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Design of an Optimal Temperature-Humidity Control
System in Confined Agricultural Environments
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ABSTRACT

A pair of linear uncoupled vector-matrix differential equations
describing the dynamic behavior of temperature and humidity in
confined agricultural environments is being used in the development
of controllers for an optimal ten_lperature—humidity control system,
A proportional (P) and a proportional-integral (PI) feedback
controllers have been designed from the view point of modern state
variable control theory as an optimal temperature-humidity control

system in confined agricultural environments. The linear quadratic
regulators (LQRs) with output feedback control of alinear-invariant
system equation is chosen for this study. Both impulse and step
disturbances are taken into account. Three separate systems have
been devised, each differing in the output or measured variables of
interest. To illustrate this procedure, the design was applied to

control the temperature-humidity in a typical swine building.

Keywords: agricultural environments, modern control thoery, linear

quadratic regulator, optimal feedback controller.
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ARBELZER - A2 FEBMAE » DRI
PR 2 UL BEBEA R AR AR RS
# B (modern or optimal control theory
) AR DA EHREREh 2B
RE -
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(a)FRff I
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(b)RfE I
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AR KB (linear quad-
ratic regulator, LQR) ZRBEBRHRM I 2 &
AR RIREE o b2 BRI E BKalman
- K& (1960) o Kalman KEWAEEZMEES
WU HBAR R AEEN —RERRR
et o R LQRAF—RAZHE » glIE
REEEEEAIRT (nitial condition) = IR&
R (impulse type) ZFi#Eff o

AW > L EERERH SRR ERZN
¥

X =Ax+Bu, x(0)=x, (2a)
EHREA Qa) AZ—REATE :

U,(t)=v,0(b), i=1, 2, (2b)
HpFHEHA Dv(t)=x,0(t) » HREN» # D=x, -
B v(t)=0(t) - TEHMHEPHERIAFERQD)
ZHAMRR AT BLE—L QR » fEck
HE L BRI I SR K o

B ME—FHRAQZ R » EREE—R
EEMSEERE (u) > METHZ_XKEEER
&/ (Skelton, 1988; Palm, 1983) :

J= j ;‘ [x"Qx+uTRuldt (3)

KBS QBES R EMEEM (positive semi-
definite weighting matrix) » MRS ER
SEREEM o AR ERIEYS » FERB)PZ
xTQx HEEIMAAERE» x=0» MERZHRHK
M B IREME 3 T uRu FEAIMGIE % s e A
BB o R ARAGIZEIMCEEERER
BAERFURFERBEITRENERL 285

FHRALBRBHEER—~L QR * ZHHERE)
BN TR A A2 R E (
D) > wAERMT (Skelton, 1988; Palm,
1983) :

4=-R1B'PxX (@
K PHE—HBHLATRESLEM - PRET?
Riccati FERN2#

P~ —PA—A'P+PBR'BP-Q, P(t,)

=0 (5)

FEALBEHEEE  BE tioo ' REH
RARP2ZRHBATESE (controllability
) B QIR m B AR EIERESE (time-
invariant) Z#%H (skeltor, 1988; palm,

1983) o
Wb REEHRETRRE ¢
N\ N\
u=-RIBTP¥x (6)

Hep P* S—HHBAEREEM » ABTARE
Riccati HRAZ# :

—P*A - ATP*BR-'BTP*— Q=0 (7)

RFE R RS AR R

[BIAB|---JA"'B]
An# (rank) e nAIBAE x 2B (skelton,
1988; palm, 1983) o IR E e HIREEF R EN
E—P&ER (semi-infinite) HARIK » B 5
F23X(6) 57 B2 £t = 4 ok I SRR e ) 23 5 51 & R Sl
ZEE - HERAROETEHEE (1) RKE
MR (X) R—Hf o R B SR ER R
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2.1 ZHE T InEBTEE

LEFRz L QRE—ERFEBEEERR
FLERME L cEERERARRBIRE T
Bl o Bt » FEXDFMERZEBIE - HHEX
(DR RHERZ—HBERSH| (finite step) F
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RERBEEx =0 AAEECHERT BT EHETEH
R EERE-

