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Feedback Control System Performance Measures

» Advantage of feedback control systems: the ability to adjust the
transient and steady-state response

» To design and analyze feedback control systems we must define and
measure their transient and steady-state performance

» The response of the system to specific test input signals is evaluated
according to several performance criteria:
> Rise time
» Percent overshoot
> Settling time
» Steady-state error
» Sensitivity to disturbance and noise
P Sensitivity to parameter variations



Follow-up Second-order System

w} 2nd-order system
G(s)= ———
S+ 24w, N 2
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» Consider a unity feedback (follow-up) second-order system

» Closed-loop transfer function:

Y(s) G(s) w?

n

R(s) T 1+ G(s) T 2+ 2(wps + w?

T(s) =

with natural frequency w, and damping ratio (



Second-order System Poles
Y(s) G(s) w?

n

R(s) 1+ G(s) 2+ 2(wns+w?

» Transfer function: T(s) =

» Transfer function poles:

p = _Cwn + Wn\/gzj

Response Damping ratio Poles
Underdamped (<1 —Cwp =+ jwn/1 = (2
Critically damped (=1 —Wp,—Wn
Overdamped (>1 —Cwp £ w,,\/C27—1

» The natural frequency w, and damping ratio ¢ of a pole p can be
obtained as:

wn = p ¢ =~ cos(sp)



Second-order System Step Response
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Second-order System Step Response

» |f the poles are complex, the step response has oscillations and overshoot

» As the poles move toward the real axis, maintaining a fixed distance
from the origin (¢ increasing for fixed wy,), the oscillations and overshoot
decrease

» If w, increases, the poles move further left in the left half plane and the
oscillations reduce faster

» If all poles are on the negative real axis, there are no oscillations or
overshoot

» If there is a pole in the open right half plane, then the step response
contains a term that goes to oo



Underdamped Second-order System Impulse Response

» Consider the underdamped and critically damped cases (0 < ( < 1)

» The impulse response is obtained with R(s) = 1 and reveals the transfer
function:

G(s) _ w w;

(s)= 14+ G(s) s2+2Cwnps+w?2  (s+a)?+uw?

where we introduced the terms:
» damping constant: a = (w,

» damped frequency: wy = w,\/1 — (?

» Transient impulse response:

y(t) =LY ()} = et sin(wn /1= 0

o2
= < + wd> e “sin(wgyt)



Underdamped Second-order System Impulse Response
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» As the damping ¢ decreases, the poles approach the imaginary axis and
the response becomes increasingly oscillatory



Underdamped Second-order System Step Response

» The step response is obtained with R(s) = %:

6 W2
Y= {07 6() ~ (2 1 2ons + 2

» Transient step response with 6 = cos™1(():

y(t) = L {Y(s)} =1 \/i;gze@”tsin(wn\/l — 3t 40)

=1-e (cos(wdt) + 2 sin(wdt))
Wd

» The derivative of the step response is equal to the impulse response:

d a? ot -
ay(t) = <wd +wd> e “*sin(wqt)



Underdamped Second-order System Step Response

2.0

¥ 1.0

0.8

0.6

0.4

0.2

0.0

2.0

A\

0

2

4

6

w,t

8

10

12

14

» As the damping ( decreases, the povles approach the imaginary axis and

the response becomes increasingly oscillatory
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Step Response Performance Measures

>

| 2

Standard performance measures are defined in terms of the step
response of the closed-loop system

Rise time t,: time for the system step response y(t) to go from 6% to
1 — 6% of the steady-state value

Peak time t,: time at which the system step response y(t) achieves its
maximum value (defined only for underdamped systems)

Percent overshoot: the max value of the system step response, y(t,),
expressed as a percentage of the steady-state value, y(o0) = tlim y(t):
— 00

t —
y(o0)
Settling time t,: the time required for the step response to settle
within 0% of the steady-state value, i.e., for all t > t,:
)
| < —
100

percent overshoot =

ly(t) — y(o0)
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Underdamped Second-order System Step Response
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Underdamped Second-order System Rise Time
» Rise time: an exact expression for t, is challenging to obtain.

