum capacities of a device; and transitions ¢z, , and ty, , to represent the dynamics
of the actuator. The next arcs are created: (tf, ,,Ppon), (Ppoffrtfii)s (tf12:Pposs), and

(Pp,onsts, 5); and arcs (tfdb,, Pp,on)s (Pp,onstfds,)s (tfdbysPpon)s B0d (Pponstfap,). Since the
relationship is proportional, transitions ¢4, and £s4, have a flow as in (2.1.14).

This is a fluid balance module that is controlled by a device. As with the device
generation module, it can be reduced to a fluid balance module with A¢g, = Afq, = Ik

denoting it is a controllable transition.

Figure 4.6: Fluid device dependent balance module

4.2 Place Association

The next step is to separate greenhouse variables from external ones which are considered
perturbations. Greenhouse variables are represented by a place p,q while function places
p4 are created to represent disturbances.

In order to model the greenhouse with ContPN, we need to 1dentify variables and

disturbances. Based on (4.0.1), Ty, Ts, CH,0, and Cco, are defined as variables. Also,

external weather components like I, T}, CH,0,00 CcO,.0y Tss, v, Fhym, and go‘}}’;‘g gr 8T€
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Uhum Uy

Disturbances

CH,0,0 CHso0

Figure 4.7: Greenhouse inputs (top), outputs (right) and disturbances (left)

considered as disturbances. The maximum water flow F},,,, is a source place because it

represents a constant flow transition which may be regulated by the control but does not

change the place marking.

The Table 4.1 shows the places in the model we are proposing. Places p; to p4 are
assigned to variables, and function places ps to p12 are assigned to disturbances.

Variable | Place assigned
P1
C0O3,0

o
m
Cco,
0 p || Fum | Pu

T, o | |eEEar| P2

Table 4.1: Correspondence of assigned places to variables and disturbances

Variable | Place assigned

S8

H20,0

HENEE
& =
IHHHI

4.3 Module Creation

With the places and functions places assigned representing variables and disturbances
respectively, a module is created based on the elementary modules to match the physical

effect between places with places (or places with function places).

For example, solar radiation will be analized. According to the previous section, a
function place is created for solar radiation and a place is created for temperature of the

system. Since solar radiation only increases heat in the greenhouse, an adding module is

used to link their corresponding places.
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Figure 4.8: Solar radiation module

Table 4.2 shows the modules created to represent the relatioships of variables and

perturbations of a greenhouse. All device modules are reduced since it 1s considered that

all actuators have a faster dynamics than the greenhouse variables.

— - T

Elementary module

assoclated

Generation module

me 3 mq T, to and ts Fluid device balance
| module with mio as

Meonv .

Me T my T, t3 and tg Fluid balance module
with ™m0 as Mcony

me 1s T, t4 and t7 Balance module

meo T mi T, tg and tq Balance module

mil Fruw: | M1 T, Device consumption
module

m19 wcﬁ;‘ag’r my | Generation module

mz Tss ma Ts t14 and i35

Balance module

Balance module

Device generation

module

Fluid device balance

module with myo as

Meony

Relationship

Radiation ab-

sorption

Controlled con-

vection

Convection at

leaks

| Conduction

through plastic
Exchange with

soil

Heat loss by

evaporation

Heat loss by

condensation
Exchange with
alr

Conduction

with subsoil

Gain by evapo-

ration

Controlled ex-

change with

outside
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' Fluid balance module | Exchange with
with mig as Meonv outside at leaks
by wind
i e =~
outside at leaks
' PH,0.9.r ' Consumption module
Cco,.0 Cco, | t24 and f27 | Fluid device balance
'.'.- "
Mcony outside
" Fluid balance module | Exchange with
with m19 as Meony outside at leaks
by wind
i ) el i
outside at leaks

Table 4.2: Modules created

Water vapor
loss by conden-

sation

Controlled ex-

change with

4.4 Merging of Modules

The modules created are merged according to the places in common. For example, there
are three modules with a relationship between mg and m; and they are merged into two

places with six transitions (Figure 4.9) with the maximum flow speed of transitions being:

A2 = A5 = Ic:[ k2,5: A3 = Ag = k3,61 and Aq = A7 = k4,7'

Figure 4.9: Example of module merging

If the device modules are not reduced; i.e., the ones in Figures 4.5a, 4.5b, and 4.6
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are used; the places representing the devices would be merged and only one controllable
transition appears in the ContPN for each device. Since the devices modules are reduced
to the ones in Figures 4.3a, 4.3b, 4.3c, and 4.4, there are transitions that share the same
control input I,.

