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This thesis describes the speed estimation of 3-phase brushless DC (BLDC)
motor using relationship between commutation signal and back electromotive force
(Back-EMF) instead the Hall Effect sensors. This Back-EMF signal can be estimated
from phase voltage by condition function and low-pass filter. The estimation scheme
has 2 steps. Firstly, the condition function is used to find the haft of phase voltage
crossing point and calculate frequency. Secondly, the frequency from previous step
is apply to find the frequency cut-off of low-pass filter for filtering phase voltage
to estimate Back-EMF signal. Then frequency of the estimated Back-EMF signal
can be calculated and used to estimate the commutation signal and motor speed.
Artificial intelligence techniques are employed to find the coefficients of condition
functions and filter’s parameters of each speed. This proposed method can be
estimated speed of BLDC motor in speed rang from 2,000 to 7,000 rpm.
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i—1

Z[”j

Out, = =~"— (2.20)
o
tﬂ' A % a o ] d' .
o In, Ao Ay aouUNa o AIHUaN
Out, Ao AyUARIUMITNTOI B AWNUITN

o Ao 51111!1@5116\11’7131@]'1\16111”115151 MA
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7109 2.10 Fyaanriumsi MA

vy
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o o éa Qd
2.3 AINIVINNNIMHIHTAABIITE (Butterworth Low Pass Filter)

@ ana o

@ Y sa I~ A X '
A7N3091AN03135T (Butterworth ~ Filter) 1iludinsoaunuadnasianiaiainise
A (] A Y 9 QBJ} I % Ao ] Y] A ] A

n304n1ud Tureidesnis Idn iudansesnnuddiiiu danseanudgeriu wio
2 td' 1 td'dy 1 =<K o td‘z; 1
AngeaaunNNdiy Tunlznadwinsesnnuadiiug

@ {o 1 % sa . 3| o ana o

AIN399ANDAINILTAINDT1I5D (Butterworth Low Pass Filter) 11udIn509A7%a

= { a 4 o ] Y a A
TuTawuanud Fuiludtewldiiosnndandudou luiunin nazllszaninimgs
y A Jd o J o aa o g o
wenvsanilantuniesTeu-uam  (Z-transform)  veIdINsoIUVATNATU T1/AY

auns (2.21)

M=
t
a1
[\
-

bi
(=]

H(z)="r— (2.21)

1=
e
N
3

b
(=]
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4 o a J g o w :JI
We E, E,, .. E,0ag F, F, ...F, Aoduilsz@nivesdiniod uag n Aod1duiuved

AINT O
o’

Y] Ao ] o da 9 Jd @ [ aa o 9
ﬁ’Jﬂii’)\‘]ﬂ'J'UJﬂ@]']WWU‘U@W]’Oﬂ'JTﬁL W"I‘Ll‘]_]ﬁ ﬂﬂ@ﬂ?ﬂﬂ\iﬂ“ﬁuﬂ'lﬂjﬂull‘llﬁlu&iﬂzulﬂ

AIFUMT (2.22)

H(Z - 1 1 p (222)
o 2(1-z7)
;a”[mu 1)}
i a, Ao Q" 2 [cos|(m—1)z/2N]
‘ m=1 Sln(mﬁ/2N)
p ne l, 2, ..,N
ao Ao 1

d' 1 [ A d‘w [l d' 9
Woaunal 7 Tumsqudyana ay Q. Aennuddaeenluniie rad/s woly

napRnIieeTIeiawes 1+Z" way 1-2” 9z ladeaums (2.23)

N
2:7C,

H(z)= (2.23)
N N
Z{a /Ty - ”’CN]NZ[ Neind }
r=0 p=0
. N <p<N
e CV folv— oy 0P
r (N —(f?)!p! ,otherwise

wosarasIvesdlsludiuveadimsvesaums (2.23) uaziimsdagyin
4 ]
Tugdunnvesaums He) Aukasiuimuavesduls p e muali 4, (r) =(-1)" C’

o _ N-r
wag B, (r)=C,
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weunua lumonveadivs luaums (2.23) vz lasaauns (2.24)

Sy zre SEcr =3 7D ¢ (2.24)
e D,r) Ao iAq (r)B,_,(r)
B, (v A0 >0

A A o A A 1 Yo
mawmmmmmammm’Jmimwaaagiuﬁumi (2.23) ¥z ladaauns (2.25)

