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Thermal Control of a Greenhouse by Variation
in Ventilation Rate using a Fuzzy Parallel Distributed
Compensation Controller with an RST Regulator in Each Rule
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Abstract: Problem statement: The greenhouse has uncontrollable inputs thatiitte climate, which
arises the difficulty to regulate its inside tengtare. The solution can be found using a multiesyst
approach like the Takagi-Sugeno System from whidesign of a Parallel Distributed Compensation
(PDC) controller is performed. However, a stabiltgoblem arises and was negotiatesd in general
based on a Lyapunov criterion. The latter isn’'trappiate in our case because of the great number of
rules describing the greenhous&pproach: An alternative solution is proposed using a PDC
controller with a local RST regulator in each rulée synthesis of each one is determined using pole
placement avoiding the cross-coupling (that mayednstability) between the local regulators ared th
sub-models related to differents ruld®esults: The proposed fuzzy controller was applied to an
experimental greenhouse and was able to lead sideitemperature to the desired value despite the
externals perturbation€onclusion: The presented study offer a simple solution to skeility
problem when using PDC controller and so can behmmsre implementable than the others
stabilization methods presented in the literatlinethe agriculture field, it can replace the on-off
control action that is widely used in the greenlsusecause of the processus complexity.
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INTRODUCTION adequately describe the system guaranteeing pyacisi
and stability. Moreover, several techniques weredus
The efficiency of fuzzy systems when dealing withto approximate the submodels parameters; such as

complex and nonlinear process is well known in theweighted least-squares method (Chen and Pham, 2001)
literature. In fact, most of the systems in theustdy = or neuro-adaptive learning techniques (Brown and
have complicatedmathematical models that are bareliarris, 1994). Hence, large possibilities can bioled
exploitable and so the control of such processimeso in the control domain. Wang al. (1995), a controller
very difficult. To solve this problem, fuzzy conkmwere  structure called Parallel Distributed Compensation
used in the beginning without the need of proces¢PDC) is introduced which consists in a linear
model (Mamdani and Assilian, 1975). It's structise controller developed for each local model. The Ifina
the fusion of control rules described by linguisggems  control action is obtained using the contributidnat
defined from the knowledge of the process. Verynsoothe controllers outputs. Several proposals were
the fuzzy system where used also to models sompresented using this means to control nonlinear
process with successful results (Mamdani, 1977)processes; (Salaat al., 2005; Wanget al., 2000;
Recently another fuzzy system has emerged named &eddikiet al., 2006) present a PDC control with state
the Takagi-Sugeno systems (Takagi and Sugeno, 1985¢edback in each rule. Le and Stability (2006)same
This latter differ from the former in the rules PDC control is used, with a simulation example, to
consequents: It's not a fuzzy set but it's a lomaldel  control a rehabilitation device.
of the system to be approximated. His popularity in  In general, a stability problem appears when using
modeling and control is continually growing. Indeed PDC controller. In this case, the most used wagieal
by fitting several local models representing mudtsp  with it is applying the Lyapunov criteria with sam
operating points of a process, TS fuzzy modelpositive defined Matrix to all rules (Tanaka andy&uoo,
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1992). However, this method is inconvenient whangus X1(K) = y(K), %(k) = y(k-1), . . ., ¥a (K) = y(k-n+1)
TS fuzzy systems having a large number of ruleslifg uy(k) = u(k), (k) = u(k-1), . .., wK) = uk-n+1)
a common Lyapunov function become more difficult as
the number of subsystem describing a given process The matrix (ADR™" B0 R™and DOs R'4*n9
increase (Le and Stability, 2006). In the othermlsamost  represent the parameters of the TS fuzzy system (1)
of the reals systems are very complicated, othavd  with the following Frobenius canonical structure:
multiples inputs, which lead to a TS fuzzy modethwi
numerous rules to successfully assimilate them. 0O 1 0 .. O 0 0 . 0

A solution was proposed in this study to solve the C 0 1 -0 0 0 - 0
problem stability without the need of the Lyapunov

approach, which is one of the objectives in thiglgt A= L B, = 6 0’ '0
The solution is based on an RST controller for each oo o
sub-model. Theirs parameters are computed with a o & Goa B B o B
different methodology from the standard one to iasu 0 0 - O
the stability of the closed loop fuzzy system. 0 0 - 0

The other objective is the control of the tempeat L=l ~ " il]c =@ 0.0
inside an experimental greenhouse using only Tt is 0 0 - 0

more difficult and complicated than using the aindition
system due to the nature of the process. But immet
reduces considerably the energy consumption.

