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Calculator Programming For PID Tuning
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ABSTRACT

In this thesis, designing JKI Toolbox to using by TI-89 calculator. The JKI Toolbox is a
program that use for control theory. The program is working as same as control toolbox is
MATLAB program

For designing, TI-89 calculator is a smart calculator that can programming function. The
calculator is easy to use and can carry to everywhere. For anywhere that hard to take a computer
to use, This calculator is a chosen one

For the program overview, the program have many functions to using for control theory.

For the function, designing with command code in calculator TI-89
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311 2.6 szUUAILYMUYY Proportional control
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izﬂﬂﬂ?ﬂﬂﬂuﬂﬂtﬁﬁuﬁ’ (Integral Control)

& o 4 o ¢ o as
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Output = K,Iedt 2.3.6
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Time
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+ Controller  Plant
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MIAVANUUVEAT IUTINIUYINUE (Proportional Plus Integral Control)

< o) P} v w o A 9 Y4 a
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3 o ;
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Controller G(s)
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% 5 ' Pemt
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2O o 2
- ‘ x +
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U 1
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1
Output = K e+ K,Iedt 238
0

31 2.10 mInevauesves PI Controlier
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guinyemyanan wisvoundimanszliy
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MIMUANUVUBYNUE (Derivative Control)

8 L da w o . . d’
MINUHUDINUUUNUINADNMTAIUUUUUBYNUS (Derivative Control) NMINIVRULVUU
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msmuqmmn&’nﬁm‘imﬁ’ueuﬁuﬁ (Proportional Plus Derivative Control)
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Vv a d9 9 (Y o [ a o
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51 IaWenvua e Tousz uudlmiy
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31 2.13 wwummudennilszneud e PD Control
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PID control

3‘1]“11 2.14 Block Diagram Mlsznevdae PID control

@ 1 @ o o @ LY
nmsmugulaslduuudadiusmiunuuilivusuags s uuuueyWus (PID control)

130 NUN NMIAIURUUUY 3 INBY (tree-term control) s VVILTANYIZAWGUN 2.14 9271

e
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!,ﬂ'mw“ﬂ‘\lﬂ\?ﬂﬂuIﬂﬁlﬁﬂﬁmﬂi'ﬂﬂuwﬂlﬂ‘HﬂTmNﬂ‘Wﬂ'lﬂ e AU

Output=er+KiJ'edt+Kd§ 2.3.14
0
Wansuarwlouvesnou Inames sziilu
2.3.15
G.(s)=K, +£+de
s
Fusamnsosagl @iy
K K,
G.(5)=K [1+——+—2
(8)=K,[ ks K, ]
%30 Gc(s)=Kp(l+L+z',,s) 2.3.16
7,5
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3.1 HanN1seoNILL

L4 1]
m3eenuuulalsunsy JKI Toolbox i ImsesnuuulysunsuIasAnyidoyaievinis
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3.3 Tassadnvealantuniesnuuunazaazidea
NAMsAnY I NAa0In1s 14 TUsunsUIKI Toolbox Au1snoonuuUadaNensuns1d

9 o d’
nuves Tsunsu'ldaeil

Function ABOUT()

ABOUT()

Prgm

Dialog
Title "ABOUT US"
Text ""
Text "Natthapong 47010377"
Text "Khemjira 47010789"
Text "Itthinan 47010993"
Text "KMITL2008"
Text ""
Text "Special Thanks to Dr.Poramate”
Text "Dr.Poramate& Brookie"
Text ""

EndDlog

EndPrgm

Function QUIT()
QUIT(O

Prgm

CustmOff

EndPrgm



Function JKI()

JKI()

Prgm

Custom

Title "Files"

Item "jki\About()"

Item "Quit()"

Title "Models"

Item "jki\ss("&char(2)&",,,)"
Item "jkitf("&char(2)&",)"
Item "jki\zpk("&char(2)&",,)"
Item "jki\clloop("&char(2)&",)"
Title "Data"

Item "jki\gettd("&char(2)&")"
Item "jki\tf2ss("&char(2)&")"
Item "jki\zpkdata("&char(2)&")"
Title "Dynamics"

Item "jki\dcgain("&char(2)&")"
Item "jki\cPoles("&char(2)&",)"
Item "jki\pzmap("&char(2)&")"
Title "Analysis"

Item "jki\step("&char(2)&")"
Item "jki\rlocus("&char(2)&",{})"
Item "jki\PID("&char(2)&")"
Title "Tools"

Item "jki\logspace("&char(2)&",,)"
Item "jki\mag("&char(2)&")"
Item "jki\phase("&char(2)&")"
Item "jki\poly2cof("&char(2)&",)"
Item "jki\roots("&char(2)&")"
Item "jki\routh("&char(2)&",)"
Item "jki\ZoomFit2()"

25



Item "jki\Invlap("&char(Z)&")"
EndCustm
CustmOn

EndPrgm

Function SS(a,b,c,d)
SS(a,b,c,d)
Func
Local o
If getType(a)="MAT" Then
c *(s*identity(rowDim(a))-a)"(- 1)*b—>o
If when(d;éO,true,false,false)
o+d—>o
If dim(o)={1,1}
o[1,1]—o
Else
c/(s-a)*b+d—>o
EndIf
comDenom(o)