BN ROTRR A 2 8
x =Ax+Bu+Dv, x(0)=0 (1a)
V,(t)v=v;, i=1, 2 (lb)

Kb v BHEBTEE AMELE x(o) HEEE
B » B LLEA (Johnson, 1968) o Rk
HRERRKTERE  AiENMZ BEEEE (
Johnson, 1968) :

J=% ;“ [x"Qx+ uTRuldt, (8)
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x=Ax+Bu, x(0)=0,x(0)=Dv, (9)
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©=Aw+B0, w(o)=Du.
ERFRATELSEES
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P(t,) =0. k)
EHRAN0 2 Rl BT - B RS
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A
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(appropriately partitioned submatrices
) e '
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A
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B (x) ZHETRBEEED - CREZRERY

(x) WBTELRHREZEVTARRBEZ AR L
TR (u) THARESEERNESTES
o R B £ 3 JE A7 A5 R e 38 B0 0 v R AR I AR B B
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dimensional coefficient matrix) (MjEM
ZHEEBRME) cBE o X h. ZENEE
BBGRATEE o BMAIRGA—RFRHERRTE
BRI 2GRS o Btk - FIRELYEESHE
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# (AT.) RENBRHBHE -

BERTHZRHM

X =Ax+Bu, x(0)=x,>

U.(t)=v,0(), i=1, 2, (18
zZ=Mx o
WA T 7 B BUE/M
I=1 [ ly*Qy+uRuldt -
y=Nz=Cx (19
Hep FENWGEHEBRR y FEHRZ & B ERK
(&N » A RRCHEMN x —# c Hilfy=Cx
ZBRGRARAFTRERY » 78 ¢

J=% ;‘ [x"C"QCx-+uTRuldt o0

MR HEKXYRATTE I (observability)

' BiEQRERLRER » C'QC RARELBE -
FRRZTEREWRE « FERE TFIEMR
[CTATCT(AT)CT.--(AT)*-'CT]

A8 nk(rank) o (skelton, 1988; palm, 1983
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PR AT (F tcooo B ZREES
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B HRAEREARE
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{22
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Kbz Y= N Z 0B - BEETHERED 21
e sl R wg .
VAN P
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Hehr Cl= (NM)! o FEHEEMR @ HEXN
EOhBEH C R M 2% Levine &
Athans £ (1970) QIEEEA C kM I#F
EZHF o
3.2 FHk 1 2 Sl 7 i
£ BT IURA ¢

x =Ax-+Bu+Dv,x(0) =0,
Vl(t)':Vh i=1) 21
Z=MXx o {24
WG T 71 B R BUER/IME o DB —Raiegin
g (0):
J=5 [ 'ly"y+atRuldt )
HrbHEADHERR u 2%t B E R A ER19HEM
RuRHERR - ¥ y=CxRAFERADN » 7J&:
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Hd: S=C*QC -
AR EEERZEE o 7
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9 =—R1B,"P7,
~_R-IB,"P*M.-'q, %
#rr Po* BFFIAM Riccati HEXZ —TFRE
RSB :
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=0
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RA AR BB H X > HEXC)THES :
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I WEE Pl RS o FEAHEE GRS
M B N BB o
3.3 Rk 12 Al
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SRy 2 EWERTIE 2 » Wit R 2
e B SRR T FUAME
).<=Ax+Bu, x(0) =x,,
Vi(t)=v,6(t), i=1, 2, 33
y=Cx,
Kb RBRE y K% 2 o B2 B EEEES
SR AYAIE - B ¢

