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Control Systems

Lecture 8

Transient Response
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Midterm exam - Section 21
When: Monday, Oct 15, 9:40-11:00
What: Lectures 1 to 8
Where: Room split by first name:

A-J K-Z
UL9 UA2140

Prepare your formula sheet (1 page, letter size, both sides)
Everything must be handwritten
Your formula sheet cannot exceed 1 page (letter size), both sides.

Please write your name/student ID on the formula sheet

— Bring a photo ID or student card.

— Exam problems are in line with those solved in class, tutorials, and
assignments.

— Office hours during the reading week: As usual.
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Outline of Lecture 8

By the end of today's lecture you should be able to

® Understand the concept of transient response
® Recognize the relation between pole location and transient response

® Analyse the transient response of second order systems

MECE 3350 - C. Rossa Lecture 8




Applications

The levitation control system of the train must ensure that the train does not
touches the guide. How can we design a controller that reacts as fast as
possible with no overshoot?
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Applications

The pointing control system of a space telescope is desired to achieve an
accuracy of 0.01 minute of arc. How can we limit the steady state error while
avoiding transient oscillations?
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Transient response

Jecko e s lecre ¥

| /
transient response ’ steady-state
0 time
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First order systems

Consider the first order closed-loop system shown with a proportional gain k

B6) o~ |5 n Y ()
= | TS
The transfer function Y (s)/R(s) is
Y(s) _~1
R(s) s+1ﬂm ,QA?LN K, 2 7@"”’@“ Y“)
How does k influence the transient and steady state response? % A}M‘Iﬁ ool

To analyse the performance of the system, we need to specify a standard test
input signal.
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Standard test signals
Impulse function
Mﬂ_{A =0 i) =a ___l_»

0 t#0 t

Step function
A t>0 1
u(t)—{O t<0 —>U(s)—A;

Ramp function

rm:{AttZOAR@:A;

0 t<O0
t
Parabolic function p(t)
AL >0 1
t) = 2 = P =A—
p(t) { 720 P = A
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Temporal response
Step response r(t) =1

LY

Y(s) = 2V syt)=1—e7

1 1
s(7)s+1

Ramp response r(t) =t

1 1 1 T _ky
Y$)= =L ' osyt)=t——(1—-e"~
O Y P () =t- -
Effects of k for k > 0 for 7 = 1.
\"\\/‘)‘
=200
k=0.5
k=1
k=15
time [sec] time [sec] 10
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Temporal response - first order system

.
.
oo ik by
— )
L,
L,
L,
L,
k=05
-
.
. k=1
I,'
k=15
o0k
0 time [sec] 10 0 time [sec] 10

In a first-order system:

— k reduces the time constant of the system
— The higher k, the faster the response

— What is the maximum control-loop gain k ?
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Time constant - first order systems

Impulse:
- 27 S y(t) = y(0)e 7

H =
(s) sT+1
— When t = 7, the response 37% (1/e) of y(0)

Step response

_t
-

His) =11 Lot ym—1—e

ssT+1
— When t = 7, the response 67% (1-1/e) of its steady state value
y(0) () prommooooooooaes
\fm(JV[Se/ 5\‘1@?
1
0.632 Ll
1
0.37y(0)|—x—¢
0 0
o T timefsec] T time [sec]
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Second-order systems

Consider now the following second order control system:

Y(s)

R(s) -
s(s+a)

The transfer function is

Y(s) _

R(s) s>+ %4—@

We can rewrite the above equation in the standard formulation:

Y(s) _ wa

R(s) = s2 +@ wa
where: w, = Vk, = a/(2\/E).
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Transient response

Y(s) w?
R(s) 2+ 2¢wp + w?

where: w, = vk, ¢ = a/(2Vk).

How does k influence the response of the system?

— The natural frequency w, depends on k

— The damping ratio ¢ depends on k

The response for an unit step input when 0 < { < 1is

y(t)=1- \/11_7<2e_<“"tsin I:(an> t+cos* C]
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Transient response - second-order systems
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2
Wn

k=5(=0.22

k=025¢=1

52 + 2Cwn + w3

y(t)=1- %e_cw”tsin (wn\/ 1—(2t+cos ' {) (1)

time [sec]

Imaginary Axis (seconds'1)
o

f%ﬁﬁx
X

7 <« VV\U reases

/ poles

X
IXAN

X

S x

-0.6
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Transient response - second-order systems

Y (s) w2
R(s) s+ 2(wn + wi

1
y(t) =1— ————e “"’sin (ant + cos™ C)
e

Natural frequency for k = 1000 and k = 5000.