EndFunc

26



Function TF(n,d)

TF(n,d)

Func

Local t

getType(n)—>t

If ="NUM" or t="EXPR" or t="VAR"
{n}—n

getType(d)—>t

If ="NUM" or t="EXPR" or t="VAR"
{d}—d

If getType(n)#"LIST" or getTwe(d#"LIST"
Return "Argument error"

polyEval(n,s)/(polyEval(d,s))

EndFunc

Function ZPK(z,p,k)

ZPK(z,pk)

Func

Local t

getType(z)—>t

If ="NUM" or t="EXPR" or t="VAR":{z}—z
getType(p)—>t

If t="NUM" or t="EXPR" or t="VAR":{p}—>p
If getType(p)"LIST" or getType(z)"LIST":Return " Argument error”
k*T0(s-2[i],i,1,dim(z))/((s-plil,i,1,dim(p)))
EndFunc

27



Function GETTD(sys)
GETTD(sys)

Func

Local a,o

part(sys,0) —o

If o=""" Then
part(sys,1)—>a
part(sys,2)—>o
when((o|s=0)=o,0,0,ln(a)*(ols=—1))
Elself o="#*" Then
Jki\gettd(part(sys,2))
Elself part(sys)=0 Then
0

Else
jki\gettd(part(sys,1))
EndIf

EndFunc

28



GETTD(SYS)

!

O = part(SYS,0)

’,

ves YES YES
v 4 T
Jki\
A= part(SYS,1); _
O =part(SYS,2) GETTD(;)art(SYS, 0

v
when((O]s=0)=0,0
,0,In(A)*
(OJs=-1))

|

END )

Jkit
GETTD(part,sys, t
)

319 3.3.1 Flow Chart 493 W4
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A¥UGETTD




Function TF2SS(H)
TF2SS(f)

Prgm

Local x,y,zt
Jkitf2ss2(f)—>f
expr(f[1])—x
expr(fl2])—>y
expr(fl3])—z
expr(fl4])—rt
Disp "A="
Pause x

Disp "B="
Pause y

Disp "C="
Pause z

Disp "D="
Pause t

Dialog

Text "Save matrix?"
EndDlog

If ok=1 Then
X—>a

y—b

¢

t—>d

EndIf

EndPrgm



Function TF2SS2(sys)
TF2SS2(sys)
Func
Local itn,g,ab,.c
expand(sys,s)
jki\poly2cof(getNum(sys),s)—>n
jki\poly2cof(getDenom(sys),s)—>g
dim(g)-1—>t
augment(newList(t+1-dim(n)),n)~—>n
newMat(t,t)—>a
For i,1,t-1
1—>ai,i+1]
EndFor
For 1,1,t
-gli+1)—>aft,t-i+1]
EndFor
newMat(t,1)—b
1—>b[t,1]
newMat(1,t)—>c
For i,1,t
nli+1]-n[1)*gli+1]—>c[1,t-i+1]
EndFor
{string(a),string(b),string(c),string(n{ 11)}
EndFunc

31



Function ZPKDATA(g)
ZPKDATA(g)

Func

Local d

jki\gettd(g)—>d

g*er(d*s)—g

32

{string(jki\roots(jki\poly2cof{getNum(g),s))),string(jki\roots(jki\poly2cof{getDenom(g),s))),jki\dc

gain(g),d}
EndFunc

Function CPOLES(g,v)
CPOLES(g,v)

Func
cZeros(getDenom(g),v)

EndFunc

( CPOLES(G,V) )

cZeros(getDenom(
(SAY)]

END

31/ 3.3.2 Flow Chart ¥83 We5uCPOLES



Function DCGAIN(sys)
DCGAIN(sys)

Func

limit(sys,s,0,1)

EndFunc

Function PZMAP(g)
PZMAP(g)

Prgm

jkilrlocus(g,{})

EndPrgm

DCGAIN(SYS)
LIMIT(SYS,S,0,1)
= INFINITY
YES
END <

31N 3.3.3 Flow Chart 489 Wai$UDCGAIN
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Function STEP(sys)
STEP(sys)

Prgm
factor(sys)*(1/s)—>sys
jki\InvLap(sys)

EndPrgm

Function MAG1(g)

MAGI(g)

Func

Local o

part(g,00—>o

If o="/" Then
jki\mag1(part(g,1))/(jki\mag1(part(g,2)))
Elself o="*" Then
jki\mag1(part(g,1))*jki\mag1(part(g,2))
Else

abs(g)| s=i*®

EndIf

EndFunc

34
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o = part(g,0)
No No—_
Yes Yes
A 4 A 4
jki\mag1(part(g, 1))/(jki\mag1(part(g,2))) jki\mag1(part(g,1))*(jkivnag1(part(g,2))) abs(g)|s =i*w
L ]
End
P o o
317 3.3.4 Flow Chart ¥4 Wan¥1MAG]
Function MAG(l)
MAG(D)
Func
factor(l,s)—>1
jki\mag1(1)
EndFunc

1= factor{1.8)
i magi()

o 7 o
3UN 3.3.5 Flow Chart ¥4 Wan¥uMAG
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Function PHASE(sys)
PHASE(sys)
Func
exact(factor(sys,s))—>sys

