To find frequency response substitute jo for s and find -
the magnitude and phase shift of the transfer function
for different values of f.

A,(o)- _ Take magnitude of this function
RCj o and phase angle

B re(z) = real part of z im(z) = imaginary
z = complex value part of z
Magnitude Phase Shift

Scale [gain fqr db m(z))
\z\ajre(z) - im(z) re(z)

2 ¢-= arc:tan(I
db(w) = 20-log(|z(w)|)
Gain and Phase Plot of Practical OP AMP Integrator

_Rf
Ri(1+R¢Cij -0

Ay (0)--
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o Practical mtegrator only eXthltS lntegral actlon for
frequencies much higher (10 times) 1/R¢C.

1
‘ (@) ‘ J Gain

2
1.R{FC%0

d(w) =180 - atan(Rf.Cm),@ Phase Shift

e

atan = arctan = tan-1

Using Matlab script to generate Bode plots and
transfer function.

ri=input('Enter value of input resistance: '),
c=input('Enter value of capacitance: ');
rf=input('Enter value of feedback resistance: ');

% compute transfer function model parmeters for
paractical
% integrator

tau=rf*c;
Ki=-rf./ri;

et438a-8.MCD 9



% compute parameter for ldeal mtegrator o
tau1 =ri*c; | - |

% build transfer function

% denominator form a1*s*2+a2s+a3
Av=tf([ki],[tau 1])

Av1=tf([-1],[tau1 O])

%plot both on the same graphs
bode(Av,Av1);

Bode Diagrams |

30 ]

/

10
e

-10

200

100

Phase (deg); Magnitude (dB)

-100
-200

-300

10° 10°

Frequency (rad/sec)
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R.-10k - R¢=100k  C-0.01 yF

Integtral action on time varying error signals

error
e(t)

l time

V(1)

time

Integral of constant is line. Integrator produces
linearly increasing output for constant error input.
Negative error causes output to decrease. Zero

error maintains value.

et438a-8.MCD 11



Example an ldeal mtegrator has a galn of K, =

Vis. Its inital output at t=Q isv=1.5V determine the'
outputs if the error has step inc

eases of
e(t) = O<=t<=1 g
e(t) = 2-5 1<t<=2 g
e(t) =4 2<t< 3 S
e(t)=0 3<t<=4 g

e(t) = "15 4<t<-‘:5 S
VOEN'S ( :
ti

G’Cﬂcj"x + W ‘;r_on fsf Sei:rr\v:n‘%" t,:o
t o
\{‘(ﬂzo‘l{ Qdx4 LS : 0418

Q,ET)-7E OL+<|

: ~ -~ LN .5
(P\“Ql[g’sdxHS' O.ngl L)S = 0,25t Z

"'-—-_

| e b
f{_ x.¥F IML
\/u} ozgt+;,~g~ 1<t <2 4iad mtal velue n ep

—

o : ‘{7 S*CLC-‘
‘O'q(Z)TJ-ZS:I.?S \/ca)‘{o nex S
Sl Y |75 = qu/Lﬂ.?g = 0.9t -0.841.28
= Ol q a %+ = '
\)3Ct\- Sa

[

3 ‘- - ‘q ’ 3 } [ 55 :

-F, S (\‘f.:'.
\/ C*}-z & ;r\\‘{‘l(l'l cond tian Tae NEXT S cp -
NS dy+ 2.5 = 298 3£C<94 ne chune in Sl
1:@.]50 X + 2.15 =
\/q‘:) 3 . /t - L1 ot
& * & i ; Ay
IS = —0.I8X
Vg(%:o.) ghz.sc{x + 2. )

q

\/@): ﬂ at L= § \/ (SY® -0.5(8) +2.75 =é
82

OUT PutT DECREASES
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Plot of mtegrator outputs-l i Matlab (Eode ?

) 1-linspace{0 15)
x=ones (1, length{tl})
X1l=x.*1.5
t2=linspace(1,2,5);
x2=0.25.*t2+1.25;
t3=linspace(2,3,5);
x3=0.4.*t3+0.95;
td=linspace(3,4,5):
x4=ones (1, length(td));
x4=x.%*2.15;
t5=linspace(4,5,5);
®5==0,15.*t5+2.75;
té=linspace(5,6,5);
X6=X.*2;

plot(tl,x1,t2,x2,t3,x3,t4,x4,t5,x5,t6,x6);
axis([0 6 1 2.5]);

title('Integrator Error');

xlabel ('Time (sec)');

ylabel ('Output Voltage');

Integrator Error

2.5 T I T T T

Output Voltage

1.5

1 L L 1 - 1 L
0 1 2 3 4 5

Time (sec)
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~ Proportional-Integral Control (PI)
Time Function

t
v(t)=Kp-e(t) - KF,-K]-JO e(t) at + v,
Laplace Function
Kp°K|
V(s)=Kp-E(s) o -E(s)
S

Transfer Function

V(s) <Kl + S)
E(s) P

Adds one pole and one zero to the transfer function
of the system.