2 2

0+ 0
0 time [sec] 15 0 time [sec] 15

How can we evaluate the performance of the controller?
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Measures of performance

Myt
overshoot fv
149 e
[ i Wl i =
V2 1-5
0 TT Tp T, time

— Rise time T,, peak time T,, and peak value M,
— Settling time T: y(t) within 2% of its final value

— Percent overshoot P.O.

— T, and Tf characterize the swiftness of the response

— P.O. and T characterize the closeness of the response to the input
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Overshoot

For an unit step input, the percent overshoot is

M, — fv
PO =22 _"x1 2
0] s 00 (2

— M, is the peak value
— fv is the magnitude of the input

Differentiating Eq (1) and setting it to zero yields the peak time as

T
To=——F— (3)
P wny/1— C?/
Replacing (3) into (1) gives the peak response:
Mpt = 1 4 e ¢™/V1=¢2 (4)
Thus, the percentage overshoot (fv = r(t) = 1) is

P.O. = 100e ™/ V1-¢ (5)
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Settling time

For an unit step input and 0 < ¢ < 1, recall that

1
y(t) =1— ————e “"'sin (w,,\/l — (%t + cos C)
J1i-¢

When t = T, the response is within 2% of its final value, thus:

e~ swnTs £ 0.02

or
CwnTe~ 4 (6)
therefore
4
Ts = =4 7
o A (7)

where 7 = 1/{w, is the time constant.

The settling time is equal to 4 times the time constant
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sk
Settling time e K
z, ¢

The characteristic equation

sS4+ 2Cwns + w?

has poles: .
Tsz < )SJ_
st = —Cwp + jwar/1 — 2
s1 = —Cwn — jwar/1 — (2
since
4
Ts = 8
o (8)

Therefore the settling time is inversely proportional to the real part of the poles.
‘—’Dﬂ»(ﬂ'ﬂmt}wwﬂlm o %WW o, (C—ﬁ;o), e Mo, s
ol densp, B Ho Ve TC
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Settling time
Consider the function

thus: w,
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5

T 24545

=+/5 and ¢ = 1/(2v/5). The time constant is

T =

1
Cwn

= 2 sec

—

= = = input

time [sec]
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Poles and transient response

Im
A
X
x ,,,,,,,,,,,,,,,,,
T X
N X
A
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Damping ratio  Roots Systems response
¢>1 Distinct real overdamped
(=1 Equal real damped
0<(¢<1 Complex conjugate  underdamped
(=0 Purely imaginary undamped

(<0 Positive unstable

¢ decreasing .
"""""" +]wn V = (2

!

=1y Wn

o Oy |

X 0 Re
\

_jwn V = <2

Unstable
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www.kahoot.it

PIN: 550986
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Exercise 35

A feedback system with a negative unity feedback has the loop transfer function

L(s) = C(s)G(s) :"?ﬁ.

Determine:

— (@) The closed-loop transfer function
— (b) The time response for an input r(t) = A
— (c) The percent overshoot of the response

— (d) The steady state error

MECE 3350 - C. Rossa Lecture 8



Exercise 35 - continued RES) | s<8) ¥(s)
SCs+4)
(a) The closed-loop transfer function
8
L(s) = C(s)G(s) = Z;Ei i 43.
OE 2B RbH)
Sls+4)+2Us<8)
\/ &) >~ M_\_. RLS)

§24¢ 03+10

yb) o Us<®)
) S Gs+lb
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Exercise 35 - continued Ris)s A
S

(b) The time response
LA _2As+8)

WW& YO = S oiest 16

)s 4 —_5+7
Y S § %t bs+ 1o

[y L 1076% e 1]
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Exercise 35 - continued