(sign(limit(sys,s,0,1))-1)*90+sum(jki\phase1(sys))

EndFunc
PHASE(SYS) )
SYS = exact(factor(SYS,s))
(sign(limit(SYS,s,0,1))-1)*90+sum(jki\phase1(SYS))
End

31/#13.3.6 Flow Chart 489 WanSUPHASE
Function PHASE1(sys)
PHASEI(sys)
Func
Local a,0
part(sys,0)—>o
If o="-" Then
jki\phase1(part(sys,1))

Elself o="/" Then

augment(jki\phase 1(part(sys, 1)),-jki\phase1(part(sys,2)))
Elself o=""" Then

part(sys,1)—>a

part(sys,2)—>o

when((o[s=0)=0,0*jki\phase1(a),0, {(In(abs(als=i *®))) *(o|s=w)})
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Elself o="*" Then

augment(jki\phase1(part(sys, 1)) jki\phasel(part(sys,2)))
Elself o="+" or o="-" Then

sysjs=i*@w —>sys

real(sys)—>a

imag(sys)—>o

when(0=0, {(1-sign(a))*90°},0,when(a=0,0, {tan'l(o/a)} ,{-tan-1(a/0),90°*sign(0)}|w>0))
Elself
part(sys)=0 Then

{when(imag(sys|s=i*®©)=0,0,90,90)} °
EndIf
EndFunc

0 = part(sys,0)

a = part(sys,t)

Jkivphase1(part(sys,1)) 0 = part(sys.2)
when((o]s=0)=0,0*jki\phase1(a).0.{(In(abs(a|s=i"w)))*(o]s=w)})
augment(jki\phas1(part(sys,1)),-ki\phase 1(part(sys),2))) augment(jkiphas1(part(sys, 1)) jki\phase t(part(sys),2)))
T ]
\ 2
a = part(sys,1)
o = part(sys,2)
when((o]s=0)=0,0'/ki\phase 1(a),0,{(In(abs(a|s=i*w)))*(o|s=w)})
1
v

{when imag(sys|s = i*w)=0,0,90,90)}

T

End
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Function POLY2COF(p,v)

POLY2COF(p,v)

Func

Local c¢,n

1—n

{plv=0}—>¢

o (p,v)—p

While when((p|v=00)0,true,false,true)
augment({(p|v=0)/(n!)} ,c)—>¢
n+1—>n

o (pv)—p

EndWhile

c

EndFunc

Function ROOTS(c)
ROOTS(c)

Func

Local flz.e,i

dim(c)—>e

1—f

While when(f<e c[f]=0,false)
f+1—f

EndWhile

If f=e+1:Return {}

eI

While when(12>1,¢[1]=0,false)
I-1—1

EndWhile

newList(e-)—>z

If f=l:Return z
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list-mat(seq(~c[i)/(c[f]),i,f+1,1))—>c

I-f-1—>e

If e>0 Then
augment(eigV1(augment(c;augment(identity(e),newMat(e, 1)))),z)
Else

augment({c[1,1]},2)

EndIf

EndFunc

Function ROUTH(poly,s)
ROUTH(poly,s)

Func

Local i,j,px,py,m,t,f
false—>f

true—>t
jki\poly2cof(poly,s)—>poly
dim(poly)—>px

If px=1

Return [[poly[1]]]
ceiling(px/2)—>py
newMat(px,py)—m

For i,1,px
poly[i]—>m[-mod(i, 242 ceiling(i/2)]
EndFor

For i,2,px-1

1—j

While when(j<py,when(m(ij]=0,t,£,f),f)
j+l—)j

EndWhile

If j>py Then

For j,1,py



(px-i+3-2%)*mli-1,j]—>ml[i;]
EndFor
Elself j=>2 Then
€—mli,1]
EndIf
For j,1,py-1
(m[i-1,j+1]*m[i,1]-m[i-1,1]*m[i,j+1])/(m[i,1])—>m[i+1 j]
EndFor
EndFor
m

EndFunc

Function INVLAP(f)

INVLAP(f )

Prgm

Local aux_,poles_,zeros_,cij_,delay

Local num_,den_,i,j,up_,pz_,aux,c_

Local delay_

0—>delay :0—>delay_

If getMode("Complex Format")"RECTANGULAR": Return "YOU MUST SET MODE:
Complex Format=RECTANGULAR"