» The best linear fit to the 10%-t0-90% rise time is accurate for
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Underdamped Second-order System Peak Time

» Peak time: obtained by setting the derivative of the response to zero
and solving for t:

2 k
0= <a + wd> e “fsin(wgt) = t= il , k=0,1,2,.
Wd W’

» The maximum overshoot occurs at the first peak:
s s

t, = =
Prwg wp/1-C2

» The max value of the system step response is:

™

y(tp) =1+e “e
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Underdamped Second-order System Percent Overshoot

» Percent overshoot: since y(co0) = lim;_,o y(t) = 1:

tp) — —a
percent overshoot = M x 100% = e “d x 100%
y(o0)

» There is a trade-off between swiftness of response and percent overshoot
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Underdamped Second-order System Settling Time

» Underdamped second-order system step response:
—at o .
y(t)=1—e cos(wgt) + — sin(wqt)
wd

» Settling time: since the cosine and sine terms oscillate, approximate
the time required for the step response to settle within §% of the
steady-state value by calculating the time at which the exponential term
e~ becomes equal to ¢/100:

0 1 0
T~ — = ts~ ——In—
100 <~ 74" 100
S 4 4
» For 0 = 2%, the settling time is: ts & — =
a  Cwp
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Underdamped Second-order System Performance Measures

» |t is desirable to achieve small t,, small percent overshoot, and small ¢

» As w, increases with fixed (, t, decreases, t, decreases, the percent
overshoot stays the same, and ts decreases

> As ( increases with fixed wy, t, stays the same, t, increases, the percent
overshoot decreases, and ts decreases

» If desired upper bounds are given:
t, <t tp < tp p.o. < p-o. ts < ts

we can obtain constraints for ¢ and w,, which determine valid regions for
the transfer function poles —Cw, & jw,v/1 — (2 in the complex plane:

2.16C+0.6<Er ¢ 7r>—|n&
on Ji— ~ 100
™ <F 4 <3

Wn 1_<2_p Cwn_s
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Effect of Additional Poles or Zeros

» So far we analyzed the step response of an underdamped second-order
system with transfer function:

w;

T 24 2(wns + w?

T(s)

» What happens if the transfer function contains zeros or additional poles?
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Effect of Poles on the Step Response

» From the partial fraction expansion of the transfer function, we know
that a pole p contributes a term of the form ePt

» If any pole is in the right half-plane (Re(p) > 0), then the step response
will go to infinity (unstable system)

» If any pole is far left in the left half-plane (Re(p) < 0), then its
contribution to the step response dies out quickly

» If the poles can be divided into a set that is close to the origin, and
another set that is far away, then the poles that are close to the origin
are called dominant poles. The exponential terms in the step response
of the dominant poles determine the overall system response.

» Adding a left half-plane pole to the transfer function makes the response
slower because an additional exponential term must die out before the
system reaches its final value

19



Introducing a Pole in a Second-order System

» Introduce a pole s = —1/~ in the transfer function:
2
w
T,(s) = .
N R T 3] CER R

» If |1/y] > 10|Cwn|, then T,(s) can be approximated by T(s) since the
contribution of the new pole to the step response is dominated by the
original two poles

14
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Introducing a Zero in a Second-order System

» Introduce a zero s = —a in the transfer function:

T.(s) (%5 + 1)w?

T 24 2(wps + w?2
» The reason for writing (%5 + 1) instead of s+ a is to maintain a
steady-state value of 1

» The new transfer function can be decomposed as:
2 2
Ta(s)

i > il — T(s) + gr(s)
» The response of the third order system to a step R(s) = 1/s is:

T 52+ 2Cwps + w2 t P A+ w2

Vi(s) = (T() + 57()) = = ¥(5) + S¥(s)

Yalt) = ¥(8) + 31

where Y(s) and y(t) are the s- and t-domain step response of the
original second-order system

21



Introducing a Zero in a Second-order System
lei1)w?
> Step response of a system with transfer function T,(s) = 525:221%

and ( = 0.45
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» As a increases, the zero moves farther into the left half-plane and the
step response of T,(s) approaches that of the second-order system T(gg



Introducing a Zero in a Second-order System

» We can see from the step-response of T,(s) that adding a zero in the
left half-plane makes the step response faster:
P> the rise time decreases
» the peak time decreases
> the overshoot increases
> the settling time does not change

» If the zero is added in the right half-plane (i.e., a < 0), then y(t) is
subtracted from y(t) to produce y,(t). The response is slower and can
go decrease before before rising to its steady state value (undershoot).
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Dominant Pole-Zero Approximation

» If a high-order system has a cluster of poles and zeros that are much
closer (e.g., 5 times or more) to the origin than the remaining poles and
zeros, then the system can be approximated by a lower order system
with only those dominant poles and zeros

» Example: if a>> (w, > 0 and 1/7 > (w, > 0, then:

w%(%s—l—l) ~ T(s) w?

