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Time Response Analysis of control systems

2.1 Introduction

= Time response of a control system means, how output behaves with

respect to time. So it can be defined as below.

= Definition: the response given by the system which is the function of

time, to the applied excitation is called time response of a control system.

2.2 Classification of Time Responses
= Total response of any control system is made up of two parts of response
|. Steady- state response — When the final state achieved by the o/p

Il. Transient response — while the o/p variations within the time takes to

achieve the steady state is called transient response of the system.
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2.2.1 Transient Response

» Transient response is that part of the response which goes to zero after

some interval of time to achieve the final value.
» The time required to achieve the final value is called transient period.

» The transient response may be exponential or oscillatory In nature.

Symbolically it is denoted as C.(t).

= Transient response must vanish after some time to get the final value
closer to the desired value. Such system in which transient response dies

out after some time are called Stable systems.

Mathematically for stable operating systems,

Lim
t—:- . cy(t) =0
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2.2.2 Steady- state Response

= |t is that part of time response which remains after all transient responses

have died down.

» Steady-state is the equilibrium state attained such that there is no change

with respect to time of any of the system variables.

» The steady state response indicates the accuracy of the system. The

symbol for steady state output is Cqs.

» Hence, total time response C(t) we can write as, C(t) = Cgg(t) + C(t)

= The difference b/n the desired output and the actual output of the system
Is called steady state error which is denoted as e... This error indicate

the accuracy and play an important role in designing the system.
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» The above definitions can be shown in the waveform as in the Fig 2.1 (a),

(b) where input applied to the system is step type of input.

EEH c(t)
; — Gyft) ————tia—C (1) —»
O U
Step - : Step -
EH-
!-—r:,,m—-
0 i T —;
me ime
Steady o
" Transient IIh:|"_s=tsu'ﬁu'a ni'* Transient 4
time sysiem lime
(a) Ct(t) is exponential (b) Ct(t) is oscillatory
Fig: 2.1
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2.3 Standard Test signals

» |n practice, many signals are available which are the functions of time but,
from the analysis point of view, those signals which are commonly used

as reference inputs are defined as Standard Test Inputs.
» These standard test signals are,
1) Step Input (Position function):
> It is the sudden application of the input at a specified time as shown in

the Fig.
> Let the step input of magnitude A be applied. The Laplace transform of

step input r(t) having magnitude A is given by:

&
o UnitStep, A=1 0= AUD
1 it Step, A~ Where, u(t) = 1 for t>0
u(t) =0 for t<O0
. R (s) =A/S
0] i
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2) Ramp Input (Velocity function): itis constant rate of change in input i.e.

gradual application of input as shown in the Fiq.

t
» Magnitude of ramp input is nothing but it’s slope. rﬂi}
= Mathematically it is defined as,
rt)=At fort=>0 +——Slope =A
=0 fort <0
0 wt
A
= |fA=1,itis called Unit Ramp input. It is denoted as r(t). Its LT is R(S) = =

52
3) Parabolic Input (Acceleration function): this is the input signal which

IS one degree faster than a ramp type of input as shown.

I
= Mathematically it is defined as, |

1)
r(t) = gtz fort=0 J*—-— Slope = At
=0 fort<O -1

- 1]

2
= fA=1,1e.r(t) = % it is called unit parabolic input. Its LT is R(s) = %
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4) Impulse input: it is input applied instantaneously (for short duration of

time) of very high amplitude as shown in the Fig.

» |tis the pulse whose magnitude is infinite while Fit)
its width tends to zero i.e. t — 0, applied I
momentarily. A
= Area of the impulse is nothing but its magnitude. 1 -t
: : o : —+| — imoul
If its area is unity it is called Unit Impulse Input, At O mpuise
denoted as &(t).
_ ()__ _ r(t) = A, fort=20
= Mathematically it is defined as, -0 fort= 0

» |ts Laplace transform is always 1. If A= 1. i.e. for unit impulse response.

r (t) Symbol R(s]
Lnit step uft) 1is
Unit ramp rit) 1/s?
Unit parabolic - 1/s3
Unit impuise 3 (1) 1
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2.4 Steady State Analysis

= As discussed earlier, steady state is that part of output which remains

after transients completely vanish from the output.
= Mainly the steady state response has following two specifications.