J=%j0Twa+wRumt

FERFOTENEETRASFEZRET - W
Rteoooly » RIFBEMERMBERSEAQR » &l

W= —RB™P#C Ty s
frb P QIS HRARZ ~EREREE M -
3.4 bt [ 2 H 0 B 5

BRI Y T3k 2 24 RN ZP 12

AR HEHRERH T SE2HE - Rt - BT

T

)}=Ax+Bu+Du, x(0) =0,
Vi(t)=v, i=1, 2, 3
y=Cx,
s Mez B EEs AR 20 - gl

J=1 [ Iy'Qy+uRuldte
BRAKEA TR R TR B toow
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A~ : A~
u(t)=[Lis+La]N1y (t)
1 [Llng:]N"I J ;/y\(r) dz e (5
FRACENRA N Z B P | pepIkeg -

i RtEE

BB EZ B AR RN RS T B
TRBER BRI BRETAZBRIE
R - $HELEHRERZBWHEMNS > BRARE
EAREHRE——M 8 - Fbt » A CRER AR
i I BRCAR B — R B MR IR o 2 i R B R 4 R
o RMZ P & P T HEhiEs2 &6 AR R B —
o AXBRATIL—HERBBNSR o LK
RERBZERBERRIINER— (B » 1990
) o

F— BEREZEREBERR

V=4000FT?®, W.,=0.01467 (Ib water/min)

Q.,=104.3 (BTU/min)

BR : T..=75°F, h;.=0.0093 1bw/lba
(50% RH)

B4 T¢.=95°F, h,,=0.0186 lbw/lba
(52% RH)

EREE 1 T1,=69°F, h,,=0.0082 lbw/lba
(75% RH)

FHTREBEWRK : F, =140 lba/min

BREFHEER®E : F.,=12531ba/min

E2NB=REEREK : (Fi. +F()v,,=79225
FT 3/min

BREsmERRR RS - F—EREE |
BRARZ BT EETE DEARE (T,) RE
ARE (hy) AZ—RRZ BB - B% T, &
T, 85 T,,+10°F T h, g h,, ¥R h,,
+0.003 Ibw/lba EARARABRZLSAHR
RERTIEABNREBTERAHKZ TERSE - iR
2 BRAFLARAT Q. RIRAT o, HBEAZ—
WL Q. H Qs ¥R Q.. +60 BT U/min
Mo, Bf 0.5 BB 0., +0.045 lbw/min o

ERTFESA T REARZERBE (TH R
EREEER (&) EPRP I AHNREBETZE
B AR PR s 2 I B it o W LA 2 i oy i B

N o FIEEIE R ELERKEMN  t ZENE

oo TEHER t =t/t, » et =B5RT > T ta 8
BELBRME > F5EREM (mean holding
time) s B » t=V/{F, . +F,;)/u.:.} ¢

B 5 4T 2 S5 45 BR B 38 3R R B L P B
BER ATE ML o 5t BLASRAB IR o 12 0 44T B BB IR
Brh2 QR REHEEENEE - QR RMEMA
38 S A e o B

v(t)

[ )

a(e)

B — ~ PEHIREC I ZREHS © (aliREE P iRl 5
(bR P I 24

(QH o] rip O
Q-: J’ R; ( J.
Lo Qs o ,

a2

Rt » HEAWIRBMATZHRTR ¢

=_;_ J 0 (quy?+Qeeye? + ruul+rau)dt,

36)
J=%J 0 (quy1®+qeey?+ ruud+rypu,?)dt
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MRARRORONZ vio u, B u, AF
RA/BEE (order of magnitude) > Hit »
—HEHYZ LAHEF (scaling factor) TAK
BEEE qQn Qe T B Y ZER - FEW
HART-EH3EN - WFEERTRRRNPZIR
B RETEHEARZANEE - HEM » BT
HREEREHBBHZRETSEHRAPRE (
skelton, 1988) o i » & quy:® R qeye B
ISP NGNY -

quyi’=qeys®
ne
qu/qQee=ys/yi% ¢

BEEENTATIIAEGREEZ HEER
(performance bound) (Skelton and De
Lorenzo, 1985) :

f 0 v 2(t)dt<a,?s Zs"cf ; u () dt< pd

ri=1, 2, (38
M&BE R EBRAMENEHBE(root mean
square value, RMS) #f Fzk e 2GR EER ¢

Ymus=[J ;Y:g(t)dt]z » BUipus

=(J CuA®dt] sis1, 2 59

TR G AT RIBEER G R Z BIE » E1A,
B AT. 2z RMS fEFBRE—-EHEA RRE
WRERART 0 vilrus MUREBCKHIE 1077 yoleus
B1 5T wleus B 107° » ulrus B - A
o