The places and transitions defined previously are represented in Figure 4.10 in a merged

ContPN.

Figure 4.10: ContPN climate model of a greenhouse

The ContPN state equations of the greenhouse climate model are:

mi = — (Ic1 A5 + Aﬁ)mfmm = (/\7 + /\9)m1 + Agmg + A1ms
+ (I¢; A2 + A3)memag + Agmeg — I, Aoman + A11ma2

ma =A12m1 — (A13 + A\15)me — A1amy

m3 = — (I¢; A20 + A21)mamyp — Aaamz + (I, A17 + A18)msmyo
+ A19msg + I, Aiemi1 — A2zma2 (4.4.1)
myg = — (I, Aa7 + Aag)mamio — Aaomyg + (I, A2g + A2s)momig + Aggmg

ms = O(T)! me = TO(T): mr = Tss(T)
mg =CH,0,0(T),mg = Cco, o(T), M0 = v

mi11 =Fhum(7), m12 = g(my, mg, ms)

where markings ms to mjo are determined by weather conditions; mi; by the operating
conditions of the humidifier; and m;3 by a relationship between T;,, Cy,0, and T,. In this
model, transitions ¢, ts, t17, 20, 24, and tp7 are controlled by the input I.,; transitions

t10 and ti¢ are controlled by the input I.,. The rest of the transitions are non controllable.
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4.5 Greenhouse ContPN Identification

The identification is used to compute the parameters of the ContPN. It has to be noted
that identification may not solve globally the parametric identification since some param-

eters vary with time. Thus, the model has to be identified constantly to improve the
controller performance.

Some firing rates \; are grouped at the identification process because the transitions
are not reduced when merging; for example, from model (4.4.1), A\13 and A5 are dependant
on my only which is reflected in one parameter for both firing rates after the identification.

From the greenhouse ContPN model (4.4.1), the incidence matrix C and the flow rates
are known. Besides, every variable and disturbance in our model is measurable, then we

can collect enough data in order to compute its parameters.

It has to be noted that for (4.4.1), the matrix ¥ has to to contain the transitions of
the PS part of the ContPN in order to compute the firing rates of the non linear elements

of the model. For example, for water vapor concentration with I, =0 for 1 =1, 2:

ﬁl3(1) m3(1) ms(l) mu(l) m3(1)mm(1) mg(l)mm(l) a3 m,
fh3(2) _ m3(2) m3(2) m12(2) m3(2)m10(2) m3(2)mm(2) Q3 mg
n3(k) ma(k) mg(k) mi2(k) ma(k)mio(k) ms(k)mio(k) | | a3.msmio

4.6 Simulation

This section shows the simulation of identification of (4.4.1) for Ty, T, and Ch,0. The

identification process is:

1. Identify parameters with I, = 0 for i = 1,2 (actuators off) and store the results.

This requires to gather measurements and apply the least squares method.

2. Identify parameters of actuators. With the parameters obtained in the previous

identification, the new parameters are computed after measuring.

The form of the matrix ¥, m, (identification with no actuator for m3) is given in
the previous section. It has to be noted that mo has no controllable transitions, then its

parameters are identified in the first step. The form of the matrices with no actuators for
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m1(1) m2(1) m5(1) ms(l) m12(1) ml(l)mm(l) ms(l)mm(l)
mi1(2) ma(2) ms(2) m5(2) mi2(2) m1(2)mm(2) m5(2)m10(2)

‘I’na,m1 o
mi(k) ma(k) ms(3) me(3) miz(k) mi (k)mio(k) me(k)mio(k)
mi1(1) mo(l) me(1)
T _ m1(2) m2(2) m7(2)

mi (k) ’mg(k) m7(k)

The form of the matrices for the second step of the identification process for m; and

Mg are.

mi(D)mio(1)ly, me(1)mio(1)le, m11(1)1e,
m1(2)m10(2)I¢1 ms(l)mm(l)Icl m11(2)f¢2

‘I’a,ml =
mi(k)mio(k)le, me(1)mio(1)Ie, mui(k)Ie,
m3(1)m10(1)Icl mg(l)mm(l)Icl mll(l)fc2
T B m3(2)m10(2)I31 m3(2)m10(2)Ic1 m11(2)I62
a,m3 — - , .

ms (k)mIO(k)Icl mg(k)mm(k)fcl m1i (fc)Ia2

For the identification simulation, the model to be used as the original is the one in

(4.0.1) with the parameters values of Appendix A.