1) How much time system takes to reach its steady state which is

called setting time.

i) How far away actual output is reached from its desired value which

is called steady state error (egg).
Definition: Steady State Error: it is the difference b/n the actual output and
the desired output.
= Mathematically it is defined in Laplace domain as,
L[ e(t)] = E(s) = R(s) — C(s)H(s), for non unity feedback system
L[ e(t)] = E(s) = R(s) — C(s), for unity feedback system
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2.4.1 Derivation of Steady State Error

= Consider a simple closed loop system using negative feedback as shown in

fig below, Ris) E{s) Cis)

H(s} f—
where E(s) = Errorsignal, and B(s) = Feedback signal
Now, E{(s} = Ris)- B(s)

But Bis) = C(s)H(s)

E(s) + E(s)G(s)H(s) = R(s)

E(s) = R{s)- C(s)H(s}
and C(s) = E(s)G(s) E(s) = % for nonunity feedback
E(s) = Ri{s) - E(s) G(s)H(s}) RS |
E(s) 1+GE) for unity feedback
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E(s) — is the error in Laplace domain and is expressed in ‘s’. But, to calculate
the error value in time domain, corresponding error will be e(t). Now steady

state of the system is that state which remains as t— co.

Lim

Therefore, Steady state error, e, = elt)
t = oo

= Now we can relate this in Laplace domain by using final value theorem which

KiOoT

states that,

Lim Lim
- f(ty = s - 0 sf(s) where F(s) = L{ f{t) ]
Theref . bm {t—Lim E(s) where E(s) is L] e(t) |
erefore, Bps = t—-:-:::E}-s-;ﬂE s) where E(s) 1 eft) |.

Substituting E(s) from the expression derived, we can write

_ Lim sR(s)
€% = o 50 T+ GE)HE)

Equation (1)

For negative feedback systems use positive sign in denominator while use negative
sign in denominator if system uses positive feedback.
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Types of Input and Steady State Error ... Cont'd

O Error for step input
A
» Reference input for step input of magnitude ‘A’ is, R(s) = <

» Using Equation (1) and substituting R(s) we get,

A
s 2
3]

= % 13GmHG) _ =0 1+G(5)H(5)

) A
s = 1+Lt G(s) H(s)

s—0

=

» For a system Lt0 G(s)H(s) is constant called positional error constant (K )
S—

A
1+Kp

Then, e5¢ =
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O Error for Ramp input

> For magnitude ‘A’, R(s) = S—‘i
(AJ
. g ¥ A
» Using Eq.(1) . = Lt § Lt A

"N IGWOH) 0 s+sGOH() T Lt sGo)H()

im
For a selected system £ b sG(s)H(s) 1s constant and called Velacity Error Coefficient

as K.
Lim , .
K, = s G(s)H(s) = Velocity error coefficienl
5=
Desired
ovied Actual
And corresponding error is, o) N output
A
855 = =
e, = B '
L N ]{'I.-'
+ Tima
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O Error for Parabolic input
» The Laplace transform for the parabolic input of magnitude A is give by,

R (8) = 25 P
s ik,
= Using Eq.(1) e, = Lt SR(s) = Lt [5'3 ]
=0 1+G(s)H(s) =20 1+G(s)H(s)
A

€ss Lt ©*G(s)H(s)

= Here, Lt0 S2G(s)H(s) = K, is constant and called acceleration error
S—

coefficient

A
= Substituting: eqg =—
a
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KiOoT

Effect of change in G(s)H(s) on Steady State Error (TYPE of a system)

The general form G(s)H(s) is expressed in a particular form called time

constant form as follows:

v K1+ Tis)(1+ Tas)....
GOHE) = ST o ae o

Where, K = Resultant system gain and j =TYPE of the system

TYPE of the system means number of poles at origin of open loop T.F.

G(s)H(s) of the system, So, j =0, TYPE zero system
j=1, TYPE one system
j =2, TYPE two system

j=n, TYPE ‘n’ system
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Analysis of TYPE O, 1 and 2 Systems ... Cont’d

= Note: a popular method to asses steady state performance of servo -

mechanism or a unit feedback is to find their error co- efficient K, K,, and K.