Pl control used on process with large load changes

Proportional action only can not reduce error to
reasonable limits.

Intergral mode provides reset action that drives
steady-state error to zero. Eliminates offset error

et438a-8.MCD 14



. 5 : e, L o s nm.wﬂﬁ"a e '*1"! e
~Time plots of Pl control output. -

ermor

e(t)

Proportional -' .
Mode . \ o f Integral

V(1)

time

Proportional mode gives instantaneous response to
error while integral mode decreases error over time

et438a-8.MCD 15



 OP AMP Realization of PI Controlier. -

Vs R y
5 1
Transfer Function A (S)_‘Zf(s)__ t cs
i Z i(S) | Ri
Simplify R¢C's + 1 'Rf 1
A(s) .- | =
Rl"C'S Ri RiC-s
Proportional Gain R 1
| Kp=“—f “I7 R
R e

Select Values of R;, R and C and compute Bode Plot

R =10k Rf¢=100k C-0.01 puF

Adds a pole at s=0 and zero at s = -1/RC

et438a-8.MCD 16



Matlab Code

'”'r.'i-input{ 'Enter: va.lue of" nput: resistance'l ),
c=input ('Enter value of capacitance: '); ’
rf=input ('Enter value of feedback resistance: ');

% compute transfer function model parmeters for
% PI controller ’

% compute numerator parameter
tau=rf*c;

$ compute parameter for denominator
taul = ri*c;

% build transfer function

% denominator form al*s”2+aZs+a3
Av=tf([tau 1], [taul 0])

$plot graph

bode (Av) ;

Bode Diagrams

70

60

50 f— -

Phase (deg); Magnitude (dB)

5
\

& &
o o
Y
AN

I--"'--"""'-_—_

-100 -
10" 10° 10

Frequency (rad/sec)

Integral action below 1000 rad/sec
1/R¢C sets break point
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s ‘Example: Desngn aPl OP AMP controller with -

- ™K, =100 and an integral break fréquency of

100 rad/sec. Riq = 10kQ

R
—f——Kp SO I'(p :

Rin

_ 6
R - Rin'Kp Rf—1-10
o - 1000 rad/sec
1 1
= — SO G =
Rf-C Rf-co

100 Rin - 10000

Ohms

C=1.10° F

Derivative Control Mode

This mode is never used alone. Only produces an

output when error is changing

Use with proportional or proportional and integral

Gives and output that is proportional to the rate of

change in the error signal

Anticipates the error by observing rate of change

et438a-8.MCD 18



Ideal Derivative Mode Equations .

L etores b
Y

‘Time Function y(t) =KD.:_te(t).

Laplace V(s)-Kp-sE(s)
Transfer V(s)
Function E(s)

OP AMP Realizations of Differentiators

Ideal OP AMP differentiator .
Transfer Function

Re
, E AV(S)=—RfCS
0 | - Vo Introduces 1 zero
- . at s=0

Differentiators add a zero to the controller that uses
them.

Differentiators are highpass filters to sine signals.
Increase sensitivity to rapid changes.
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- Practical Differentiator Circuit .

jj —Rf'C"S'
Ay(s) =
v ot 7 1+R;-Cs
o————H—%—R ____:0
| Introduces
1% . Pole S=——i-

ZerO S - 0

Pole restricts the high frequency response of the
differentiator circuit

Gain and Phase Plot of Practical OP AMP Differentiator
= R fCJ 0,
(1+RjCj o)

Av((’o):_

R¢Co
}AV(CO)‘=
J1 ' Riz'Cz-co2
d(w) =90 - atan(Ri.C.m)_@
m

et438a-8.MCD 20
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Proportlonal Derlvatlve Control Mode

Comblnes proportlonal and Derlvatlve actlons
Used in processes that have sudden load changes
that proportional only can not handle.

Equations

Time Function

V(t) =K -e(t) S

d
+KpKD_e(t) aKp vt - vg

dt dt
Note:
o Kp _v(t) Is a rate limit to high
dt frequency changes
Laplace
V(s)=K p-E(s) + Kp-K D'S'E(s) - a-Kp-s-V(s)

Transfer Function

V(S)_K | 1 - KD'S
E(s) P1.aKps
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OP AMP Reallzatlon\ of PD Controller

* R R Rl
Vpo —'v\[f:\j/* R e
F\)d AAAAA
¥
© H piicd = Vo
c N s
V(S)“ .1+KDS
E(S) p1+OLKDS
R R
Kp-RgC a-— __Ri
Ri+Ryg R| - Rg
Ro=Rj¥

Note: 1/Ky4 = the derivative action break point f
1/aKy = limiter action break point f

