CHE302 LECTURE IX
FREQUENCY RESPONSES
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BENEFITS OF FREQUENCY RESPONSE

 Frequencyresponsesaretheinformative
representationsofdynamicsystems
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— Low-passfilter
DEFINITION OF FREQUENCY RESPONSE T g ;

* Forlinearsystem

— “Theultimateoutput response of a processfor a snusoidal
input at a frequency will show amplitudechange and phase
shift at thesamefrequency depending on the process

characteristics”
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Asnwt Asin(wt +f )
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After all transient -A \\W 2 \ 7/
effects are decayed out. A u(t)
— Amplituderatio (AR): attenuation of amplitude, A/ A
— Phaseangle (f ): phase shift compared to input
— Thesetwo quantitiesarethe function of frequency.
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— Insignal processingfield, transfer functionsarecalled“filters” .

94




* Anylineardynamicalsystemiscompletely
definedbyitsfrequencyresponse.
— TheAR and phaseangledefinethe system completely.
— Bodediagram
¢ AR inlog-log plot
e Phaseanglein log-linear plot
— Viaefficient numerical technique (fast Fourier transform,
FFT), the output can be calculated for any type of input.

* Frequencyresponserepresentationofasystem
dynamicsisveryconvenientfordesigninga
feedback controller and analyzing aclosed-loop
system.

— Bodestability
— Gain margin (GM) and phase margin (PM)
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 Example
— If afeed ispumped by a peristaltic pump to a CSTR, will the
fluctuation of the feed flow appear in the output?
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v% =qicx - 6C, (q »constant)

CA(S): Cy - Culq
q(9 Vs+q (V/g)s+l

— V=50cm?3, g=90cm¥min (so isthe aver age of q) ‘
* Process time constant=0.555min. o

— Therpm of the perigtaltic pump is60r pm.
- Input frequency=180rad/min (3blades) C .

— TheAR=0.01 (wt =100) 1

If the magnitude of fluctuation of g;is 5% of nominal
flow rate, the fluctuation in the output concentration 0l
will be about 0.05% which is almostunnoticeable. e or 1o o
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» Criticalfrequency

— Ascontroller gain changes, theamplituderatio (AR) and the
phaseangle(PA) change.

— Thefrequency wherethe PA reaches —180° iscalledcritical
frequency (W).

— Thecomponent of output at thecritical frequency will havethe
exactly samephaseasthesignal goesthrough theloop dueto
comparator (-180 °) and phase shift of the process (-180 °).

— For the openloop gain at thecritical frequency, K, (w,) =1

* No change in magnitude i
¢ Continuous cycling

- For KOL(Wc) >1

¢ Getting bigger in magnitude
e Unstable

For Ko (W) <1
e Getting smaller in magnitude
« Stable
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OBTAINING FREQUENCY RESPONSE

 Fromthetransferfunction,replace swith jw
G(S) ¥4 ¥4%® ngw)

Transfer function Frequency response _
— For apole, s=a + jw , theresponse modeise® """
— If themodesarenot unstable (a £ 0) and enough timeelapses,
thesurvived modesbecomese’™ (ultimater esponse)
 Thefrequencyresponse, G(jw)iscomplex as a

functionoffrequency. | Nyauis
G(jw) = Re[G(jw)]+ jIm[G(jw)]— |

\ 4

AR:|G(jW)|:JR€[G(jW)]2+|m[G(j\N)]2 C f
]

f = £G(jw) = tan *(Im[G( jw)]/Re[G(jw)]) T o)
\‘Bode plot
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» Gettingultimateresponse * ProcessZero (lead) oo M
— For asinusoidal forcing function Y(s):G(s)sz v G(s) =t £ +1 = “[ L fi
- AssumeG(s) hasstablepoleS bi' Decayedoutatlarget i | ‘;
_ AV _ a a, ~Cs+Dw G(jw =1+ jwt, g 2y
Y(s) =G(s) == +oot + -
§+w?  s+h s+h S +wW W2 B P e
G(w)Aw =Cin+ Dwp &(jw =2+ [ E=Re AR, F[C(w]= 1wty cwrilE
C=IA D=RA D y, =A lcoswt+Rsinwt) = Asinwt+f) f=«G(jw = tan” (wt,) ;“.,—“.Jp
. « Unstablepole
\ AR=A/A= JR2+|2:|G(jw)| andf =tan™(l /R) =£G(jw) I P
(S) - (—t S+1) —
— Without calculatingtransient response, thefrequency response N S _ — [7:(
can be obtained directly froma (w . (W)= e " Ter ez W) 0 B B |
— Unstabletransfer function doesnot haveafrequency response : 1 .