If getMode("Angle")"RADIAN": Return "YOU MUST SET MODE: Angle=RADIAN"
exact(f )—>f

getNum(f )—>num_

getDenom(f )—>den_

©<delay>

0—>delay _

num_—>aux

If string(aux|s=0)="0":aux/s—>aux

If inString(string(aux),"*s")0 Then

expr(left(string(aux),inString(string(aux),")s")))—>delay _



delay |s=0—>delay
aux|s=0—>i
delay /i—>delay_
In(delay )—>delay
EndIf
If inString(string(num_),"e~(")0 Then
expr(right(string(num_),dim(string(num_))-inString(string(num_),"e("}+1))—>delay_
o(delay ,s)/delay —>delay
EndIf
If inString(string(num_),"e"s")0:1—>delay_
den_—>aux
If string(aux|s=0)="0":aux/s—>aux
If inString(string(aux),""s")0 Then
expr(lefi(string(aux),inString(string(aux),"}'s")))—>delay _
delay [s=0—>delay
aux|s=0—>i
delay /i—>delay_
-In(delay )—>delay _
EndIf
If inString(string(den_),"e~(")0 Then
expr(right(string(den_),dim(string(den_))-inString(string(den_),"e(")+1))—>delay_
-o(delay_,s)/delay —>delay
EndIf
If inString(string(den_),"e”s")0:-1—>delay
©<\delay>
f /e™(delay_*s)—f
exact(f )—>f_
limit(f_s,00)—>c_
f-c —=f
cZeros(den_,s)—>poles_
cZeros(num_,s)—>zeros_

If inString(string(poles_),"20")0

41



{}—>poles_
If inString(string(poles_),"0")0
{}—>zeros_
If dim(poles_)0 Then
newList(dim(poles_))+1—>up_
Else
{3—np_
EndIf
If dim(zeros_)0 Then
newList(dim(zeros_))+1—>uz_
Else
3—pz_
EndIf
Fori,1,dim(poles_)
0—j
Loop
1=
o (den_,s,j)—>aux_
If string(aux_|s=poles_[i])="0" Then
pp_[il+1—pp_[i]
Else
Exit
EndIf
EndLoop
EndFor
For i,1,dim(zeros )
0—j
Loop
1=
o (num_,s,j)—>aux_
If string(aux_|s=zeros_[i])="0" Then

pz_[il+1—>pz [i]



Else
Exit
EndIf
EndLoop
EndFor
newMat(dim(poles_),max(up ))—>cij_
For i,1,dim(poles )
For j,0,up_[i]-1
1/G)*( o (f_*(s-poles_[i]) up_[il,s,j))—>aux_
cFactor(aux_,s)—>aux_
cFactor(aux_,s)—>aux_
aux_|s=poles_[i]—>cij_[i,up_[il-j]
EndFor
EndFor
0—>aux_
For i,1,dim(poles )
For j,1,up_{i]
aux_+cij_[i,jlA(G-1))*(_G-1))*e~(poles_[i]* )—>aux_
EndFor
EndFor
tExpand(aux_)—>aux_
tCollect(aux_)—>aux_
If string(delay )="0" Then
(expand(aux_)+c_*6( )|_=t)—>ABC
Else
(expand(aux_*u( ))+c_*6 ()|_=t+delay )—>ABC
EndIf

EndPrgm
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INVLAP(f ) |«

Delay__=0
Detay_=0
omple: Return “You
format = REC Ni Must Set mode
? Rectangular’

Return *You
Must Set mode
Radian®

Yes

. A
f_=exac(f_)
num_=getNum(f_)
den_=getDenom(f_)
©<delay>
aux=num_

stﬂng%(\

ux),”*s"=0 2

Yes

y

delay_=expr(left(string(aux),instring(string(aux),”)*s")))
delay__ = delay_[s=0

i = aux|s=0 N
delay_ = delay_/i
delay_ = In(delay_)
[

Yes
Y

delay_ = Expr{right(string(num_),dim(string(num_))-
instring(string(num_),"e*(*)+1))-o(delay_,s)/delay_ No

[

pstring(string
num_),’e*s” =
0?

Yes

delay_=1




©<delay>
f_=f_/e*(delay_*s)
f_ = exact(f_)
c_ = limit(f_,s,*)
f.=f -c_
pole_ = cZeros(den_,s)
zeros_ = cZeros(num_,s)

pstring(string
(pole_),"=")
=0?

poles_={} No

instring(: g
(zero_),"=")
=07

zeros_={ No

dim(poles_)
=0?

yes

up_ = newlList(dim(poles_)) +1

T

No——-—‘

up_=§

dim(zeros_)

=07?

Yes
A 4

uz_ = newList(dim(zeros_)) +1

uz_={

=i+t
aux_=o(den__s,j)

= dim(poles,

*

Yes

1

up_[i] = up1Jl]+1

i=i+
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Continued

v ]

i=i+

aux_=o(num_,s,)) uz_[i] = uz_fi]+1
i=i+1

voo)

= dim(zeros,
> N

Yes
y

cii_ = newMat(dim(poles_),max(up_)) [¢——————N

1=0
L
. 2 1
aux_ = 1/({h*(o(f_*(s-
poles_[iJ*up_[il.sJ) _ o
aux_ = CFIIQC'D"(GUX_.B) =t i=i+1
cil_ll,up_{[ilH] = aux_|s=poles_{i]

No——

aux_ = aux_+ci_[ijJ/((-1)D*@ux_(¢-
1))*e*(poles_li}*aux_) =i i=i+1

No
NG




aux_ = tExpand(aux_)
aux_ = tCollect(aux_)

-4

Yes
. 4

z
o

ABC = (expand(aux_)+c_*5(_)L_=t)

ABC = (expand(aux_*u(_))+c_*5()|_=t+delay_)

]