O<oa<1
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R.C=~ K. So L (=i

— =0/ X10° RY (3. 1y g% 1o
X g.C ks : d @ 1%
{ T , |
y - ——— .~ D — = il = K =0.0]
fg& “(o,f,x;ﬁ_éxno) M = Ky B! /Se‘\é D
, | EI ] I
B} = O, | N = 2 0 e
X 8.21(1503) X » Qd > Qlf loa k.
O.1Ry Hooag= R = 100k =090 777775 = Ry ;'
R¢ Subslitute hiL = 1o
Ro1 Ry :KP Values 1713 box o3
g ¥ =
, X S| KeeR=1.01ma
ﬁ{r r’o(u.,:.fzn*/oux;d) “W Ko
Qd:roakqﬂ ;‘_‘“ AN —‘.._;;
= IS el
i R +
¢z Oulaf

. NEsat v
\(@3 ':"K' | + K"[:.g 5 =i [+ Q.01 § | ‘5172 CauseEsS
E(S) P Jet %Kbs |+ 0.001S /30 phage_ SL\J{ﬁ'—
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~,.
i

w-Use Matlab to _produce, bode plots
i o _‘H ;. ,.uaj,w £ W»\ .J"'-‘-uf,t,r w“é&g“‘ﬁ

pim1l 1Te8; R P

c=0.le-6;

rf=1.11lle6;

rd=le5;

% compute transfer function model parmeters for

% PD controller -

% compute parameters

kd=rd*c:

alpha=ri./ (ri+rd);

kp=-rf./ (ri+rd);

% build transfer function

% denominator form al*s”2+a2s+a3
% numerator for bl*s”2+b2s+b3
Avl=kp*tf([(kd 1], [alpha*kd 1])
tplot graph

bode (Avl) ;

Transfer function:
-0.09999 s - 9.999

-0.0009999 s + 1

Bode Diagrams

40

/M/-
{7
35 //,
= 30 Z
) /
@
g 25 //
E | 17T
S 20 —==u £
s
'gi -120
=) 1T T
@ / m\\
w0 I~
T 140 . S
L1
o A
L~
L~
-160 .
/
-ﬂ-—ﬂ/—
-180 : ;
10" 10 10

Frequency (rad/sec)
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PR TTH: HE S T - - E-TH

Proportlonal + Integral +‘{g Derrvatlve Controllers
(PID controller) T ket

Proportlonal mode fast response
Integral mode - removes steady-state ( offset) error

Derivative mode - improves stability and improves
response.

Time function
t
V=Kp-e(t) - Kp-KI-J e(t) d ...
0
d

+Kp KDE:(e(t) - OLKDaV(t) + Vg

Laplace Function

K
V(s)-Kp-| E(s) - Sl ) + (K D-s-E(s))

+-a-Kp'sV(s)

Transfer Function

| 2
V(s) 'K|+S+KD'S

Es)” P

s+ oKps
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Ei(s) R
S} 4\

V(s) 1 V 4(s) R¢q'Cygs
E(S) ) Ci'Ri'S E(8) ) 1 + Cd'R d-S
V|(S) Vd(S) 1 Rfd'C d-S
E(s) E(s) |CyRys 1:CqRgs
Vols) 1 RtgCas | Ry

E(s) |C;yRjys 1+CyqRys/Rq

R4=Rjy
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ﬁ—x‘;s.f-ts

Slmpl lfy angi comblne Ilke terms B b iR g e s

Vo(s) [1- Rd-C 4+ Rfd-c d-R_i-Ci-sz R
E(S) Ri'Ci'S+ Rd'C d'82 R1
Define

1
Rt w “RiCi Kp-RgCy
Kp=o— K|
R 1
OL'KD=Rd'Cd
Make substitutions and simplify
Vo(s) [K|+aKpK|+Kps
= K
E(s) | 2 P

S + oc-KD-KI-s

This controller add two zeros and two poles to the
transfer function of the system. The location of these
points depends on the gain values of controller

Can change response of system by adjusting values
of Kp KD' K| and o
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DeSIgn a PID controller usmg the cnrcwt above i B

Y b

Proportlonal gain is 1is 5. The derivative time constant
is 0.5 seconds. The integral gain is 0.143 and o=0.1.
The capacitor for the integrator C;=10 uF and the
differentiator, C4= 1 uF. Rfp = 1 MQ. Find values
for all other components.

K.~ BC C. s 10mF Kp=S Reslms

L‘.

/ T i
L (o000 R = Q- &t
(‘ k,C; @J‘%WQMF) ?—E = KP =2 5y Ko
Y"}\ 7.)\.) PR S L : Q - !K.’b ::':JC) GO ‘_;“.._"
b i s e ..__.-——"——-H \ S_‘H o )

5 5 = .’._F_._-_ ___-.-‘ ;'. - .—- o ’ T "")
dy oS KyrRey B B Jom 000
Gd: | mF
K 0§ T

__A_- R | =G ‘JS‘JO.Ouoaz.f K{J i X 2 Qi

Cd i gd I X9 —_— "9
O<KI)KI? Qdcd ch | uF

=% KBKE = QC{ Su—é}'&%fhh%@ VO[L“-&S—

o 1(2-5)(0.193) | 2)

[X 19 ©
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