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REPRESENTATIVE TYPES OF RESPONSE

« For step inputs )| Process
A
— t 2
Y(t) Type of Model, G(s)

Nonzero initial slope, no overshoot or nor oscillation,
1st order model

1storder+Time delay

Underdamped oscillation, 2" or higher order

Overdamped oscillation, 2" or higher order

Inverse response, negative (RHP) zeros

Unstable, no oscillation, real RHP poles

Unstable, oscillation, complex RHP poles

BN

Sustained oscillation, pure imaginary poles
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15T ORDER SYSTEM

der linear ODE (assume all deviation
) = y(t) + Ku(t) %@ (t s +1)Y(s) = KU (S)

Y(S) _ K —» Gain

r function: . > Time
U(s) (@s+1) |

sponse: ON

y A/ S’ 0.6352______ _______

A 350 y(t) = KAL- ') t

s+1)

KA(L- e'") » 0.632KA

e'')3 0.99KAP t» 4.8 (Settling time=4t ~
KAg'" /t| =KA/t 10 (Nonzeroinitial slo
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response

/3

A %50 y(t) :f_Ae-t/t

5@ y(t)=Kae' +Ka(t-t)

dal response
L[Asinwt]| =w /(s +w?),
KAW 1
7
NS +w?)
KA
Wi “+1

®

y(t) = (wt &' - wt coswt +sinwt)
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sinusoidal response (t® ¥)

KA 2 |
im - Wt coswt +sinwt
®¥W2t2+1(y/g )

(- wt coswt +sinwt)

'n(wt+@  =- tan"wt )

Phase angle

Amplitude

tput hasthe same period of oscillation asth
eamplitudeis attenuated and the phaseis

alized = 1 <1 0 i
ude Ratio /Wzt 241 Phaseangle =- tan

Ry)

requency input will be attenuated more and
more.
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BRIEOT FOR 1°T ORDERISH

t asymptote

0) = lim——— =1

e ° VW?t B + 1 Normalized [
amplitude 0.1f

¥) 1 Ilm 1 B 1 ratio ARy E
s VWzt - +1 Wt 0.03.011 YU
lot asymptote
.- ) " e
=- limtan""wt =0 o
w® 0 I
~1204
=- limtan *wt =-90° o001
w® ¥

called “low-pass filter”
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15" ORDER PROCESSES

ous Stirred Tank Cair i
2=qc, - qC,

B )
) Vs+q (V/g)s+l

onstant heat capacity and density

-Tref):qu T-T.) T, 0
dt S e
-1aC,(T-T) | .‘“I
= q = 1
Vs+q (V/qg)s+l
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INTEGRATING SYSTEM

u(t) %45%® sY(s) = KU(S)

r Function: Y(s) — K
U(s) s
sponse 0,

) =1/,

¥%59® y(t) = Kt

tput isan integration of input.
responseisastep function.
f-regulating system
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INTEGRATING PROCESSE

tank with constant outlet flow
flow is pumped out by a constant-speed, co

pump

flow isnot a function of head. q;
B qi - g

) 1 H(s) _ ) 1
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2N ORDER SYSTEM

e 2nd grder linear ODE

2
{2 dd{§t> + 22 di;(tt) +y(t) = Ku(t) %9® ¢ %S + 22t s+1)Y(s) = KU (9)

e Transfer Function:
Y(S) — K > C%ain
U (S) (t' S + 27t S+1) » Time constant

» Damping Coefficient

e Step response

— Varieswith thetype of roots of denominator of the TF.
 Real part of roots should be negative for stability: Z 3 0
 Twodistinct real roots( z >1): overdamped (no oscillation)
 Doubleroot (z =1): critically damped (no oscillation)
e Complexroots( O£z <1 ): underdamped (oscillation)
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>1)  with U(s)=ls

K K “thy Sty g
2 = %@yt =Kl & —~1f 70
+2zts+1) st s+ ,s+D) a
:1)
K K

%I |y(t) =K @- (1+t/t)e' g

2+ 2s+1) sg s+1)2

é i .0
¥,8® |y(t) =K gl- gzt icosat +Z sinat
é |

aje
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« Ultimate sinusoidal response
With U (s) = L[ Asinwt],

R Y
(t °s” +t s+1)(s" +w")
KA . 2zt
t) = sin(wt +f f =-tan™ -
y() T Wity ) wt+f)  ( il

— Other method to find ultimate sinusoidal response

For (s+a + jw), y(t) has €@ """ and it becomes e ast® ¥ (a >0).

K o . K
- /4g}@4m’/ G -
) (t °S® + 2zt S+1) ®GUw) (1- t ‘W?) +2jztw
: K K
AR =|G(|w)| = _ =
‘ (J )‘ ‘(1_t2W2)+JtW‘ \/(1_ W2t 2)2+(22Wt )2

4 IM(G(jw)) _ o 2Z Wt
Re(G(jw)) 1- wt?®
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BODE PLOT FOR 2N° ORDER SYSTEM

: 1 1
AR, (W® ¥)=Ilim =
° N 2
R piot ve¥ J@- wt?)?+(2zwt ) (wt)
: 2z -2Z
f(W® ¥)=- limtan™* =limtan™* =-180°
e Phase plot f( )= - e e
* Resonance - ) —Resonance
d(AR,)/dw =0 1 :
i AN\0.8 3
, 2 AR 0.1f 3
W = 1_ & 0'01; Sllope= -2 :
D [+ vl
! B o T
for 0<z <0.707 ”’
0 LI e —— 0 — YT T TTT—— T
—-45 E\ . —45 —
The amplitude of output - -
oscillation is bigger N S N y
than that of input when ~135 N e £ = 0.2\ ]
the resonance occurs . -180 L M\S ~180 L il ] S
. .1 1 10 100 . . 1 10 100
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1ST ORDER VS. 2ND ORDER (OVERDAM PED)