i ; ; AR=|G(jw)|= . -
because a sinusoidal input produces an unstable output | | Trw?? s __,_/_?I < _-_j
response. _ b ]

i — et IMG(W)) il IR
f =£G(jw) =tan Re(G (W) - tan"* wt 3 ,.""‘jrw‘.r‘“'l
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» First-orderprocess - e—Corner freq. * Integratingprocess
K ‘ 1 . 1 1 =
G(s) =——— = P S
( ) (t S+1) ’;EE;“E:: 0.1 G(S) AS G(JW) JAN AW J Dﬂ‘uol 0. 1 10 100
) ~ ~ K ] . N ~ ) _i 100
CUW = wn) ~ @) & W B T AR, =[G(wW =4 L
) 1 7 . - H - Sya i - B 7100001 01 1 10 100
ARy :|G(JW)|:W S N B f _ACG(JW) _tan ow’ 2 P
g ] - Differentiator il | ==
- W) = - -1 s} ——-——|— r—— w ] 1] [
f - &G(JW) - tan (Wt ) “12:.01 0.1 * 1 10 * ““l.;u G(S) = m G(jW) = JAW I!;'-! -F'I-I' 1 IIII' 100
. Second;orderprocess or - AR, =[G(jw)| = Aw o i |
G = o : ol ST R
®) t s*+2zts+) o oo ] f = XG(jw) = tan-l(i):g T A J*-
_ K I ow’ 2
COW) = T r2jztw o g e, e Puredelayprocess .
AR =G (jw)|= 2t2K2 - T Gls)=e™ e
J- Wi+ (2zwt) NN ] G(jw)=e " =cosqw- jsinqw .
f =4G(jw) = tan 1}!“(2&: - tan’ 1122# :: f‘& ] AR = |G( jW)| =1 e \
e( (]W)) - Wt 001 01 :1 10 100 f =&G(jW):‘ tan‘ltanqw :_qW et
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SKETCHING BODE PLOT
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£G(jw) = £G,(W) + £G, (W) +£G (W) +---
-£G(jw) - £G,(jw) - LG( W) - -+
* Bodediagram
— ARvs. frequency in log-logplot
— PAvs.frequency in semi-logplot
— Useful for

« Analysisof theresponse characteristics

« Stability of the closed-loop systemonly for open-loop stable
systems with phase angle curves exhibit a single critical frequency.

IG(jw)|
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« AmplitudeRatioonlog-log plot
— Start from steady-state gain atw =0. If G, includeseither
integrator or differentiator it startsat ¥ or 0.
— Each first-order lag (lead) addstotheslope —1 (+1) starting at
thecor ner frequency.
— Each integrator (differentiator) addsto the dope —1 (+1)
starting at zero frequency.

— A delaysdoesnot contributetothe AR plot.
* Phaseangleonsemi-logplot

— Sart from 0° or -180° at W =0 depending on thesign of steady-
stategain.

— Each first-order lag (lead) adds0° to phase angle at w=0, adds
-90° (+90°) to phaseangleat W =¥ , and adds -45° (+45°) to
phaseangleat corner frequency.

— Each integrator (differentiator) adds -90° (+90°) tothephase
anglefor all frequency.

— A delay adds -gw to phaseangle depending on thefrequency.
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NYQUIST DIAGRAM

» Alternativerepresentationoffrequencyresponse
» Polar plot of G(jw) (wis implicit)

Im Nyquist
G(jw) = Re[G(jw)]+ | ImG(jw)] diagram
— Compact (oneplot) Re,
— Wider applicability of stability Qﬁ»f
analysis than Bode plot ;,-\’ Gw)
— Highfreguency characteristicswill be

shrunk near theorigin.
« InverseNyquist diagram polar plot of 1/G (w )
— Combination of different transfer function componentsis not
easy aswith Nyquist diagram aswith Bode plot.
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