Q22=~107%qq; »
RS

T20~107%1r;; o
MARAE—RRUTELEEE vt B u® 2k
BOAGR » AR REEMBAERKNBE - 7R
B 0 wt=ut~107 s T ul=usiel o R
BRLR 5 ep RAR% du B oty T qee X ras
EA I #E L AR TR EER—EEME L o &
XHHRl4 =1 » T qn EEE) - WA
BB Riccati 7782 XA B 2 2 B 1 46 — 188
B> 3@ (Nonrecursive) ¥E (Vaugham,
1970) o

BARED R T2 FEP EHTERRS

VN PN
u(t)=—R"1B"P*cly (1) »

Koy W
ERTHRHEE

N\ \ N\
(uxol Ly L rymo
e = S
| us(t) La Le b ya(t)

|
\ /
Ko HpEpZzE# : Ku' K’ Kau» B Kee A
BAREB2ZREE A (feedback gains) ©
P I Res s » REEMNETRS

TN
N (Lu N J y(T) dr
u= °
le —1/\
N N7y (t)

{ f ‘/y\ (r)dr ]
= Ko o ’ (42)

FaN
y(t)
ERBERE

. @
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Lgs |
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[ yi@ar

A
J.OY2(T)dT
~
o yi(t)
~
y2(t)
3
E% P I b REBEEZ EHB2BBRARK
BIEE K K K Kip? Kos 7 Koy 7 B Ko

o

~
u(t) K K2 Kis Kuis

K Kz Kes Koy

We(t)

R E—RBE=FRONBEPRP I £24
BREETZ T. & ¢ HIRKE - BEEH 5 qu
BRNE  AhEPRAFNTEHNAELE qu
i BBk T R ¢, 2HE - WRBE
» FRA k8 2 IR TR ESIFAZRIE < 38
HEAHEENREEEEE W TEEELRE
IR HBERRZIFEENAER - Al
BRE=ZHEFELP [ g P iepikEe it
B 7 R A BT 2 AT 4] s BE R —BR /B X (damped
) REE » FEBEREER (offset) BB
(overshoot) BMEL o B P it vTEEE in
qQu fEARF/NZE AT FERIEP EHRNEGS
—BEBE (trade-off) NRITHEZZBEIRE
HERBAFRGTHRBHEEZERENZ qu B2 ER ©

WR2 T k ¢ AZPRP 1 HAfG#HEL
BERERRBEMNEER - HE=RE=M5HFR
ATRE e B BT b o ph = % AL T B
EHHEEN . P REEENMEEELHET.
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Room temperature, Tr, 'F

Relative humidity, $,x100, %

Room temperature, Tr,'F

Relative humlidity, $,x100, %

Parameter: qu
No contro]
7mor
OOl
760 ol
+0
750
500 0 O
OOl
490 -
480+
No control
aro 1 ] 1 1
2 4 6 [

Dimensionless time,

B~ PRHBGETEEREREERE
CR&® 1)

~ ~ ~
Q@ [ ~ -~
&8 & & T o
—H_T_

3 ¢

499

Parameter: qu

499

49-7

| i

2 4 6 [

Dimensionless time, t
B=-P I #EHBFETZRERBHRERE
(R 1)

°F

Room tempersture, Tr,

Relative humidity. $.x100, %

Relative humidity, $,x100, %

Room temperature, Tr, °F

No control
760 |- [oX]
O4
1-0
750
No contro]
530 p—
’ Parameter: qus
520}
50
QO
: [4¢)
300 2 4 G e
Dimensionless time, t
B~ PiHBE T 2B EREMRERKE
(R 2)

Dimensionless time, t

B~ P [ HEHEIFT 2B EREHIRERE
(R 2)
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