End
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Function PID(sys)
PID(sys)
Prgm
Local i,z
jki\clLoop((k*sys),1)—>Exp
getDenom(Exp)—>Exp
jki\routh(Exp,s)—>Routh
For i,1 rowdim(Routh)
Routh[i,1]—>a
Try
if solve(a=0,k) = not false then
solve(a=0,k)—>ker
endif
else
czeros(a,k)—>kw

exit
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clrerr
endtry
endfor
if dim(kw)>1 then
for j,1,dim(kw)
if angle(kw([j])=0 then
if kw[j]>ker then
kwl[j]—>ker
endif
endif
endfor
else
kw[1]—>ker
endif
Explk=kcr—>Exp
Exp|s=i*@—>Exp
czeros(Exp,m)— w1
0—m2
for j,1,dim(w1)
if angle(w1[j])=0 then
if o1[j]>®2 then
olfjl—n2
endif
endif
endfor
approx((2*7T)/@2)—>Pcr
Ibl z
0—>ch
popup {"P-Controller","PI-Controller","PID-Controller","Exit"} ,ch
If ch=1 then
Dialog
Title "P-CONTROLLER"



Text "Kp =" &string(approx(0.5*Kcr))
Text "Ti=oo"
Text "Td =" &string(approx(0))
EndDlog
If ok=1 Then
goto z
else
DispHome
endif
Elself ch=2 then
Dialog
Title "PI-CONTROLLER"
Text "Kp =" &string(approx(0.45*Kcr))
Text "Ti=" &string(approx((1/12)*Pcr))
Text "Td =" &string(approx(0))
EndDlog
If ok=1 Then
goto z
else
DispHome
endif
Elself ch=3 then
Dialog
Title "PID-CONTROLLER"
Text "Kp =" &string(approx(0.6*Kcr))
Text "Ti=" &string(approx(0.5*Pcr))
Text "Td =" &string(approx(0.125*Pcr))
EndDlog
If ok=1 Then
goto z
else

DispHome
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endif

Elseif ch=4 then
DispHome
endif

EndPrgm

Function LOGSPACE(a,b,n)
LOGSPACE(a,b,n)

Func

If n=1

Return {b}

Local i

log(a)=—>a

log(b)—b
seq(10M((-a*(i-n)+b*(i-1))/(n-1)),i,1,n)
EndFunc

LOGSPACE({a,b,n}

Yes

Retumn {b}

¥
a = log(a)
b = lag(b)
seq(10*{(-a"(n}+b*(i1))i,1.n)

y

Engd

71 3.3.9 Flow chart voeflaridh LOGSPACE
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Function RLOCUS(¢,kD)
RLOCUS(ckl)
Prgm
Local Im,d,z,p,f,i,0
dim(kD)—>f
jki\zpkdata(c)—>d
If d[4]0 Then
Text "Error: rlocus doesn't support time delay”
Return
EndIf
StoGDB o
FnOff

setMode({"Exact/Approx","AUTO","Complex Format","RECTANGULAR"})—m

setGraph("Axes","On")
expr(d[1])—z

expr(d[2])—p

p—1
jki\poly2cof(getNum(1+k*c),s)—>c
CIrIO

Disp "Calculating Locus...0%"

For i,1,f
augment(l,jki\roots(c/k=kI[i]))—1
Output 0,120,string(exact(intDiv(i*100,1)))&" %"
EndFor

augment(l,z)—>1

Output 0,120,"done!"”

ClrDraw

real(l)—1r

imag(l)—1i

NewPlot 1,1,Ir,li,4

Try

ZoomData
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Else

If xmax=xmin Then
xmin-1—>xmin
xmax-+1—>xmax
EndIf

If ymin=ymax Then
ymin-1—>ymin
ymax+1—>ymax
EndIf

DispG

CIrErr

EndTry

For i,1,dim(z)
PtText "o"real(z[i])-3*Ax,imag(z[i])+4*Ay
EndFor

For i,1,dim(p)
PtText "x",real(pli])-3*Ax,imag(p[i])+4*Ay
EndFor

Trace

setMode(m)
PlotsOff

RcIGDB o

DelVar Irli

ChrIO

DispHome

EndPrgm



Function ZOOMFIT2()

ZOOMFIT2()

Prgm

Try

ZoomFit

Else

If xmax=xmin Then
Xmin-1—>xmin
xmax+1—>xmax
EndIf

If ymin=ymax Then
ymin-1—>ymin
ymax+1—>ymax
EndIf

DispG

ClrErr

EndTry

EndPrgm

Function CLLOOP(Ks,Gs)
CLLOOP(Ks,Gs)

Func

Ks/(1+(Ks*Gs))

EndFunc
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Function SS(A,B,C,D)
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Function CPOLES(EXPR,VAR)
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Function ROUTH(POLY,VAR)
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modified PID control schemes have proved their usefulness in providing satisfactory
control, although they may not provide optimal control in many given situations.

Outlinie of the chapter. Section 10-1 has presented introductory material for the
chapter. Section 10-2 deals with tuning methods for the basic P1D control, commoniy
known as Ziegler-Nichols tuning rules. Section 10-3 discusses modified PID control
schemes, such as P1-D control and 1-PD control. Section 10-4 introduces two-degrees-
of-freecom PID control schemes. Section 10-5 introduces the concepst of robust con-
trol using » 1wo-degrees-of-freedomn control system as an example.