ﬁ: {a, (%)’ ﬁ: z'D, (r)} = i {z"’ ﬁ: a, (%)r D, (r)} (2.25)

r=0 p=0 p=0 r=0

Wemeuauns (2.23) Tndaz lddeanms (2.26)

N
2,27C)

H(z)=— = ; (2.26)
z{z-pza,(Tpr (r)}

Wereuaums (2.24) eglugivesaums 2.21) wlan
AN
Ep - Cp

F,= iar(2/T)’Dp(r)

4
a A

A o ) [~ Jd o 1
INAUNIT (2.21) Wounudulseans Ep nae Fp vzansohuduilanguaie lou

VOITLUVVINBNTBIANVDIAHIUAINANVAFADBNLAL A UNINTOINAKUA TR
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24 m5U5uduUIAABINKINN (Polynomial curve fitting)

MslsuduTAuFanyuiy v5e Polynomial curve fitting iumsvianuduiug

4
=S o U 1

mmﬂ'muw@1uazu,amw@1{’lugﬂuummﬁumiwuummmmwume g ¥91173

2

¢ 2 = 1 a
Polynomial curve fitting llTl"i1?(111J5$ﬁﬂﬁﬂlﬂ\iﬁhﬂ?iW?jHWﬂ‘?ﬁ\‘]ﬂJ R dlumanunanain

y(x)zao +a1x+...+akxk (2.27)

n 2

R’ = Z[yi —(ao +ax, +..+a.xt )] (2.28)

i=1

A o v J Y v
WONMMINIDYUNUTUBITUNIT (2.28) ’l]ghlﬂﬂ\iﬁllﬂ'ﬁ (2.29)

D) :_2Zn:[yi —(ao +ax, +...+akxl.k) =0
=1

2 n
8(81: ) = —221:[)/1. —(ao +a,x, +...+akxik) =0 (2.29)
| -

6(R ) 22[ (a0 +ax; +..+a,x )]xk =0
dovsugilaums (2.29) v 18 saunns (2.30)

n n k n
agn+a, Y X, +..+a, ) xt =Dy,
i=1 i=1 i=1
n n n n
2 k+1
aOZx[+aIZx[ +...+ak2xi :le.yl. (2.30)
i=1 i=1 i=1 i=1
n n n n
k k+1 2k _ k
a0 Y 0D e, Y =Dy,
i=1 i=1 i=1 i=l
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iedaauns (2.30) Ieglugihmaindas ladeauns 2.31)

n

o n W
n in zxi = zyi
i=1 i=l i=1
o Ol a C
in in th 1 inyi
i=1 . i=1 : =1

(2.31)

n.k n.kl . n.2k a n.k
+ L

z ,Xi 2 i 2 i z i yiJ

| i1 i-1 i-1 | =

Mnaums 2.31) awnsadagilInilaeissdeaeaiooga (Least squares) lddeanns (2.32)

I x, xlk a, b2
Lox, o oxyfa|_|» (2.32)
1 x, x|l a, Y,

A o 9 a o Y} A < ~ Y}
LﬂJﬂﬂﬂW]\iﬁﬂ\WN"Ui’Nmﬁiﬂ"B (2.32) ﬂ'JEJVIi"I‘L!ﬁTWﬁGUi’NLN@]iﬂ%’LLﬁﬂ‘lli’Nﬁllfﬂﬁ/] (2.32) ﬁ]%llﬂ

k
1 Lo 1L X, - x| a 1 1 - 1|y
k
XX e X, 1L ox, e oxp e | (X X e X, |l Y,
k k k k k k k
Xpooxy, X, [1ox, ox, |ay XXy o X, L),
o z
JUN
B n n 7] B n T
.. k
n xl xi r yl
i=1 a, i=1