(c) The percentage overshoot

A 2s+9)
YO = o6t 16
\‘/(Jé): o7 [32lam (7t « Lat) - Lot/7 car 2% w.a/)j
\’/ [é): (@) e&K _hr;.ﬂg

| £~ Loo32 e

\/(i,@gsb): J.035 = 35% % 4=l
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Exercise 35 - continued
(d) The steady state error . A 2s8)
T S +6s+16
5(5): (-2,[5) - 7(5)
Ee)= A - A 2b+E)
1S

S §¥ibs+lo
Css = &? SEL)
Cex =0
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Exercise 36

Consider the following block diagram:

R(s) . Y(s)
- Ib— 5(5+5)

— (@) Calculate the steady-state error for a ramp input

— (b) Select k that will result in zero overshoot to a step input
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Exercise 36 - continued

Ris)= A
2

R(s) Y(s)
‘?—Ib— S(Sl+5) S
v ) K

R(s) 5% 55K

Eis)= Ris)~ YG)
o)y 4 - K .4
52

§% 5% SstK
Occ = Lo SE5)
7 S0

S¥SstK

Css = e S%([ “L) = ﬂ,@_;j<5?’+55+ii~&)

Lecture 8
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Exercise 36 - continued

y6) K
Rls) 5%t 5stK
Ve overshoot Wa=Jx
éd: i// az/ju/m: 5
UK = S5
ke

(citially Lomput)
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Exercise 37

An insulin pump injection system for diabetic persons has a feedback control as
shown.

pump human body A v (S)

R( 8) S+2 <
S ( s+1 ) blood-sugar
level
1
| sensor

Calculate a suitable gain k so that the percent overshoot of the step response
due to the drug injection is 7%. R(s) is the desired blood sugar level and Y(s)
is the actual level. Plot the expected overshoot for different k using Matlab.
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Exercise 37 - continued

human body

f) Igp_, 5+2 Y(s)
4?7 s(s+1) oo
]
T(S) = \/(5> - AK’[St_,Z,)__ sensor
Ry S(s¢1)tk(sR)
yb) o _kbt2) W= JRK
Rls) % s(ket) +aK _ :Z%L_
A n 2K
25Wn 7 W;j
-G = / ,
007 o STEE H|E= 9
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Exercise 37 - continued

Jrom T6)

26 wn=

0.6 =

MECE 3350 - C. Rossa

human body

Y(s)

R(s) o s
4?7 s(s+1)
|
1
| sensor
Kt
\ﬁ/_ —p | K=
SR
Wo—
33/40
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Exercise 38

Consider the following closed loop system

R(s) (o11) Y(s)

(s+3)

®» =

Determine:

— (@) Determine the closed loop transfer function
— (b) Determine the steady state error to an unit ramp input

— (c) Select k so that the steady state error to a unit step input is zero.
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Exercise 38 - continued
(a) Determine the closed loop transfer function

R(s) (s41) [L] Y@©
*?7 (543) Ii,
1
|
YCS) — 51‘/
Ris) __SLs2) I
I+ K st/ s%¢s(Ke3)tk
Sls<3)
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Exercise 38 - continued
(b) Determine the steady state error to a unit ramp input Ris)=L
S

R(s) (s+1) o] Y
*?7 (5+3) u
E)~ RE)~Y(5) 7 I

=4 (1-_sel
) 5b< s?sa«é)w)

S0

o5 - 1 M} —» o K=l es=3
Ol g4 s(k<3) + K bvf K:fz, 05— oo
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Exercise 38 - continued
(c) Determine k so that e = 0 when r(t) =1 K] — © —bk=1

E(s):—s +(2+k)s% (10)

2+ 3+ k)s+ k

@ L s 26) = ©

(53@ grenos F/Lée) S—o /J k=1,
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Exercise 39

A closed-loop system designed to orient a photovoltaic array towards the
direction of maximum solar incident has the following structure:

R(s) Y (s)
\L k
\yJD* (5+20)
Q
WW’”
Ko o

[

If k =20, determine:

— (@) The time constant of the closed loop system
— (b) The settling time to within 2% of the final value of the system to an
unit step disturbance.
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Exercise 39 - continued

k Y(s)
(s+20)
|_|

O @W) /MW%[ Pos foe RI=L

©
ple)= 2% (L)x pss

07(&):—@.116
-4y L

© o ihw

0
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Exercise 39 - continued
R(s)

Em——

(s+20)
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Next class...

® Dominant poles
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