= Obviously in order to find these error constants the system must be stable, b/c for

unstable system there is no steady state and K,,, K,, and K,, are undefined.
= Thus the concept of K, K, and K, is applicable only if,
1) System is represented in its simple form.
i) Only if the system is stable

O Consider the input selected as step of magnitude ‘A’.

i) TYPE ‘0’
: . ) KI:].-I—T*IE}{I-FT:E]
» Inthis case j=0. M 5] =
=5 e GEHG) = T o T 9.
KioT Mechatronics Engineering Department
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cft} cit)
A : A -
Lim 3
. _ - T+K Bgs
For step input K, = 0 G(s)H(s) = K (finite)
A A ﬂ;na 0] Time
b= T 14 Kp T 1+K (a) rrtipo) (b)

i.e. TYPE ‘0’ systems follow the step type of input with finite error 1+i1< which can be

reduced by change in ‘A’ or 'k’ or both as per requirement.

i) TYPE 1

K(1+ Tys)(1+ Ts)......
In this case j=1 Gis)H(s) = 15) (1+ Tos)

{1+ T,8)(1+ Tys).......

Li
As input is step K, = s-»mo G(s)H(s) =

A

Ei5: =)
1+KP

€
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iii) TYPE 2
Ki(l+ Tys)}{(1+ Tss)......
' P — GsYHIs) = —— e —
Lim
.PI. i t i F K = 'G H —
s input is step, K; 50 (s)H(s) = ==
A A
Eﬁ = 1+ KP = . = ﬂ
Type of Error Coefficients Error e,, for
Systam
K, Ky Ka Step input Ramp input Parabolic input
0 K 0 0 A w0 "
T+ K
1 o K 0 ] A e
K
2 o = K 0 0 A
K
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Example 1: Find the error coefficient for a system having.

B (s +3)
GEH(S) = ST 0605)(1 + 0.355)
, (s +3)
Solution Kp= LECOHS) =60 10355y - ©
B B (s + 3) B
Ky = stoSG(S)H(S) (14 0.60s)(1 + 0.35s5) 3
s(s+3)

K, = S[_‘)tOSZG(S)H(S) = 0

(1+ 0.60s)(1 + 0.35s)
Example 2: Find K, K, K, for the system having

Q) G(s) = g and H(s) = 0.7

ii) G(s) = T35 and H(s) = 0.6

~10(1 + 0.55)(1 + 0.85)
~ s2(s2+3s5+5)
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10
Example 2, Solutions: i) G(s) =— and H(s) = 0.7

o2
7
Kp = S[_‘)tOG(S)H(S) =z = ®
7
K, = Lt sG(s)H(s) =—= o
s—0 S
7 2

S
_ 2 _ _
K, = s[—'>toS G(s)H(s) = 2 = 7

3 ‘e
it) Kp= SI_J)tOG(S)H(S) =% iii) Kp= SECOG(S)H(S) = ©
Ky = Lt sG(s)H(s) =0 Ky = Lt sG(s)H(s) = o
_ 2 _8
Ko= Lt s*G()H() =0 Ko = L s7CIHE) =5
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40(s + 2)
s(s+1)(s+4)
Determine (i) Types of the system (i) All error coefficients

Exercise: 1. A unity feedback system has G(s) =

(iit) Error for ramp input with magnitude 4.

20(s + 2)
s?(s+1)(s+5)
Determine (1) Types of the system (ii) All error coefficients
(iii) Steady state error for step input 1+3t+t*/2.

Exercise: 2. For a unity feedback system has G(s) =

Solution : 2 To determine type of system arrange G(s)H(s) in time constant form

, _ 20(s+2)
@) GHS) = Z v6rs
~ 8(1+0.55)
~ s2(s+1)(1+ 0.2s)

Sincej =2 thisisatype 2 system

comparing this with standard form

(i) Error coefficients:
Kp= o,
K,=0 and K, =8
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_(i1i) Since the input is non — standard, let us use the formula

_ SR(s)
Css ™= s—>to[1 + G(s)H(s)

t2

Given:r(t) =1+ 3t + >

1 3 1 s®243s+1
R(S)=—+—2+—3= 3
S S S S

SR(s) (s?+3s + 1)

€ss s—>o[1 + G(s)H(s)] s=0 2 8(1 + 0.5s)

(1+ s)(1+ 0.25)
1

€ss— g = 0.125

KioT Mechatronics Engineering Department
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Analysis of First Order System ... Cont’d

KiOoT

Order: order of system is the highest power of ‘s’in the denominator of

a closed loop transfer function.

Fig.(a) shows a first — order system.