(2.33)

i=1
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4 1 o 1 5 QI a Q’f a 1
ol n 98 agshmsunumiudulseanFuoauma Wi a, a,, ..., a, 92 1471

wl 1l o e x| a
b n o om e (2.34)
yn 1 xn Tt x;/: ak
A = a o a 9) 9 v
Welswmaing (2.34) Tugtvesaumagaudusz Idasaums (2.35)
y=Xa (2.35)
WenmauT (2.35) 420 X Ned0919909aun159z 1AAIauns (2.36)
X'y=X"Xa (2.36)

tﬂ' [ 1 Y o a Qd a d's} (%
Lilf)%ﬂ?j‘]_]ﬁ‘nﬂﬁ (2.36) Elﬂﬂﬂzulﬂﬁilﬂigﬁﬂ‘ﬁ"ll’ﬂ\iﬁllﬂTiL‘NWVZu']iJVIGl’f)\‘ifﬂiﬂ\‘]ﬁi]ﬂ"li (2.37)

Feannsoth lldszanaduilszansvosaumaFanyunu1a
a=(X"X)"X"y (2.37)

2.5 MUANDANDINU (Genetic Algorithm)
a o aR . . A A [ I ax
FIULIUANDANDINU (Genetic algorlthm Wﬁ@!ﬁﬂﬂjﬂﬂﬂ@'ﬂ “GA”) !ﬂu’l‘ﬁﬂ’]ﬁ

a

[ § [ [ [ @ 4
AunmidinounangalasldndnnisAn@enuuUsIsUIIALAZHANNITNIIA1GWU T
= Aa o AR I o 1 & A [ Y1 A Ao (] as/'
IudAndanesnuiumssuimedniniawnsonan lanid “3dmuinms egluduaou

4 o Yo o Y I ax = 1 ° A Aawv
voamsaumfimey  uaglasumsdaliiduiinislunguuesmsdiuiandadimuins
S o % I { [ a A o o
(Evolutionary computing) @eilagiiufufieonsuludszd@niam waglimsillsegnald
' 9 v ' ~
919NN TumsuAtymnsmaurngiga
I 09// 9 ° Y o v W a 9
GA Wuduaeulunmsaunidneu1diuszuuininsves GA  Tagsisuyana

Usznouldae 3 nszuarumsndinn ldun
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v A 4 . A 3 v A Aa
1. m3Aa@ond1eiug (Selection) Aoduaoulumsdmaenilszaninalussuuy
[ oA o o A oA 1w
Tiduduiniaaeiugie lddutdagnramlugudaly
a va v J . . A ax =
2. URUANMINIEI8WUT (Genetic operation) ANTTUATMIMIAsUI A TAs Ty T
9 ag -~ an’ 9 = 9 (4 Y o a
a3 msnmeiufiluduaeunmsadiisgnuaiu e ldvinmssauiuguesdusuila
Y] & A I Y A [ 1 A 9 v A ] [
aiugie 19 lagnuauitidiumaunauninneuy wie ldanmamlsduduuesvou
& 9N ¥ o 1A d?
o ld Idgnuauaewus Indmneu
d' A q’j o o a 1 d'
3. MIuNUN (Replacement)  Aoduasumsiuegnatuduida vy ldunun
1 1 J < [ 1 ' o
Uszminsimlugunouw iWuauiumslumsaaideniaiseziorgnuaiulungula $1u9u
w5 Tunulszannsimlungula

nszuaumsmeluves GA  hilddimevvesszuuniiegiaiianinisludes

e o)

Y 0 1 v o Ao 9 <3| o A ' A = 1
suzi ldgmsdsudni idnaraiiudimounanii uazdngala s1wazideanis q
d v o A v dy
yodvenlsznouluinging GA il
' & o
1. 1U5z%n3 (Population) Usznelidrenguuealnsiulawy (Chromosome) Huilu
@ o Ay Y
aumuvosdimenluszunidoansaum

[

oA (4 1 { 4 | Y
2. AuiudaeRus (Parents) ngwuesdizanninlagnaadenive luiluduny
o A L 1 1 @ . 1 Y o
Tums 1% dudamenug i luguda 11l (Next generation) szannsnguiivzilSouaiiouru
I 1 ' ) o P4 A o  Jq Y 1
Whunond” dmsuldlumsduneamenug Ingnvaiuae i
A 1 I 1 1A o 1
3. @wWus Ina (Offspring) %30 “gnvann” 1Wuilszmnsngulnuildsunmsae
(9 J 1 ] o A [ o daaA 4 1 1 [
peadieuiuInINHou Tagnanieieg Idsumenugnangaionionoaas 9 nulu