T.~(s) = ~ T(s) =
a(5) (52 + 2Cwps + w2)(ys + 1) s? + 2Cwps + w?
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Example: Dorf-Bishop Problem AP5.1

» Consider a control system with transfer function:

Y(s) 108(s + 3)
~ R(s)  (s+9)(s?+8s+36)

(a) Determine the steady-state error for a unit step input.

(b) Assume that the complex poles are dominant. Determine the percent
overshoot and the settling time to within 2% of the steady-state value.

(c) Plot the actual system response and compare it with the estimates of part

(b)-

25



Example AP5.1: Part (a)

» The error is:
E(s) = R(s) = Y(s) = R(s) = T(s)R(s) = (1 = T(s))R(s)
» The steady-state error for input R(s) = 1/s is:

lim e(t) = lim sE(s) = lim(1 — T(s))

t—00 s—0 s—0

C(,  108(s+3) ., 108(3)
= lim, <1 (s+9)(s2+8s+ 36)> =17 9@e) ~

0
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Example AP5.1: Part (b)

» Assuming that the complex poles are dominant:

36(5 +1) 36

T = ~
()= (55 9)(s> + 85+ 36) ~ 5+ 85 + 36

» The second-order system approximation has natural frequency w, =6

and damping ratio { = 2gn = %

» The percent overshoot is:

2
p.0. = 100 exp (—\/167427r> — 100 exp (-\}%) ~ 6%

» The settling time to within 2% of the steady-state value is:

ts ~ =1 second.

Cwn

» The percent overshoot can also be determined approximately from

27



Example AP5.1: Part (b)

» The percent overshoot can also be determined approximately from the

second-order system plots on Slide 10 and 15.
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Example AP5.1: Part (c)

» The step response of the original system is:

Step Response

1| sys = t£([108 324],[1 17 108 3241);
characteristics = stepinfo(sys,
foo 3 ’RiseTimeLimits’, [0.05,0.95],
Y e A ’SettlingTimeThreshold’, 0.02);
os ;5 1 5| stepplot(sys);

0 T S T N T O T hold on;

/ 7| plot([0,2], [characteristics.Peak,
“7;‘" T e characteristics.Peak], ’b--");

Amplitude

i i i i i i
02 04 06 08 1 12 14 16 18 2
Time (sec)

» The actual percent overshoot and settling time are:
p.o = 34.4% and ts = 1.18 second.

» The difference in the actual and estimated percent overshoot is due to
the term (£ 4 1) in the numerator, which does not satisfy the
requirement for an accurate dominant pole-zero approximation:

3=ap)(w,=4 29



s-Plane Root Location

» To understand the effect of the transfer function poles and zeros on the
system response in general, consider an abstract control system without
repeated poles

» Suppose that the step response achieves a unit steady-state value and
has partial fraction expansion:

1 A; Bys + Ci
Y(s)= -
() S+Zs+ai+zk:s2+2aks+(ai+wﬁ)

i

where A;, By, and Cy are some constants.

» The poles are real (s = —o;) or complex conjugate pairs
(S = —Qk :I:jwk)

» The inverse Laplace transform of the step response is:

y(t) =1+ Z Aje 7t + Z Dye " sin(wit + Ox)
i k

where Dy, 6, depend on By, Ci, oy, and wy
30



s-Plane Root Location

» The response is composed of the steady-state value, exponential terms,
and damped sinusoidal terms

» The response achieves its steady-state value only if the real part of the
poles is in the left half of the s-plane, which ensures that the
exponential terms decay

» It is important to understand the effect of adding, deleting, or moving
poles and zeros of T(s) in the s-plane on the step and impulse response

> The poles of T(s) determine the particular response modes (exponential
terms) that will be present

» The zeros of T(s) establish the relative weights (A; and Dy) of the
response modes. Moving a zero closer to a pole will reduce the weights of
the corresponding exponential term.

31



s-Plane Root Location

» Impulse response of an abstract control system for various transfer
function pole locations in the s-plane
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