Ris) 1 ) Ris) | Cls)
+ % Is ‘ = L Te+ 1 —
(a) 1 (b)
From Fig. (a), we get, ~ G(s) =7—and H(s) =1
C(s) _ G(s) 1 Fon
R(s) 1+G(s)H(s) 1+Ts -
1
Now, G(s)H(s) = 7

The pole of G(s)H(s) is at s = 0 and it is Type 1. It should not have steady-

state for step input.
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KiOoT

Unit- Step Time Response of First — order system

For the Unit- step input, R(s) = 1/s. So, the output response is given by

ng Equ. 2 = R =
Using Equ. 2, ¢(s) 1+ sT () s(1+ sT)
Expanding C(s) into partial fractions gives,
1 2 1 1
T
C(S) = = = - —
1 T 1 1
s(1+sT) S(S-l—T) S (S+T) 1 g

t
Taking the inverse LT C(t) =1—e T t=>0

» This states that the output rises exponentially from zero value to the final

value of unity. Ac(d

1 ____________________

The plot of C(t) versus tis,
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One important characteristic of such
an exponential response curve c(t) as
shown in Fig below is that at t = T, the
value of c(t) is 0.632, or the response
of c(t) has reached 63.2% of its total

change.

0.632

» The initial slope of the curve att =0 is

given by de

dt

=T

L
fail r

|
==
T T

The error response of the system is given by; e(t) =r(t) —c(t) = e

of)

Unit-step response of a first-order system

N e

Fort > 4T, the response remain within 2% of the final value.

= Where T is known as the time constant of the system

KiOoT
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Closed Loop Poles of First Order System

» The closed loop transfer function of a system is given by,

C(s) _ G(s)
R(s) 1+G(s)H(s)

» The equation which gives poles of system is called characteristic equation which

S, 1+ G(s)H(s) = 0

i.e. 1+Ts=0

Since closed loop poles are the root of characteristic equation, so for first order

system there is only one closed pole i.e. )
1 ll'nﬂg;llﬂl‘f
S =—=
T |
= The pole - zero plot is as shown, Heal
- b -
=17

KiOT Mechatronics Engineering Department
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Analysis of Second Order System ... Cont’d

» Fig. below shows a general second- order system.

= The closed-loop transfer function C(s)/H(s) of the system is given by,

C(s) _ ﬂ_.!:nt_ _
R(s) s +2w s+,

2

= Where, ¢ = Damping ratio. Denoted by Greek symbol Zeta.
w,, = Undamped natural frequency (rad/sec)
And s> +2&w,s + w2 =0 iscalled characteristic equation

= The time response of any system is characterized by the root of the denominator.
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= Note: In practice it is not necessary that numerator must be always w?. It may

be other constant or polynomial of ‘s’ but denominator middle term coefficient
and last term coefficient reflect ‘2éw,,” and ‘w3’ of the system respectively.

Hence, always denominator (not numerator) of a T.F. must be compared with
the standard form s? + 2&w,,s + w% = 0 to decide the value of § and w,, of the

system.

R(s) 10 E'I:E]'
- Example: (s+1)5+2) I
10
Cls) _ Gis) s+ 1){s+2) 10
R(s) ~ 1+G[5}H|{5}'1+ 10 T 524+ 35+ 12
(s+ 1){s+ 2)
wl = 12 ie w, = 12 rad/ sec
3
Whil 25 = 3 = —— = 0.433
e = [y 'E- E\IIIE

KiOoT
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Effect of £ on Second Order System ... Cont’d

KiOoT

Actual damping

Damping ratio(S) = Critical damping

O Consider input applied to the standard second order is Unit step.

R(s) 1/s w2
) 0 » =

While R(s) = s2+2Em, s+ wl

Finding the roots of the equation 52 +2Ew, s+ ©f =
. —28wy =18 0} - 40}
a 1 -

Le

i—

ie. S1 3 = —E@yt @y 82 —1

We can write, C(s) =

f
5(3+ E wy + Wy .,flf,z -1 ) (5+ £y — g ofE2 =1 I

Mechatronics Engineering Department
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= Now nature of these roots is dependent on damping ratio. Consider the

following case:
(i) Case 1: ¢ = 0 (Undamped)

= The roots are , s;2 =tjw,
i.e. complex conjugates with zero real part. i.e. purely imaginary.

0% 1 §

- : - Bs+ C
C(s)'s(s2+(oﬁ) s §2+ C(5]=i:“+ -

c(f)y=1-cos W1

5% 4 wi

= The response is purely oscillatory, oscillating with constant frequency

. cit)
and amplitude. !

AN AAN

= S0, this response does not die out with

ime AVATATAVAY

= The figure shows the plot of c(t) versus t.