In the following a brief presentation of the The output yof each local model is weighted by

Takagi-Sugeno (TS) system followed with an e A _n
introduction to the PDC control. After that we will the the fuzzified inputgy(z(k)) = DQ“(ZI (k). The

present the fuzzy PDC controller with an RST regula global output of the fuzzy system is the weightezam

for every local model and we will discuss the dtabi  of all submodels outputs, has the next form Eq. 2:
of the closed loop system. The control strategy bl

applied to an experimental greenhouse using the T~ N
model of the process that will be used in the desify Z ;K )y (k+1)
the PDC controller. y(k + 1) = (2)
PTE )
Takagi-Sugeno fuzzy systems: In a TS fuzzy system i=
the consequence part of every rule is not a fuezyst
it is a local model of the system. Thus the expoessf We will take for the following Eq. 3:
the rule j of a TS fuzzy system is Eq. 1:
Hy(z(k)
RU:if 2, (K) isQ,, 2 (K i€ i ; =R ) ©)
. 1 j1 %( ) ! Lo ;( )( ! in Z HJ(Z(k))
_ =
theﬂ{xj(k + ) = Ax(k +Bu(K+ LK )
yi(k) = Cx(K) So the output of the TS model becomes Eg. 4:
i=1....N )
+1) =) B +1
The linguistic terms 'z isQ’ represents the rules y+1) ;B‘ @)y (k+ 2, @)
antecedent part, the system of equation in thenskeco
part of Eq. 1 is the consequent, 'z 5,(z . , z)’ are the  Whit:
inputs of the TS fuzzy system, they can be either t .
states X = (X, . . ., %a), the input’uc = (4, . . ., W)’ _
or the disturbances inputs 'v =,(v . ., v )", ’ji’ is the 0 (et <t andel:Bj () =
membership function representing the fuzzy subst w
a corresponding membership valu€; (z)’, N is the PDC controller is a TS fuzzy system having the
total numbers of rules. same rules of the TS fuzzy model, but in the conerty

Assuming that all the sub-systems considered, arpart there is a control output that stabilizes leal
completely controllable and completely observable model corresponding. Thus his following expressam
Also, enoting the following states and inputs Vialés: eachrule j Eq. 5:
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RO :if zy(k) isQ 1, 22(K) IS Q o, - - -, #(K) isQyn Gl PG -P<Oforj=1,..., (10)
then y(k) = g(zu(k), . . ., z(k))
forallj=1,.,N (5)
G +G; G +@ :
The global control action is synthesized in thesa > i — -P<Oforj< (11)

way as the TS fuzzy model output as follow Eq. 6:

N However, it appears from Eqg. 10 and 11 that it is
u(k) =ZBj k) y (k) (6)  very difficult to apply this approach when we have
= great numbers of rules describing the system (Lin

and Mon, 2001).

In this study another approach is proposed; based
on an RST controller for each rule, where its patens
are computed by pole placement following the the
matrix inversion methodology. But a modification in
the matrix parameters was introduced to insure the
stability of the closed loop TS system.

With u representing the local output control.

Design of the fuzzy controller:

Stability problem: The most used technique is based
on a state feedback control; a proportional gailh lve
applied to the feedback of each local model. Wiéeld

to the following expression of the output contro|. &:

Stability of the proposed controller: First, consider
c the transfer function form of a TS fuzzy system. We
k) =-> B. (z(K))K x(K 7
uk) ZB‘ (2(kDK; x(k) ) can follow the same procedure for the continuous TS
fuzzy system proposed in (Le and Stability, 2006).
The expression of the closed |00p System |5C0mb|n|ng Eq land 4 result in the next NARX form

obtained by replacing Eq. 7 into Eq. 1, 8 and 9: Eq. 12:
x(k + 1) :ZB,- () [A x(K)-B D B (K)K x(K)] y(k) :ZN:Bj(Z) (i g, y(k-m) *i B u(k-1) (12)
= =1 j=1 m=1 =1

=2 B, (k) [A; 2B (z(K) x(k) N
= = . (8) SinceZBj (z)=1the next expression can be
) Bi;B' (20K x(k)] obtained Eq. 13:

Y38 2() B, 2KNIA - B K 1xK)

==

_EN B (@ly(k)- Eﬂa 8 Y(k-m)] =§N B, (Z)[i by utk-N] (13)
=1 m=1 1 =1
X(k+1) =) B, 2K) G; x(K)