Uszannsgudall

A o d d' d' £
2.6 ﬂﬁﬂﬂujﬁﬁmﬂiﬁuﬂ!ﬂﬂjmﬂﬁ
4 1 q'; a

lumsldauusaes ldfnszuaaswuv1iulsaoruTasnalaiienld HES
a v o S v 4 ) o 3 4
lumsdszananenduaduilandu et ldlumsniuan wazgdunuanuiivewsines
s Aan d! d’Q 9 o Q'J A a U d o 9 a 1 4
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v

9 4 ] 2K A a 9 4 L [
m3lFauvesnomes liuinidn Jeliuuafalumslesenduls lunmsiseulranadya o

[ an o

Tasuasdyanaueuzdoniudyanaana tazldvanmsans 9 iedszanamsesu i

o9
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(MotorData | ||
1 Assigned power rating W 50
2 Nominal voltage Walt 24.0
3 Mo load spesd rpm G800
4 Stall torque mMm 780
5 Speed /torque gradient e £ mim 8.8
& Mo load cument mifl 200
7 Terminal resistance phase to phase Ohim 1.03
8 Max. permissible speed rpm 10000
9 Max. continuous current at 5000 rpm A 2.58

10 Max. continuous torque at 5000 rpm mim 814
11 Max. efficiency % 827
12 Torgue constant mim /A 33.56
13 Speed constant mem &Y 285
14 Mechanical time constant ms 12
18 Raotor inertia gome 138
16 Terminal inductance phase to phass mH 0.450
17 Themal resistance housing-ambient KrW 38
18 Themal resistance winding-housing KorwW 5.3
19 Themal ime constant windings 3 1.7
20 Themnal ime constant stator s 82.6
*  Puial preload =4 M
*  Max. ball bearing loads
axial (dynamic) 28N
radial (7.5 mm from flangs) 55N
Force for press fits (static) 50 N
(static, shaft supported) 1000 M
*  Ambient temperature range -40 ... +100°C
*  Max. permissible winding temperature  +128°C
*  Weight of maotor 1104
* 18 pole permanent magnet
* 3 phased coil stator with 4 pole shoes each
*  Values listed in the table are nominal.
# Connection with Hall sensors
Pin 1 Hall sensor 1*
Pin 2 Hall zensor 2*
Pin 3 45..24\VDC
Pin 4 Motor winding 3
Pin 5 Hall sensor 3*
Pin & GMND
Pin7 Maotor winding 1
Pin 8 Motor winding 2

*Internal pull-up (7 ... 13 k2) on pin 3
*  Forwiring diagram for Hall sensaors, see p. 26
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1. NUNAIF “GATOOL” adluntie1e “command line” 941151053 MATLAB

12151ng1iA1909 GATOOL dauaaslugdd 4.1

/ Genetic Algorithm Toaol

File Help
Problem Setup and Results Options
Fitness Function: | | # | |[_E Papulation J
Mumber of variables: | | Population bype: | Double Yectar ~ |
Constrainks: Population size: | 20 |
Linear inequalities: A= | | b= | Creation Function: | Unifarm v|
Linear equalities: Aeq = | | beq = |
Jol e ety = | | Upper = | Initial population; | 1 |
Monlineat constraint Function: | | Initial scares: | il |
Ploks Initial range: | [0o;1] |
Plok interval: | 1 | [ E Fitness scaling
[] Best fitness [] Best individual [ ] Distance [ Selection
[] Expectation [] Genealogy []Rrange [ Reproduction
[] Score diversity ] Scores [] selection [ & Mutation

[[] Stopping ] Max constraint [_ = Crossover

[+ Migrati
[ cCustamn Function: | | [ E Migration

[ F Algorithm settings

Run salver

[ Hybrid Function

[ Stopping criteria

.
[ output Function

CUlE: EEETE e | [ Display ko command window

Status and results; Clear Status -
[ E Yectorize

| -

3191 2.1 nihaawes GATOOL

A o do w s A ] ya 3 o
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Y A = = [ 1 a 9 & o [l =
GATOOL ﬂ@uuﬂﬁLﬂJE)!J]JﬁEI“]JW]EJ‘Uﬂ‘UﬂWNGU’EN"U@iJ“ﬁ In uag Outl HIANIDYWNNITLVYU