The simulation values for external variables used are: I, = 400sin1.1 x 10™4¢, T, =
7sin(1.1x1074¢) 4298, Tss = 3sin(1.1x107%t)+293.15, Ch,0,0 = 0.002sin(2t)+0.0060692,
v = 10sin(0.001¢) + 1 with an upper saturation of 10 and a lower one of 1, and @375 or =
2 x 10~1%5in(¢) + 3 x 10719,

The inputs used for the identification simulation are: I, = 0.5sin(0.01¢) + 0.5 and
I, =0.13333sin1.1 x 107¢.

Figures 4.11, 4.12, and 4.13 show the errors obtained for variables T, T, and Cy,0
between the original and the identified model. It can be seen that the error between the
original and the identified system is small, so a similar procedure may be used in the real

system. Table 4.3 shows a comparison between the identified values and the original ones

if the direct model match would be carried out.
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Figure 4.11: Greenhouse temperature error between original and identification
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Figure 4.12: Soil temperature error between original and identification

Figures 4.14, 4.15, and 4.16 show the comparison between the original and the identified

model.
Since identification of (4.4.1) can be carried out with variable wind speed, this identi-

fication process may be a good option to identify the values of a real greenhouse.
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Vapor Concentration Error (kglma)
o
o
S T |

Time (hr)
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Figure 4.16: Water vapor concentration comparison between original and identification
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1
3 ((pacp,ﬂpﬁ) + Uy Ay + Uy s Ag’s) 4.2957 x 10~%4 | 4.2958 x 104
K, Ag Ag
A
U, ,—9:° _ 0~% | 1.79695 x 10~*
0K 1.79687 x 1
Mg 2.18750 x 10~° | 2.18753 x 1073
KQ
1
K. ((PGCP,anS) + U0 Ag = 2.49888 x 10™* | 2.49886 x 10~
g g
(1- 72)Ki 17.65625 17.64837
g
Ag s
U, -2 . S|4 B
KA 4.79167 x 10 4.79169 x 10
1 A
— (US,SS + Uy, s —2= 6.45833 x 10~> | 6.45826 x 10~>
Ks Ag
1
Us 08 3~ 1.66667 x 10~° | 1.66657 x 10~5
S
Ag —6 —6
7 Pus 3.01296 x 10 4.05915 x 10
g
Ag -6
T Pus 3.01296 x 10 0.03658
g
Ag
G 0.04071 0.0207
9
A 3
V(l — Y1) pH,06Fhum 1.677513 x 10> | 1.677499 x 103
g
Ag 7
-‘7(1 — Y1) PH,0Fhum 9.67094 x 10~ 9.6729 x 107
g
1
= PaCp.alvmas 5.447696 x 10~° | 5.447801 x 10~
g9
1
_K_gpacp,auvm 5.447696 x 10~° | 5.447801 x 106
AH
7 Yvmasz 5.447696 x 107° | 5.43850 x 106
g
Ag
7 Ywmaz 5.447696 x 107° | 5.43287 x 106
g
1
7 PaCp,aPv3 1.10339 x 107 | 1.10343 x 10~
g
1
7 PaCp.aPu3 1.10339 x 10~ | 1.10343 x 10—
g
A, |
T2 Pu3 1.10339 x 10=° | 1.08977 x 10~®
g
AQ
T Po3 1.10339 x 107° | 1.09673 x 108

Table 4.3: Comparison between used and identified parameters




Chapter 5

Conclusions

The process to model a greenhouse with ContPN is presented. The advantages of ContPN
modeling upon classic modeling are:

e The pictorial representation of variables which allows an easier understanding of the
interaction between places (variables). This is an important point since it allows to

model other systems.

e The lack of negative values in PN do not affect the system modeling because the
greenhouse climate (temperature, water vapor concentration, and COy concentra-

tion) is a positive system. Let us note that temperature is measured in Kelvin.

e The bounds in actuators are represented naturally by the marking of a place as with
the humidifier. In the case of the humidifier, although the tokens flow from its place
can be reduced with the control, the representing place is a source place because the

tokens are constant and they represent the maximum capacity of water flow.

e The methodology allows to construct the model modularly. So, elements can be

added or removed as necessary.

For example, if it is desired to remove the humidifier from the fisical greenhouse, the
ConPN of (4.4.1) would require to eliminate the place p;; and the transitions ¢;9 and %16

leaving a representation as in Figure 5.1.
Instead, if adding a device is desired, a places (or function places) have to be created

along with its transitions according to elementary modules in order to represent the relation

between the variables and the new device. For example, an air heater’s first approach would

require a place for the temperature of the heated air and a fluid device balance module in

which the fluid speed is generated by the device so it may be reduced to a simple balance

module with controllable transitions.
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Figure 5.1: ContPN climate model of a greenhouse without humidifier

5.1 Future Work

e Validation of the model with a real greenhouse.
e Introduce crop dependent terms into the model equations.

e The control of the greenhouse temperature and relative humidity is to be studied
either with Petri Nets or with a normal modeling.