) The Z transformation leads to the new form Eq. 14:
N
$26 @) @) XK .. . on
= 2B @MY 8, d" Y @) DB @ E b d u@d) @4
=1 m=1 =1 =1
With Gji = Aj-Bj Ki.
In the literature the most commune way to insure_et Eq. 15 and 16:
the stability of the closed loop TS fuzzy systentds
finding a common Lyapunov function satisfying diet
subsystems (Tanaka and Sugeno, 1992). The parameteh;(q™) = 1 Z 3n G (15)
of the controller could be found by linear matrix
inequality as follow.
-1y —
Theorem: The closed loop TS fuzzy system of the Bi( )—mzlbj (16)
form (19) is quadratically stable for some state
feedback K(via PDC scheme) if there exists a common And so the transfer function of the TS fuzzy syste
positive definite matrix P such that Eq. 10 and 11: Eq. 17:
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38,8 @)

i=1

Y (@) _

U - & a7
SREDYNCINCD
=1

H(g™") =

Also, consider the two following TS fuzzy systems
having the same antecedents as Eq. 12, Eq. 18%nd 1

0 =) 8,25, 6 (k) + e(K) (18)
p(0 =3B, @ 1, Ylkem) (19)
j=1 m=0

Which leads to their respective transfer functions

Eq. 20 and 21:
Qlah 1
Do (20)
Xa) Yre@S @)
Ha) -3 6 R (@) (21)

ra@)

J=1

Whits ()= 13" s, ¢ andR (@ )X, .r B

The structure of the proposed PDC controller és th
same as the standard RST controller, Fig. 1.

The next transfer function of the closed loop
system can be deduced Eq. 22:

G (@)=
T (@)Y ,8 8 @) (22)

CLBA)O RS BEBIOLAR)

Which leads to the following expression Eq. 23:
G (@)=
T@Y,.B8 @)
LBAS +BR) YRR (AS +BR:

(23)

related to a rule j can be inconvenient to a subshod
related to different rule and may cause instahility
Thus, the stability of the closed loop TS fuzzy
system is not guaranteed.

In fact, the cross-coupling expression is credtgd
the two following multiplications:

QCLBA) (X BS)
And:
BB LBR)

A solution to the stability problem can be found by
eliminating hese multiplications.
First, consider each polynomia](($1) having the

numerator of the submodel with the same ntecedent

included in its expression as follow Eq. 24:

S@H=h(d") 8, (@) (24)

Whit:
h@')=1g'andB @ )3 h §?

The polynomial h (g-1) is the same in all local
controllers, which creates a numerical integratothie
open loop fuzzy system allowing disturbances rejact

After replacing Eqg. 24 in the expression of the
closed loop fuzzy system (22) the latter will hake
next form Eq. 25:

G(q-l) = — N q -lT (q> )-1 N - (25)
(1-q )(ZHBJAJ @)+ ZHBj R ()
Consider the following expression Eq. 26:
Al (@) =(1-4)A @) (26)

Replace (26) in (25) lead to the next expression
Eq. 27:

q' T (")

G(q") === -
2 aB(A@)+a 'R (@)

(27)

From the denominator of Eq. 23, it appears that an

RST controller initially designed to control a sufxhel
having the same antecedent j has an influence foar ot
submodels with different antecedents which is iat#id

by the expressionzz“ﬂBij (A;S +BR).A controller
982

Suppose that all the closed loop subsystems have
the same denominator P fpas follow Eq. 28:

Al@)+d" R (q")=P@ )forallj=1,..N (28)
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Fig. 1: Structure of the PDC controller

With P(q?) = ™ p,. q" having its roots inside In order to preserve the unity gain of the closed
L e loop system, the polynomial T &) can be obtained
the unit circle. following the next procedure Eq. 32:
Since}"" g, = 1 and P(¢ invariant for all j =1,...N 9 P q- =<

the overall transfer function of the closed loopflifzy ;) - T()

system (27) becomes the following Eg. 29: ZLBJ. R, (1) ) (32)
-1 1 1y — NN
() =4 PT(qgg ) (29) 1= T@)=TOP KR

) . Temperature control of an experimental green-
In short, we have to find the appropriate hoyse: Most of the farmers using a greenhouse to grow

polynomial R (q7) for each rule by solving Eq. 28. thejr plantations have difficulty to cool down timeloor
Which will ensure the stabilization of the clos@bp  cimate during the daylight. The reason is the