* Initial slope of step response

.. ~ KAs KA
1st order: y¢0) = L!@ng{ sZY(s)} li i 10
2nd order: y¢0) =lim{ sY (9} =1im Aadll

s©¥t °s+ 2zt s+1
« Shape of the curve (Convexity)

1st order: y&t) =- Ke"" <0 (For K >0) b Noinflection

-t/t1 -t/t2
ond order: ylit) = -~ (&€
ti-t2 11 to

(+® - ast-) b Inflection
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CHARACTERIZATION OF SECOND ORDER
SYSTEM

o« 2" order Underdamped response
— Risetime (t)

tr =t (np - cos'lz)/\/1-7 (n=1)
— Timeto 1% peak (t)
BEip/ . 1- 2>
— Settling time (t)
ts » -t /z In(0.05)
— Oveshoot (OS)
OS=alb :exp(-pz /\/17)
— Decay ratio (DR): a function of damping coefficient only!
DR=c/a=(0S)’ :exp(- 2pz /\/17)
— Period of oscillation (P) P = 2nt /\/1_7
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2N ORDER PROCESSES

nks in series ul
,, Critically damped. L
ver damped (no oscillation) Vy
- 1 v =5
(M /a)s+1)((V,/q)s+1) V.

-dashpot (shock absorber)
r ce balance

f(t))- ky- cv=ma =
- ky - cy®+(mg + f(t)) i l 1, 'Jjﬂhmhﬁhmrb;
¢+y¢+ y=1() WW

Z (can be <1: underdamped)
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Underdamped Processes

e Many examples can be found in mechanical and
electrical system.

« Among chemical processes, open-loop
underdamped process is quite rare.

« However, when the processes are controlled, the
responses are usually underdamped.

e Depending on the controller tuning, the shape of
response will be decided.

e Slight overshoot results short rise time and often
more desirable.

« EXxcessive overshoot may results long-lasting
oscillation.
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POLESAND ZEROS

_ N(s) _ K(bns" +bn-18™" +---+his+1)
D(s) (a.s"+an18""+---+as+])

G(s)

 Poles (D(s)=0)
— Whereatransfer function cannot be defined.
— Roots of the denominator of thetransfer function
— Modes of theresponse
— Decidethe stability
o Zero (N(s)=0)
— Whereatransfer function becomes zero.
— Roots of the numerator of the transfer function
— Decide weightings for each mode of response
— Decidethe size of oversnhoot or inverseresponse

e They can be real or complex
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le from (t s+1)

1
t Yol Loty
t/t ©
e -1/t

poleisat theorigin, it becomes “integrating
poleisin RHP, the response increases expon

X pole from (t °s® +2zt s+1) (-1<

- 2 J—
ijﬂl Z =-aijb ‘& Im

(function of z only)

I
8
&
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— Modes: ¢ "' = ®'(cosbt + jsinbt)

Ji1-z7, . i
=g (cost—zti jsmt—t)

— Assumet ispositive.

— If z <0, theexponential part will grow ast increases. unstable
— If z>0, theexponential part will shrink ast increases. stable
— If z=0,therootsarepureimaginary: sustained oscillation

e Effect of zero

N(s) N S

(s+p)-(stp)  (s+p) (s+p,)

— The effects on weighting factorsare not obvious, but it isclear
that the numerator (zeros) will change the weighting factors.
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EFFECTSOF ZEROS

g module

_N(s) _ Kt aS+1)— Lead
" D(S)  (t1S+D)—» Lag

ding on thelocation of zero
M(tas+D) _ o, }g+ta-t1u

Stis+1) I S tlS+1%

1>0
ead dominatesthelag.

G(9)

<{:
ag dominatesthelead. .,

KM

Seresponse
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mped 2"d order+single zero syst

_N(s)_ K(tas+l)
D(s) (tist1)(t.s+1)

M(taS"‘l) _KMi}_l_tl(ta'tl) 1 +t2(ta

G(s)

+1)(t2$+1)_ %S ti-t2 tis+l to2
:+ta't1e-t/t1+ta't2e-t/tzl\;|
t1-12 ta-11 H

1>0 (assumet:>t2)
d dominatesthelags.

£11
gsdominate the lead.

response
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nterpretation
K(t aS+1) _ Kl KZ

G(s) = = +
tis+D(to.s+1) (tis+l) (tos+l)
_K(ti-ta)
s=1/t1 | (t-t2) u(s
i Kta-t2)
- (ti-t2)

t1>t2,lisdow dynamicsand 2 isfast dyn

3
ap T ||
> Ki>0 >

t | t

Y2(tL | Ky | <e Yo (DM
>

>
t I~ t

y(t)AJ/\ K4 <|Kq| y(t)T/ y(Ha
> >

t | t
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ECTSOF POLE LOCATI

period of
oscill.
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ECTSOF ZERO LOCATI

Zero at origin:

~—

Dominant Pole

\

Nt

|
|
|
Real LHP zero: }
|
|

More

overdam ped lovershoo
II II
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