0

KioT Mechatronics Engineering Department
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(ii) Case 2: 0 < ¢ <1 (Underdamped)
= The roots are, 512 = — Ewy 2jmg 1-E2

As £ <1, the term &2 -1 is written as j4/1 - &3

Hence roots are complex conjugates with negative real part.

‘h

Cs) @, _ @,
R(s) s*+2fams+@, (s+&0,+ jo,)s+Eo, - jo,)

Where, w; = w,+/1 — &% (rad/sec) is called damped natural frequency

For a unit-step input, R(s) = 1/s.

i

o
Cl5)=— =
() 5(5° + 25w, 5 + mf: )
_1 s+ 28w, _1 s+28m,

5 (s +2€w s +@7) - [(s+&w ) + ! - @’
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Cls) 1 s+, Ew, "y
5) =—— — _ . ” :
s G+éw) vy @ (s+Ew,) +oy o il o = et cos @yt
(s + {w,) + o]
1 s+owm, & @, - o 1 e
2 ] .' = gy
5 {.E-!-gm"}l + @ Jl_‘;-z E~F+§mq]z+m§ -|:.‘i+§wn]|:+m§- e Sifn @y

Taking the inverse Laplace transform o '[C(s)] = c(1)

Ge 5

e % mﬂlf
J1-&
= e
=1 _..E_.E.(ﬂl]dt:: COS @yl +§Eiﬂ Wd-')
,|||l_

cli)y=1- e % cog gl -

=Gl

—lnﬁ[sin & cos @t + cos @ sin @,r)
I-¢

£
E'!‘mrrl B _t2
e npre | 0= (D)

J1-&
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=gt} h_
et =1-— §in ﬂ.ludl—fll+tﬂn-1—¢q fortz0
1-& §
The error signal for this system is the difference between the input and the output and is
e(r) = n() = c(r)

- .
=g [cus Wyl + sin md:}, for 120

I-&
» The error signal exhibit a damped sinusoidal oscillation. At steady-state, or at t = oo,

no error exists b/n the output and the input

C(t) A\

KioT Mechatronics Engineering Department
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(ii) Case 3: ¢ =1 ( Critically damped)
» For critically damping the roots are real, equal and negative.
i.e. S§S1 =8 = —fwn

For step input,

C(s) = w2 B w2 1 Wy, 1
)= s(s+w)(s+w,) sis+wy)? s (s+w,)? s+ w,
C(t) =1— wpe @it —e @nt
=1—(1+ w,t)e ®nt This is purely exponential.
? ce)
i ST SIS et e e z
ao
—> ¢
Critically damped

KioT Mechatronics Engineering Department
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(iv) Case 4: & > 1 ( Overdamped
= |n this case, the two poles or root of C(s)/R(s) are negative real and

unequal. i.e. S1,82 = —éw,, + w,/&* —1

= For a unit-step input, R(s) = 1/s and C(s) can be written

wy,
C(s) =
) T ton t onf@ - D6 1 S0 — ony@ - D
1 A B
—— +

s s+ &wy+wp/E2 =1 s+ Ew, — w52 -1

C(e) = 1 — [ae~(Eontonf@=1)t _ o~(on-en/B-1)]
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Transient Response Specification ... Cont’d

= The actual output behavior according to the expression derived can
be as shown.

:il}

| Feak overshoot M,

Tolerance band + 2 %
-«-r-w'!;; In steady state, output

100 % —fF———— remains within + 2 % ermor
98 % band
90 %
50 %
10 % X
- -t
[
T, i
.;".a! |
To

KioT Mechatronics Engineering Department
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KiOoT

Let us define the various time response specifications referring to the above

Figure.
1) Delay Time T,: itis the time required for the response to reach 50% of
the final value in the first attempt.

It is given by, 1+ 0.7¢

T,
d ™

2) Rise Time T,: It is the time required for the response to rise from 10%
to 90% of the final value for overdamped system and O to 100% of the
final value for underdamped systems. The rise time is reciprocal of the

slope of the response at the instant, the response is equal to 50% of the

final value. It is given by; 9 = tan-1 ( /—1ggz) ad
mT—06 , ,
T, = " Sec Where; 8 must be in radians
d

MechaEtronics ngineering Department
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3) Peak Time T, It is the time required for the response to reach its peak

value. It is also defined as the time at which response under
goes the first overshoot which is always peak overshoot.

nim nim
T, = = Sec

Wa  wp/& —1

» The first overshoot is obtained for n =1 & the second

overshoot is obtained for n = 2.

4) Peak Overshoot M Itis the largest error b/n reference input and output

during the transient period.