TS fuzzy system. preponderant influence of the solar radiation which
For nP< r}, Eq. 28 is regular and can be written in thejncrease the value inside temperature until exeet
following matrix form Eq. 30 (Landau and Zito, 2006 several degrees the value of the outside temperatur

The available solution to this problem is the u$eao
Mx =p (30)  cooling system but it is costly n both equipment! an

energy consumption. The other alternative with lowe
cost is the ventilation using fans. But, the existe of

T thermal and mass exchange between different
P =[1RPy- .- R 0...0] constituents of the greenhouse, results in a neatin
And the matrix M: behaviors of the process and prevents the confrol o
temperature by classical means (Hanafin and
Papasolomontos, 1999). So the thermal control is

Where:
T_
X —[1 rojl'lj...lﬁRj]

1 0 0 0 . .

N reduced to an on-off control action maintaining a
a; 0 0 0 continuous commutation between two temperatures
: 0 : level. The consequences of such technique hasinegat
: Do effects on the health of the crop and contribut¢hto

a. 0 - 0 1 development of diseases affecting the cultivation.
R An effective model of the process is needed ireord
na+l to reach an efficient control over the inside terapee

which is the task handled by TS fuzzy systems.
The vector x which contain the coefficients of the

polynomial R can be obtained by matrix inversion as MATERIALSAND METHODS
follow Eq. 31:

The process is an experimental greenhouse having
x=M7"p (31) 1.5m length, 1 m width and 1.25 m heidfig. 2.
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Fig. 5: Membership’s function of the outside tenapeare

The two equipped fans are driven by two three phase
motors insuring a forced ventilation regime. These
motors are powered by a frequency converter
(microdrive FC 51 Danfoss) in order to control the
rotation speed of the fans.

The measurements are carried by several sensors:
An LM35 transistor with an AD620 amplifier for the
inside and outside temperature, an humidity setygper
SY-230 and a pyranometer type LPPYRA 03 for the

Z o0s solar radiation measurements.
= The signals delivered by the different sensors are
= 99 transferred to MATLAB via a data acquisition module
S s (KUSB 3100). The latter will carry the control outpof
2 the PDC controller to the frequency converter.

0.2

Fuzzy identification: The TS fuzzy model of the
: experimental greenhouse has the following exprassio
30 33 for every Rule j Eg. 33:

15 20 2

RO ift(k)isQ, and ( § i, ¢ k i€,

andR(K i, andR{ Kk i€,

S thenf(k+ 3 =ay(H (B +a( kd k+ou( kal k (33)
0 OR, (K) +as(K)RR (K) + o (K)

forj =1, ...,N

Fig. 3: Membership’s function of the inside tempera

- With u is the frequency supplied by the frequency
: converter to the engine to control the ventilatiame
gt inside the greenhouse.

The parameters of the TS system (33) can be

Member ship's value

021 B obtained in two steps:
’ : \ ' e The first one is the estimation of the linguistarfp
0 10 20 30 40 S50 0 10 20 30 4C by finding the adequate membership functions.
H, This step is performed using fuzzy clustering with
C-mean algorithm (Bezdek, 1981). The results are
Fig. 4: Membership’s function of the ventilationea shown in Fig. 3-7
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Fig. 7: Membership’s function of the inside humydit

part containing the sub-models. The recursive
weighted least square method is more suitable for

0 60 120 180 240 300 360 420 480 340 600 660
(Nin)

Fig. 9: Error of appoximation

B (k-1)z (k-1)

K, (k) TNB kD) + 2 (kDP (kD)z (k1 (34)
8,() =8 (k-1) + K (K(y(K)-z (k-1P, (k-1), (35)
P K) % P (k1)-K W (KDP (k1) (36)

where, A is a forgetting factorzl=(TuT, R Rh 1is
the regression vector of inputs,
87 =(Gi, 6j,Gi, 6,8, 6G) is the estimated vector of

parameters, y is the output representing the inside
temperature T.