Appendix A

Simulations Values

The next values are taken from [34]' excepting Fyent and Fhym. The values presented in
table A.l1 are the ones simulations herein used?.

e | vaoe | [ | Ve
Ng 0.7 Pa

1.29

Cp.a 1010 K, 32000
A
e 1.3 40
AQ
Pvl 7.17 x 102 0.0156
Dv3 2.71 x 10—° 6.32 x 10~°
Du5 7.4 x 1072 120000
A
Ugo—22 7.9 5.75
Ag
p,,l-‘;# 1.524 3
q
K 2260000 998
Y1 0.3 0.75
Ussa 2 610.78
o 2.6 x 107 2.3 x107°
Cml 6.25 x 10712 0.33
My,o 18 x 107° 8.314
Frois 1.36 x 107 1.9583

Table A.1: Values used in simulations

1Chapter 7
2EXCEPting control simulation, n, = 0.62

49



Bibliography

[1] Rentabilidad y costos de cultivo de tomate en sinaloa. http://portal.fira.

gob.mx/Files/TOMATE),20Sinaloa’,20-%20Analisis%20de%20Costos.pdf. Accesed:
19/07/2012.

[2] A. M. Abdel-Ghan and T. Kozai. Dynamic modeling of the environment in a naturally
ventilated, fog-cooled greenhouse. Renewable Energy, 31:1521-1539, 2006.

. Aguayo Lara, A. ez 1lrevino, and J. uiz n. Invariant subspaces and sensor

3| E. A L A. Ramirez Trevin d J. Ruiz Leoén. Invari b d
placement for observability in continuous timed petri nets. In IEEE International
Conference on Automation Science and Engineering, pages 607-612, 2011.

[4] M. Babaali and M. Egerstedt. On the observability of piecewise linear system. In 43rd
IEEE Conference on Decision and Control, pages 26-31, 2004.

[5] P. Baldan, N. Cocco, F. D. Nes, A. Marin, and M. Simeoni. Mpath2pn - translating
metabolic pathways into petri nets. In Proceedings of the 2nd International Workshop
on Biological Processes & Petri Nets, pages 102-116, 2011.

[6] J. Boaventura Cunha. Greenhouse climate models: An overview. In EFITA 2003
Conference, 2003.

[7] T. Boulard and A. Baille. A simple greenhouse climate control model incorporating

effects on ventilation and evaporative cooling. Agricultural and Forest Meteorology,

65:145-157, 1993.

(8] Y. A. Cengel and R. H. Turner. Fundamentals of Thermal-Fluid Sciences. Mc-
GrawHill, 2005.

9] R. David and H. Alla. Continuous and hybrid petri nets. Journal of Circuits, Systems
and Computers, 8:159-188, 1998.

[10] R. David and H. Alla. Discrete, Continuous, and Hybrid Petri Nets. Springer-Verlag,
2004.

51



52 BIBLIOGRAPHY

(11] T. de Jong. Natural Ventilation of Large Multi-span Greenhouses. PhD thesis, Wa-
geningen Agricultural University, 1990.

[12] J. Dessel and J. Esparza. Free Choice Petri Nets. Cambridge University Press, 1995.

[13] J. L. Garcia Malacara. Observabilidad en redes de petri continuas temporizadas con
semantica de producto. Master’s thesis, Centro de Investigacién y de Estudios Avan-
zados del I.P.N. Unidad Guadalajara, 2012.

14] J. M. Herrero, X. Blasco, M. Martinez, C. Ramos, and J. Sanchis. Robust identification

of non-linear greenhouse model using evolutionary algorithms. Control Engineering
Practice, 16:515-530, 2008.

[15] O. Jolliet and B. J. Bailey. The effect of climate on tomato transpiration in green-

houses: Measurements and models comparison. Agricultural and Forest Meteorology,
58:43-62, 1992.

[16] J. Julvez, E. Jimenez, L. Recalde, and M. Silva. Observability of continuous petri
nets with infinite server semantics. IEEE Transactions on automation Science and
Engineering, 5:532-537, 2008.

(17] K. S. Kumar, K. N. Tiwari, and K. J. Madan. Design and technology for greenhouse
cooling in tropical and subtropical regions: A review. Energy and Buildings, 41:1269-
1275, 2009.