10-2 TUNING RULES FOR PID CONTROLLERS

Figawe 10-1
PID coatvol of a

plant.

670

PID control of plants. Figure 10-1 shows a PID control of a plant. If s mathe-
matical model of the plant can be derived, then it is possible to apply various design
techniques for determining parameters of the controller that will meet the transient and
sieady-state specifications of the closed-loop system. However, if the plint is so com-
plicated that its mathematical model cannot be easily obtained, then analytical ap-
proach to the design of a PID countroller is not possible. Then we must resort 1o
experimental approaches 10 the funing of PID controllers.

The process of selecting the controller parameters to meet given performance spec-
ifications is known as controller tuning. Ziegler and Nichols suggested rules for tuning
PID controliers {meaning to set values K, 7%, and 7} based on experimental step re-
sponses or based on the value of X, that results in marginal stability when only the pro-
portional control action is used. Ziegler-Nichols rules, which are presented in the
following, are very convenient when mathematical models of plants are not known.
(These rules can, of course, be applied to the design of systerns with known mathe-
matical models.)

Zlegler-Nichols rules for tuning PID controflers.  Ziegler and Nichols
rules for determining valucs of the proportional gain X, integral time 7;, and deriva-
tive time T, based on the transieat response characteristics of a given plant. Such de-
tesmination of the parameters of PID controllers or tuning of PID controllers can be
made by engineers on site by experiments on the plant. (Numerous tuning rules for PID
ooatrallers have been proposed since the Ziegler—Nichols proposal. They are available
in the Heerature, Here, however, we introduce oaly the Ziegler-Nichols tuning rules.)

There are two methods called Ziegler-Nichols tuning rules. In both methods, they
aimed at abtaining 25% maximum overshioot in step response (see Figure 10~2).

First method. In the (irst method, we obtain experimentaily the response of the
plant to a unit-step input, as shown in Figure 10-3. If the plant involves neither inte-

& l,(lo#;t"’;‘ ! Plant -

Chapter 10 / PID Controls and introduction to Robust Control
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Flgure 18-2
Unit-step response
curve showing 25%
magimum overshoot. [ t
= L=
Figure 10-3 Plast
Unit-step response of a plant. w4 »
grator(s) nor dominant complex-conjugate poles, then such a unit-step response curve
may Jook like an S-shaped curve, as shown in Figure 10-4. (I the tesponse does not ex-
hibit an S-shaped curve, this method does 0ot apply.) Such step-response curves may be
genemxed experimeatally or from a dynamic simulation of the plant.
curve may be characterized by two constants, delay time L and time
mmTTbedehyumemmmtmdemedbydqunmmhu
at the inflection paint of the S-shaped curve and determining the intersections of the
tangent line with the time axis and line o(r) = X, as shown in Figure 104, The transfer
function C{s)/U{s) may then be approximated by & fissi-order system with a transport
lag as follows:
Q) _ Kl
Us) Ts+1
Ziegler and Nichols suggesied to set the values of Kp, 7. and T, accosding to the for-
muls shown in Table 10-1,
Notice that the PID controller tuned by the first method of Ziegler-Nichols rules gives
on
Tangent Hine a¢
inflestion point
f 4 o
a r
Figore 184
S-ghaped response -t L PO
curve,

Section 10-2 / Tuning Rules for PID Controllers N
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Fipwe 19-3

with a proportional
comroller.

Figars 10-6
with period Py,

Table l.)—l Ziegler-Nichols Tuning Ruie Based on Step Response of Plant (First

Type of
Controlloy K, k1 Ty
P % » a
T L
M 09 i 3 0
PiD 12{ 2L 0.5L

1
Gls) = X,,(l + ;; + T,:)

T 1
nt.zL(uEwsu)

2
(. +%)
-0.6T-——‘—-—
Thus, the PID controtler has a pole at the origin and doubls zeros ats = ~1/L,

Second method. In the secand method, we first sat T, = = and T, = 0, Using the
proportional control action only (see Figure 10-5), increase X, fram 0 (0 a critical valve
K where the output first exhibits sustained oscillations. (If the output does not exhibit
oscillations for whatever value X, may take, then this method does not ap-
ply.} Thus, the critical gain Ko and the comresponding period Py are experimentally de-
wemined (see Figure 10-6). Ziegler and Nichols suggested that we set the values of the

sustained

parametess Ky, T, and Ty according 1o the formula shown in Table 10-2.

ny (e on
O X, Plant

o

[
TAWAWA
’ VARV
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Table 10-Z Zicgler-Nichols Tuning Rule Based on Critical Gain Ko and Critical
Second Method)

Period Py (
of
Cmreolhr K, I T
P 05K, ® [}
1
n 045K EP" 0
0.6Ks O.5P, Q125P,

Naotice that the PID controller tuned by the second method of Ziegler-Nichols rules

1
Gl K,(l T r,,;)

1
- aox.,(l + g3 + 0125 P,.s)
(o)
= umsqu’_"'-
‘Thus, the PID contraller has a pole at the origin and double 2eros al s = =4/Pq.