B (0) and éj (0) is obtained from an off-line fuzzy
identification based on an ordinary weighted least

25 L : \l‘ square method (Trabelktial., 2007).
24t I 11 100 V. 1LY T S ollowing the described procedure, we can obtain
24 | - k- Foll he described d b
52 | T’[r“‘r.k ,'|1i" fr appropriate parameters insuring minimal error betwe
p33) P ;‘ ‘IF\M the fuzzy model and the process every sample fifne.
S g . f’ ] results of the fuzzy identification are presented-ig.
" % | -9. Note that the uzzy model is able to adaimi
ol M ] 6-9. Note that the TS f del is abl d
;9 : the evolution of the inside temperature. Figurd&sa
o i i | small difference with a maximum value of 1°C.
17 ; : ; ] Fuzzy-PDC control: If we consider the order of the
120 180 i 300 360 process (a first orderone) in Eq. 31, then matrixvii
(V) have the next expression:
Fig. 8: Difference between the measured output (—) 100
and the TS fuzzy model output (—) .
a, 10
» The second step is the estimation of the consequent 2 01

A} (@) =(-q")1eay; ¢)andB (§ )&, 4 Then the

this task since the local 5 models are time varyingpolynomials Rand $will have the next form for each rule j

Eq. 34-36 (Trabelst al.,

2007):

Eqg. 37 and 38:
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R; (q_l) = loj + Iy q_l

§(a™) = (1-q") ap(k)

37)
(38)

The transfer function of the proposed PDC
controller is deduced from its structure represgrite
Fig. 1 as following Eq. 39 and 40:

38,00 @ @) DB KR @

N (39)
B, MR, @) y(d")
=1
38,09 o, (010" u@) DB, ()R Wy
= = (40)

-Z B, (KR, (@) y(@")

The implementation of the PDC controller has the
following numerical form Eq. 41:

u(k) :ZBj () (K (k-1) + K, Yoo -Koy(k)-K, y(k-1)) - (41)
=1

Where:
— a, (K) - o+
2 LBk a, (k) 2B ®a, K
Ky=—g—2—— and K, =—— 22— by
2 LB g, () 2Bk ag, k)

The problem of the input saturation can be solved

(Astrom and Haglund, 1988) if the control outputkyj
is substituted by the saturation value when thigdas
reached. So, the control input that will be apptiedhe

Fig.

RESULTSAND DISCUSSION

The results of the application are displayed ig. Fi
10 and 11, where the desired output is chosen aqual
30°C. The experiment was carried during the dag0of
May 2011 from 8h08-19h46 with a sample time equal
to 15 s. Despite of the external perturbations qjdet
temperature, solar radiation and humidity) repressen
in Fig. 10-13, the PDC controller is able to le&e t
output to the desired value.

36

60 120 180 240 300 360 420 480 340 600 660
(M)

13
0

Fig. 10: Response of the inside temperature (—)peoed
to the evolution of the outside temperature (—)

0 60 120 180 240 300 360 420 480 540 600 660

(M)

11: PDC action control

process will have the next form Eq. 42:
625
N 500
Uy (K) =XB; (K) (KL (k-1) + K, 7
L (42) 2 315
-K; y(K)-K, y(k-1)) - -
125 [
50H, if u 50H, |
i =i . o 1l I S i
Withu; = uif0<u<50H :representtl 0 60 120 180 240 300 360 420 480 540 600 660
Oifu 0 (M)
saturated control inpt Fig. 12: Evolution of the solar radiation
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C.M. and Y.J. Mon, 2001. A fuzzy-PDC-based
control for robotic systems. Inform. Sci., 137: 135
155. DOI: 10.1016/S0020-0255(01)00105-0

Mamdani, E.H. and S. Assilian, 1975. An experimant

linguistic synthesis with a fuzzy logic controller.
Inter. J. Man-Mach. Stud., 7: 1-13. DOI:
10.1016/S0020-7373(75)80002-2

Mamdani, E.H., 1977. Application of fuzzy logic to

approximate reasoning using linguistic synthesis.
IEEE Trans. Comput.,, 26: 1182-1191. DOI:
10.1109/TC.1977.1674779

Salaa, A., T.M. Guerrab and R. Babuskac, 2005.

Fig. 13: Evolution of the internal humidity

CONCLUSION

Perspectives of fuzzy systems and control. Fuzzy
Sets Syst., 156: 432-444. DOl:
10.1016/}.fss.2005.05.041

Seddiki, L., K. Guelton, B. Mansouri and J. Zaytpon

Despite the system complexity, the TS fuzzy system
combined with RST controller provides good resalt i
term of regulation and robustness. Also, the use of
recursive identification and adaptive control immgrahe
accuracy of the fuzzy model which enhances the
performance of the fuzzy controller. The resultsaivied
reflect the efficiency of the fuzzy controller poged.
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