[y v W I 1% {
HadFuiaguszasalu m-file iWuduanlugili v.2

function error=F_function(x)
In=[833 699 648 572 516 470 446 391 368 355 341 324 312 303 282 238 258 246 239 232 222 218 215
208 201 196 193 185 181 173 169 164 160 152 150 148 143 139 134];
Outl=[121212121212121212121212101010101010101010101010101010101088 8
88888838
error = 0;
for i = 1:length(In)
y() = x(D*(In()"3)) + (x(2)*(In(i)"2)) + (x(3)*In(i)) +x(4);
error = error+ sqrt((y(i)-Out1(i))"2);
end
error = errot/ length(In);

return

Y 1

A = Jo o J
57 v.2 dredumaenilinduingiszasn 1y m-file

A o ' s o A
3. udwvtved Iame Ny m-file M I nadsvealilsiunsy MATLAB
:JI 1 J v 1] o [ o 4 U Y a o
4. demilainduiagilszasnlaoldonus @ mihFevesileddu nag@udiuiu

Yo mls x(1), x(2),....x(n) asldaaaslugli 4.3

Problem Setup and Results

Fitness Function: @F _Function

Mumber of variables: | 4

= 3 LY/ Jdo o 4 o Y]
719 1.3 madenilanduiagiszasauaziiuaudunls
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Conskrainks:

Linear inequalities: b= b=
Linear equalities; feq = beq =
Bounds; Lower = | [-10-10 | Upper = | 210 10]

Monlinear constraint Funckion:
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Plots
Plot inkerwval: 1
Best: fitness Best individual [ ] Distance
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[]5core diversity [ | Scores [ ] Selection
[ ] 5topping [ ] Max constraint
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PID Closed-loop Identification and Design
for an Infrared Oven

Jiraphon Srisertpol, Supot Phungphimai, Pawin Jawayon
School of Mechanical Engineering, Institute of Engineering
Suranaree University of Technology
Nakhon Ratchasima, Thailand 30000
E-mail: jiraphon@sut.ac.th

Abstract— This paper proposes a controller design and
identification technique for an infrared oven in hard disk drive
(HDD) manufacturing process. An infrared oven temperature is
controlled by using PID controller. However, this type of
controller often made temperature over rising and lead in
product damaging. The over temperature problem is suspect to
be taken from physical changing of infrared oven. Because of this
reason, PID controller parameters are not appropriate for a new
condition. Therefore the infrared oven control system will have
low efficiency. An approximated transfer function for an infrared
oven obtained from closed-loop data by using nonlinear least
squares method and the optimization of PID controller design is
demonstrated via gradient descent method. The experimental
and simulation results showed good performance in actual
operations.

Key Words: Heat Transfer, Parameter Estimation, Industrial
Control

. INTRODUCTION

In the components assembly process of hard disk drive
manufacturing has the process which uses the adhesive for
components attachment. The adhesive process needs to be
cured by using the infrared lamp oven which its curing
temperature is controlled to be between T, and T, for time t;
second. It is found that an inefficiency to control the
temperature to be within the requirement and effects to the
production damage. From the temperature response of infrared
ovens in production linc is presented in Figurel, their
temperature responses are out of the temperature requirement.
This problem is caused from the unsuitable PID parameters
that are using in the system which effects to the efficiency of
temperature control. Therefore, this article is introduced the
PID closed-loop identification of infrared oven process to find
the coefficients of parameters in the mathematical model of
the infrared oven process.

Choi J.Y. and Do, H.M.[1] study and analyze both structure
and component of the operating process of oven which uses
Tungsten-Halogen lamp for its heating source. Lord, H. A. [2]
analyzes the heat transfer study with heat conduction, heat
convection and heat radiation that occur inside the oven. The
research of Wonhui Cho.[3] study the heat response of system
and mathematical model for using in controller system design
of oven process. Cho Wonhui Cho, Thomas F. Edgar and
Jietae Lee.[4] introduced the closed-loop identification of

wafer heat response by using nonlinear least squares method
to find the coefficients of parameters in the mathematical
model of the infrared oven process with Tungsten-Halogen
lamp and use the close loop identification method from the
research of Yeo, Y K., Kwon, T. [., Lee, K. W. [§] and
Pramod, S.,Chidambaram, M [6]. For the research of Lin, C.
A.and Jan, Y K[7] introduced means of design the controller

system for oven process.