Comments. Ziegler-Nichols iuning rules (and other tuning riiles presented in the
literature) have been widely used to tune PID contrallers in process control sysiems
where the plast dynamics are not presisely known. Over many years, such tuning rules
proved to he very useful. Ziegler-Nicholks tuning rules can, of course, be applied to
plants whose dynamics are known. (If plant dynamics are known, many analytical and
graphical approaches to the design of PID controllers are available, in addition to
Ziegler-Nichols tuning rules.)

If the transfer function of the plant is known, a unit-step response may be calculated
or the critical gain K and critical period Py raay be calculated. Then, using those calcy-
lated values, it is possible to determine the parameters X, T, and Ty from Table 10-1 ar
10-2. Howevez, the real uscfuiness of Ziegler~Nichols tuning rules (and other waning
rules) becomes spparent when the plant dynamics are not known so that 1o analytical
or graphical approaches to the design of controllers are available.

Generally, for plants with complicated dynatwics but no integrators, Ziegher-Nichols
tening rules can be applied. However, if the plant hos an integrator, these rules may not
be appled in some cases. To illuswrate such a case where Ziegler-Nichols rules do not
apply, consider the following case: Suppose that a unity-feedback control system has o
plant whose transfer function is

- (+r9(+ 3
G = T 1)+ 5)

Becauae of the presence of an integrator, the first method does not apply. Referring to

Saction 10-2 / Tuning Rulss for PID Controllers 673
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EXAMPLE 10-1

Wigure 18-7
PID-controlled
systom.

674

Figure 10-3, the siep response of this plant will not have an Sshaped response curve;
ruther, the respoase increases with time. Also, if the second method is attempted (see
Fgure 10-5), the closed-loop system with a proportional controfier will not exhibit sus-
tained oscillations whatever value the gain K, may take. This can be scen from the fol-
lowing analysis Since the characteristic equation is

Hs+ D+ 5+ K+ D3 +3)= 0

ar
£+ 6+ K+ (5+ 5K+ 6K, =0

the Routh array becomses

& 1 S + 5K,

? 6+ KX, 6K,

8 30 + 29K, + 5K3 o

6+ K,
s 6X,

The coefficients in the first columm are positive for all values of positive X, Thus, in
the present case the closed-loop system will not exhibit sustained oscillations and,
therefore, the critical gain value Ko does not exist. Hence, the second method does not

apply.

It the plant is such that Ziegler-Nichols rules can be applied, then the plant with a
PID controller tuned by Ziegler-Nichols rules will exhibit approximately 10% ~ 60%
maximum overshoot in stop responss. On the average {(experimented on many differ-
ent plants), the maximum overshoot s approximately 25%. (This is quite understand-
able because the values suggested in Tables 10-1 and 10-2 are based on the average.)
In a given case, if the maximum overshoot is excessive, it is always possible (experi-
mentally or otherwise) to make fine tuning so that the closed-loop system will exhibit
satisfactory transient responscs. In fact, Ziegler-Nichok tuning rules give an educated
guess for the parameter values and provide a starting point for fine tuning.

Consider the control system shown in Figure 10-7 in which a PID controfler is used to control
the systent. The PID controfter b the transfer function
)
Gds) = K,(l + Ta + 1‘.,:)

Although many anslytical methods are available for the design of 2 PID controlier for the pre-
seat system, lel us apply a Ziegler-Nichols tuning rule for the determination of the values of pa-
rameters Ky, Ti, and Ty Then obtain s unit-step response curve and check to soo if the designed
system exhibits approximately 25% maximum overshool. If the maximum overshoot is excessive
{40% or mare), make a fine tuning and reduce the amount of the maximum overshoot to ap-
proximately 25%.

Rix)

0
Gn) =

PiD
Catitrolier

1
oz + 1)s+ 5

Chapter 10 / PID Coatrols and kntvoduction to Robust Control
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Since the plunt hss an integrator, we use the second method of Ziegler-Nichols wning rules.
By setting 7; = o and T, = 0, we obtain the ckwed-loop transfer fanction as follows:

2. S ¢ M

Ris} str+NGa+9+ K,
‘The value of K, that makes the system marginally stabie 50 thal sustained osciilation occurs can
be obtained by use of Rooth’s stability criterion. Since the characteristic equation for the closed-
loop system s

Pel+S5+K,=0
(e Routh srvay becomes as faliows:
P 1 $
# 6 K,
0~ K,
* =%
I K,

Exsmining the coefficients of the first calumn of the Routh tahle, we find thet susteined oscllla-
dion will occur i K, = 30, Thus, the criticel gein Ko s

Ka=30
With gain X, sct equal lo K ( = 30), the characteristic equstion becomes
L+ + R+ W =0

To find the froquency of the sustained oscillation, we substitute s = for into this characteristic
equstion a5 follows:

(Jop® + 6(Jal® + 5(fu) + 30 = 0
or
65— o) + juls - Y =0

from which we find the frequency of the sustaincd oscillation to be ? = 5 or o = V'3, Hence, the
period of sustained oncillation is

2l'= 23=

-
Reforriag to Table 10-2, we determine K, T, and 7« m follows:
K, = 06K, =18
T, = 0.5P, = 1408
T = 0125P, = Q35124
The iransfer function of the PID controfler is thus