[18] C. Mahulea, A. Ramirez Trevino, L. Recalde, and M. Silva. Steady-state control refer-

ence and token conservation laws in continuous petri net systems. IEEE Transactions

on automation Science and Engineering, 5:307-320, 2008.

[19] C. Mahulea, L. Recalde, and M. Silva. Observability of timed continuous petri nets:
A class of hybrid systems. In 17th IFAC World Congress, 2008.

120] C. Mahulea, L. Recalde, and M. Silva. Observability of coninuous petri nets with
infinite server semantics. Nonlinear Analysis: Hybrid Systems, 4:219-232, 2010.

[21] J. L. Monteith and M. H. Unsworth. Principles of Environmental Physics. Edward
Arnold, 1990.

122] A. R. Overman and R. V. Scholtz III. Mathematical Models of Crop Growth and Yield.
Marcel Dekker, 2002.

23] K. Radha Manohar and C. Igathinathane. Greenhouse Technology and Management.
BS Publications, 2007.



BIBLIOGRAPHY 53

[24] R. Ross Ledn, A. Ramirez Trevifio, J. A. Morales, and J. Ruiz Leén. Control of
metabolic systems modeled with timed continuous petri nets. In International Work-
shop on Biological Processes & Petri Nets, pages 85-100, 2010.

125] A. Rucoba Garcia, A. Anchondo Néjera, C. Lujin Alvarez, and J. M. Olivas Garcia.
Analisis de rentabilidad de un sistema de produccién de tomate bajo invernadero en

la region centro-sur de chihuahua. Revista Mezicana de Agronegocios, 10, 2006.

[26] P. Salgado and J. Boaventura Cunha. Greenhouse climate hierarchical fuzzy mod-
elling. Control Engineering Practice, 13:613—628, 2005.

27] V. P. Sethi and S. K. Sharma. Survey of cooling technologies for worldwide agricultural
greenhouse applications. Solar Energy, 81:1447-1459, 2007.

[28] V. P. Sethi and S. K. Sharma. Survey and evaluation of heating technologies for
worldwide agricultural greenhouse applications. Solar Energy, 82:832-859, 2008.

[29] M. Silva and L. Recalde. Petri nets and integrality relaxations: a view of continuous
petri net models. IEEE Transactions on Systems, Man, and Cybernetics, 32:314-327,
2002.

[30] M. Silva and L. Recalde. On fluidification of petri net models: From discrete to hybrid
and continuous model. Annual Reviews in Control, 28:253-266, 2004.

[31] M. Silva and L. Recalde. Redes de petri continuas: Expresividad, analisis y control de

una clase de sistemas lineales conmutados. Comité Espanol de Automdtica, 4, 2007.

[32] B. van der Meer. Oil & gas science and technology. Energy and Buildings, 60:527-536,
2005.

[33] E. J. van Henten. Greenhouse Climate Management: An Optimal Control Approach.
PhD thesis, Wageningen Agricultural University, 1994.

[34] G. van Straten, G. van Willigenburg, E. van Henten, and R. van Ooteghem. Optimal
Control of Greenhouse Cultivation. CRC Press, 2010.

[35] C. von Zabeltitz. Integrated Greenhouse Systems for Mild Cimates. Springer, 2011.

[36] D. Wallach, D. Makowski, and J. W. Jones. Working with Dynamic Crop Models.
Elsevier, 2006.



El Jurado designado por la  Unidad Guadalajara

CENTRO DE INVESTIGACION Y DE ESTUDIOS AVANZADOS DEL L.PN.
UNIDAD GUADALAJARA

Estudios Avanzados del Instituto Politécnico Nacional aprobd la tesis

Modelado de la Temperatura y Humedad Relativa de un Invernadero
por Medio de Redes de Petri Fluidificadas / Continuous Timed Petri
Nets Greenhouse Temperature and Relative Humidity Modeling

del (la) C.

José Luis TOVANY MARTIN DEL CAMPO

el dia 13 de Diciembre de 2012.

%{ A é i-/ /
Dra. Ofelia Begovich Mendoza
Investigador CINVESTAV 3B

CINVESTAV Unidad Guadalajara

Dr. Antonio Ramirez Trevino
Investigador CINVESTAYV 3A
CINVESTAYV Unidad Guadalajara

Dr. José Javier Ruiz Leon
Investigador CINVESTAYV 3B
CINVESTAYV Unidad Guadalajara

Dr. Carlos Bénato Vazquez Topete
Profesor Investigador
Centro Universitario de los Valles,
UdG

del Centro de Investigacion y de



CINVESTAYV - IPN
Biblioteca Central

LT T

011467