- It also defined as, the amount by which output overshoot its

reference steady state value during the first overshoot

__srm
Mp:{c(t)lt:Tp}_l Or %M, =e V1-¥ x 100
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5) Setting Time T.: it is the time required for the response to decrease and

stay within specified percentage of its final value (within

tolerance band).

Time constant of system = —=T
Swn
4
T, = 57 =4XxT .... for tolerance band of + 2% of steady state
n

» Key point: 1 Time constant ‘T’ is the time required by the system output to

reach 63.2% of its final value during the first attempt.

» Reading Assignment: Derivation of Time Domain Specification

<« slope = /T

& T
v f :
i | C
g B
0.632}---7--- 'A -
o

0

=i le— 63.2%
le—— 86,505

wle— 95%

2T
Unit-step response of a first-order system
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Worked Examples: ... Cont’d

25
s(s +10)

Dwn ()¢ (i) wg (iv) T, and (v) Mp

Example 1) For a system having G(s) = and unity feedback. Find

. . _ 25 —
Solution: G(s) = G+ 10) and H(s) =1
25 cts) G 25
COHS =5710) ™ ) " T76HG) 2+ 105125
C(s) _ Wn*

Where, Standard form of:

R(s) 52+ 2&w,s + w,?

ra
Comparing we get: w,,* = 25 or w,, = SE and 2¢w, = 10

Therefore: 2 X ¢ X 5 = 10

¢ =1 Hence,the system is critically damped.

wg = wn1—82 =0
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= oo Therefore,there is no peak

én
T

M, =100e V"% =100e vi-iZ =0

Example 2) A system has G(s) = & H(s) = 1.Find ()w,, (ii) & (iii) w4

s2+5s5+5
(iv) Ty (T, (WiT, v(ii) My and (viii) Ts

20
. C(S) G(S) s24+5s+5 20
Solution, R(s) 1+G(s)H(s) 1+ 20 ~ s2 455425
s2+5s+5

(i) Since, w,,* must be compared with thedenominator of C(s)/R(s)only:
w,? = 25 or w, = 5rad/sec and

(ii) 26w, =5 oré=05
(iii) wg = w1 — &2 =5xv1 — 0.5%2 = 4.33 rad/sec
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T 3.14

=2 = 0725
w, 433 See

(wi) T,=

__sm __05m
(v) Mp=100e V=¥ =100e V1-052 = 16.32%

4 4

(viii) Ts= 0. 05 1.6 sec

1+0.76 1+ 0.7x0.5

(iv) T,= o z = 0.27 sec
(v) T,.= % Where, 8 = tan™? (—“1?2) = tan™! ('1;(;'52) = 1.0472rad
T,= 222272 — 0.484 sec

r 4.33




" Calculate M, D and K. The system was initially relaxed. Cont'd

AC(H
e : 0.0034
B0 Ll e s s
M I S
e =
=96N 1
f’ b 20, 30
e ; : —» 7
7777777777 10 22 4.0 (sec)
(@) (b)
Solution
From Fig. E8.12(a), we can write
d*x dx
H=M—+D—+ Kx
/ f@) dt? dt ) °
Taking Laplace transform, we get .
F(s) = s MX(s) +sDX(s) + KX(s) =(s?M +sD+K)" %)
: F(s)
" o Al 757 TIPS Q)
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Heref(t) =9.6. Therefore

Therefore =

Here

or

9.6
F(s) = -
96 7
.. S M
XO=em+sd+K) (o, D, K
M M
.1
%= M
E‘ /
= M
D
Ko, =
S D

T M 20, 2JMK

Fig. E8.12. (b), the final value is 0.04. Therefore

96 _96¢

Lt =
$-2052M +sD+K K

... Cont’d




... Cont’d

g. E8.12 (b), the overshoot is 0.0034 for final value 0.04, Therefore

~0.0034
%MP= WXIOO=85‘

5
%M, = e ¥+ X100 Q)

75%XIOO ™

=€ - ey
8.3 e T, = 2.2 sec, we can write o~ /
M N\ - n i g .

0.085= ¢ ¥ To -8 -
it 3,14 =

. ALl o dalliigy R

-2.465 = ﬁ o 22%1-0.61572 il \

E=06175 . \/-g 18145 :
K 240) H " :

2 ——=———=T728%¢ - /\

A.l TICRTT R ' i (

D .
- N - ¢
D = 26MK =2x0.6145x72.89x240 = 162.9 Nim/sec




... Cont’d