G = x,(l + ?l',- + r‘:)

28099

14085

o 832235 + 14235)%
¥

= ll(l PO o_mz«)

Section 10-2 / Tuniag Rules for PID Controllers 6713
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R 6322 4 + 14235) ) d
A5 F] s (Xe+ 5

PID Coutrolier

‘The P1D controller has a pole sl the arigin and double reromt ¢ = — 1.4235. A hilock disgram of
the control system with the designed PID controlier is shown in Figure 10-8
Next, let us examine the unit-siep response of the system. The closed-loop transfer funetion
Cls)/Ris) is given by
o 6.3223s% + 185 + 12.811
Ris) P+ & + 113227 + 185 + (2811

‘The unit-siep response of this system: can be obtained easity with MATLAB. Scc MATLAE Pro-
gram 101, The resulting unit-step response curve is shown in Figure 10-9. The maximum over-
shoot in the unib-slep response is approximarely 62%. The amount of menimum overshoot is
excensive. It can be roduced by fine tuning the controller parsmeters. Such finc (uning can be
made on the computer. We find thet by keeping X, = 18 and by moving the double zero of the
PID controllertos = ~ 0,65, that is, using the FID controfler

+ 055 (10-1)
’

G¢(8)=18(l+'--—3m +o.m) 13.846
the maximum overshoot in the unit-step response can be reduced to approximately 18% (see
Figure 10-10). If the proportional gain K, is increased to 39.42, without changing the focation of
the double zero (r = — 0.65), that s, using the PID controlier

G,(s)-».u(x +rﬁ-+am)-mm£il‘-‘-’-—

{10-2)
thea the speed of responec s increased, but the maximum overshoot is alspinceeased to approximately
28%, a3 shown in Figure (0-11. Since the maxinun overshoot in this case is faisly close 10 25% and
the response is taster than the system with G(s) given by Equation (10~1), we may consider Gi{s) a8
given by Equation (10-2) as scccptable. Then the tuncd values of K, 7y, and T become

K, = 3342, 7= 307, Tu = OT692

It is intgresting to cbeerve that these values respectively are y twice the values sug-
gested by the second methiod of the Ziegler—Nichols tuniag nute. The imporiant thing to note here
is that the Ziegier-Nichols tuning rul2 has provided & starting point for fine tuning.

Tt is instructive 1o note that, for the case where the double aero is located at # = — 1.4238, tu-
creasing the value of K, increases the speod of response, but as far as the perceatage maximum

MATLAB Program 10-1
Vo wemmeemeee UR-$TRP MEFPONIG ~-—-n-wree

12.811];
128111

am=[0 ¢ 63223 18
den=(1 & 113223 18
stepinum,den)

aid
title{*Unt-Step Response’)
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Figure 10-9
LUnit-step response
eurve of PID.
controlled sysiem

designed by use of
tuning rule (sccond
method).

Figere 19-18
Unit-step response
of the system
shown in Flgure
107 with PID con-
trollesr having para-
meters K, = 18,
7.=307, and
Ta= 07692
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overshool is converned, varying gain K has very Hitle offgct The roason for thismay be seen from
the roni-locuy analysis. Figure 1012 shows the root-locus diagram for the system designed by
use of the second method of Zizgler-Nichols tuning rules. Since the dovinant branches of root
locl wre along the { = 0.3 Lings for & comsidersble range of K, varying the vslve of X (from 6 to
30) will not change the damping ratio of the dominant closed-loop poles very much. However,
varying the location of the double zero hes a significant cffect on the maximum overshoot, be-
cause the damping ratic of the dominant closed-loop poles can be changed significantly. This can
also be scen from the root-focus analysis. Figure 10-13 shows the root-locus diagram for the sys-
tem where the PID controller has the double zero wi 2 = « (.64, Notice the change of the rool
locws configuration. This change in the configuration makes it possible 1o change the dsmping
atio of the dominam closed-loop poles.
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Figurs 19-11
Unit-afcp response
of the system
shown in Figure
10--7 with PID eon-
troller having pars-
woters K, = 39.42,
T = 307.a0d
To= 07692

Figare 10-12
Rootdocus diagram
of when
PID controfier hay
double zero at

= ~ 1408
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1n Figure 10-13, notice that, in the case where the sysiem has gain X = 30.322, the closed-ioop
poles ats = —2.35 & j4.82 act as dominant poles Two sdditional closed-loop polss are very nsar
the double 2¢r0 at # = ~ 0,65, with the result that these closed-loop poles and the dogbie rero al-
mast cancel cach other, The dominam pair of closed-1oop poles indead determines the nature of
the response. On the other hand, when the system has X = 13.346, the closed-loop poles ut
5= — 235 > j2.62 are oot guite dominant because the two other closed-loop poles near the dou-

Chapter 10 / PID G is and Introduction to Robust Cantrol

113



{10-2).

i+ 0,658 i
L S e TS TIr Y

X=3In -

ble zeto st 5= ~ 065 have considernble effect on the response. The maximim overshoot in the
#ep response in this case (18% ) is much larger than the case where the system is of second-order
having only dominent closed-loop poles. (In the latier case the maximum overshoot in the step
responie would be approximately §%.)
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