Temperature Profile of IR Oven
110
IR Own 1
100 ~—— IR Owen 2
—— R Owen 3

S
H§§

Temperature(C%

0 5 10 15
Time(sec)

Figure 1. The temperature response of three infrared ovens

II. MATHEMETICAL MODEL OF INFRARED OVEN

The size of infrared oven is 30 x 19.6 x 62.5 inch. It has the
electrical current controller for infrared lamp. Inside the oven.
there are thermocouples for perform temperaturc measurement.
The controller system of infrared oven is presented in Figure
2,

We apply the conservation of energy and heat transfer to
examine the product to construct the mathematical model as
shown in Figure 3. When heating rate of product temperature
is increased, it causes the total heat to be transfer into the
product.

From the heat transfer diagram in figure 3, we obtain

dT
mC _qrad+q

conv ab  dist
p = +q +gq
dt

(1

where  m - product mass, t - time
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C, - specific heat value of product

T - product temperature

¢™ - radiation of heat flow

cony

q“™" - convection of heat flow
g™ - radiation absorbed of heat flow

dist

g™ - disturbance of heat flow

Intrared energys passes through the air
1o target obct, which heats up

10 Interface

Paraboks s hapad tafleitnr
Computer
Figure 2. Infrared oven diagram

130 come st

¢.q9 4
rag _com

! 1
st 1 7
G4 Q= produc i:;q a0
! 1

Figure 3. The heat transfer diagram of product

For heat radiation mode is assumed that heat radiation
generates heat continuously from all product surfaces and heat
flux is constant. Thus the heat loss from radiation is

q“ =-co AT (2)

where o - Stefan-Boltzmann constant
& - emissivity
A, - radiation surface of product

The heat convection between contacting surface of product
and air is given by relation

qcnm' = _hAu ( T - 7’;’ ) (3)
where h - convection heat transfer coefficient

A, - air contacting surface
T, - air temperature

Heat energy that receive from infrared lamp (P) and oven

wall
chamber wall ¢"* ,

qah — FP+quaH (4)

where [ - view factor
P - power input (lamp)

from equation () may be rewritten

r

"
mC %:—w,q,r‘-h.{,(r-'/;) + FP+q" " +¢™  (5)
t

The equation (5)is nonlinear equation which has nonlinear
term is e54.T". The linearization technique applied to this

case, the equation is linearized at the point 7' =T
The nonlinear term ( £0-4.T") may be written as

(T—ﬂ)
r-T

god, (T+4T°(T-T))

o AT =

|13

4
eod| T AL
dr

1

11

oo d,(4T'T3T)
Therefore from equation (5) can be obtained as

mC, ‘Z—T= ~(460 AT’ +hA)T + FP+3s0AT"
t

(6)
+ h‘/]ﬂT” +qua/l + qdnl
Equation (6) is divided by (604,47 +hA, ), we obtain
C .
dec AT +hd, | di (4e0A T +h4,) )
380_14’7—-4 + hA(]:' +qunll +q1[l.\l
(4c0A T +h4,)
from equation (7), we get
dT (1) K
t——=-T(t)+ KP(t)+—n(1) (8)
dt ) F 1

where n(1) =360 AT +hi T +¢"" +¢™ and P =P()
] r ot {

mC F
T= =L K= —
460 AT +hA, (4e04 T +h4,)

Taking the Laplace transform of the equation (8), assuming
zero initial conditions, we obtain
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K
I(s)= 9
) (rs+1) F(rs+1 ) ®)
By defining G(s)= K (10
(rs+1)
K
G,(8)= 11
O s .

The oven process has the delay time so we can estimate as

) . Ke®
L(5)=G(s)e™ = (12)
(ts+1)
where d - delay time
Hence the equation (9) is given by
I(s)=G,(s)P(s)+ G, (s)n(s) (13)

The temperature response of step input with initial

temperature of product surface (35 'C ) is presented in Figure
4. From characteristic of temperature response, we assume its
step input response to be linear when we perform the
parameter estimation.

T0=T,0+T.(0) (14)

where  7(¢) - product temperature
T,(1) - heat temperature from infrared lamp

T (1) - ambient temperature

By writing the Laplace transform of equation (14) and
consider the relation between transfer function of equation
(13) and (14),we obtain

T(s)=G/,(.r)P(s)+'l;(s) (15)

where T () =G, (s)n(s), T (s)=G (5)P(s)

r P P
160

140

Temperature(C)

0 10 20 30 40 50 60 0 80 490
imersec)

Figure 4 Temperature response of step input

[lI.  CLOSED-LOOP IDENTIFICATION OF INFRARED
OVEN

For the system identification of infrared oven process, it
applies the closed-loop system with PID controller is
presented in Figure 5.

. K,;s'+K s+K,
PID controller G, (s) = (—————

Infrared Oven

PID controller

Figure S The closed-Toop svstem with PID controller diagram of nfrared
oven process

Parameters estimation of the closed-loop control system

with PID controller is perform via nonlinear least squares
method and optimized parameters of the mathematical model.

T()=L" 50, T,,,(s>+]—T,(s) (16)
1+GG, ) " 1+GG,

where T(7) - the temperature measurement data

The mathematical model of equation (16) is investigated
by nonlinear least square method and estimated the parameters
K,rand d . We consider the least square error (LSE) function

LSE:Z(T(:, ), =Tt )“] (17)

where n is the number of temperature measurement data

From equation (17), we obtain

2

Minimize f(K,r,d)=i(T, —},j‘

i=|
By defining z=[K 7 d]' tominimize f(z)
5 =K, 7 d]

where k - the number of calculation cycle
atk =0, we obtain z, =[K, 7, d,] and B, =1

The experimental identification of the closed-loop system
with the PID controller at 85°C can be adjusting via difference
PID controllers. The identification results of parameter
estimation and average model parameters for closed-loop
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system with PID controller temperature response at 85 (' are
shown in Tables I. The temperature response of experiment
and model are presented in Figure 6.

The results of temperature response at 85 C for closed-loop
system with PID controller are presented in Table 3 and Figure
7.

Tablel Identification results at 85 €
T PID control Parameters of Identification
est parameters Model
number

K, K Ky K T d
Run | 025 | 0.04 | 0.015 10.049 5.3149 1.05
Run 2 0.3 | 0.06 | 0.02 9.914 5.9888 115
Average 9.982 3.6519 1.10

—— Model Response
Experimental Response

90

Temperature(°C)

0 2 4 6 8 10 12 14 16 18 20
Time(sec)

Figure 6. Response of the closed-loop system with the PID controller (Runl)
at8s C

V. PID CONTROLLER DESIGN

This paper is used response optimization for design PID
controller parameters by output signal constrain for unit step
input as percent overshoot least than 8 %, rise time least than 4
sec and settling time least than 5.5 sec. The optimization of
PID controller with gradient descent method by using output
constraint, we obtain K, K; and K, presented in Table 2.

The optimization problem to determine optimal tuning
parameters(K,, K, and K;) can be represented as

S, ):Z(‘/;—(I’E ),)
=l
K.K,

T - model temperature response

where x, is K,

T, -Temperature of output constraint

Table2. PID controller optimize results

PID Controller

Kp 036
Ki 0.048
Kd 0.02

Table3. Model and Experimental response:
Model Response
Percent Rise time Settling time
Setpoint|  Maximum Overshoot (second) (5%)
(C*) | Overshoot (C*) (%) i (second)
85 90.23 6.15 3.70 5.44
Experimental Response
Percent Rise time Settling time
Setpoint|  Maximum Overshoot (second) (5%)
(C" | Overshoot (C") (%) (second)
85 91.36 7.48 385 5.50

100
—— Model Response
—— Experimental Response

Temperature(°C)

50
40

30
0 2 4 6 8 10 12 14 16 18 20
Time(sec)

Figure 7. Response of the closed- loop system with PID controller (unit step
inputat 85 C')

V. CONCLUSION

In the present work, the identification and design PID
controller of infrared oven process is considered. The infrared
oven process model is identified based on the operation
temperature of 85 C. The nonlinear least squares method can
be used to obtain and investigated batter reasonable model
parameters by using off-line calculations. The gradient descent
method can be applicd casily to design PID controller,
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