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Chapter 3

Analysis of linear continuous systems

3.1 System response

The first step in analyzing a control system was to derive a mathematical model of the process. Once such
a model is obtained, various methods are available for the analysis of system performance.

In analyzing and designing control systems we must have a basis for performance comparison of various
control systems. This basis may be set up by specifying particular test input signals and by comparing the
responses of various systems to these signals. The use of test signals can be justified because of a correlation
existing between the response characteristics of a system to a typical test input signal and the capability of
the system to cope with the actual input signal.

The aim of analysis is the study of system’s behavior in transient and steady-state when the model of
the system and the input signals are known, (Dorf and Bishop, 2008), (Ogata, 2002).

In the following we will consider systems described by transfer functions H(s) with one known input
signal r(t). The output ¢(¢) will be computed from:

c(t) = L™'[H(s)R(s)]

3.1.1 Typical test signals

The commonly used test input signals are those of step functions, ramp functions, impulse functions, sinu-
soidal functions and the like. With these test signals, mathematical and experimental analysis of control
systems can be carried out easily since the signals are very simple functions of time.

If the input of a control system are gradually changing functions of time, then a ramp function of time
may be a good test signal. Similarly, if a system is subjected to sudden disturbances a step function may be
a good test signal, and for a system subjected to shock inputs, an impulse function may be a test. Once a
control system is designed on the basis of test signals, the performance of the system in response to actual
inputs is generally satisfactory, (Ogata, 2002).

The use of such test signals enables one to compare the performance of all systems on the same basis.

3.1.2 Transient response and steady-state response

The time response of a system consists of two parts: the transient and the steady-state response, as
shown in Figure 3.1. By transient response we mean that which goes from the initial to the final state. By
steady-state response we mean the manner in which the system output behaves as ¢t approaches infinity.

In designing a control system, we must be able to predict the dynamic behavior of the system from a
knowledge of the components.



Transient state Steady-state

Figure 3.1: Transient and steady-state response

Usually the system is decomposed in simple elements of at most second order, that simplifies the method
of analysis and also we can know the contribution of each element to the system behavior.

The behavior of simple systems can be studied using some characteristic parameters:

e Time constant, T’

e Time delay constant, T,,
e Damping factor ¢

e Natural frequency wy

e Gain constant, K
The main steps in system analysis are:

e Write the equation or system of equations that define the relationship between the input and output
signals. In the case of linear systems, these are differential equations.

e Determine the transfer function or transfer matrix and identify the system parameters: gain factors,
damping factors, natural frequencies, time constants etc.

e Determine the output signal for a test input signal (step, ramp, impulse, sine etc.)
e Graphical or analytical study of each element behavior emphasizing the influence of system parameters.

3.2 First-order systems

Consider a first-order system shown in Figure 3.2.
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Figure 3.2: First-order system

Physically, this system may represent an RC circuit, a thermal system, or the like. The input-output
model, or the transfer function, is given by:

H(s) = = (3.1)




In equation (3.1), the constant K is the gain, and the coefficient of s in the first-order polynomial in the
denominator, T', is the time constant. In this section, the time constant T is a positive real number.

Example 3.2.1 FElectrical system. Consider the RC' circuit shown in Figure 3.3. The differential equation
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Figure 3.3: RC circuit

that describe the relationship between the input and output voltage (Vi and Voy) is obtained directly from
the Kirchoff’s law:
Vin(t) = VR(t) + Vour(t)
where
dv:)ut(t)
dt

VRr(t) = Rig(t) = Ric(t), ic=C
and we obtain:
d‘/out(t)
dt

If we apply the Laplace transform to this equation, when all the initial conditions are zero, the transfer
function is:

V:m(t) = RC + ‘/out(t)

%ut(s) o 1
Vin(s)  RCs+1
The gain is K = 1 and the time constant is T = RC.

H(s) =

Example 3.2.2 Mechanical system. Consider the mechanical system shown in Figure 3.4, where m is the
mass of the car, u(t) is an external force (the input signal), y(t) is the velocity of the car (the output signal)
and b is the friction coefficient.

Input force (i) , Qutput velocity y(t)
—>» Carwithmassm |—»

Friction force

Figure 3.4: Mechanical system

If y(t) is the velocity of the car, the first derivative dy(t)/dt is the acceleration. Then, from the equilibrium
of forces, we have the following differential equation:
dy(t) dy(t)

m= = = u(t) — by(t) or m= + by(t) = u(t)

If we apply the Laplace transform, considering the initial conditions to be zero, the transfer function

results as:
Y (s) 1




The gain and time constant of the transfer function obtained above can be determined by dividing the de-
nominator by b. Thus:

The gain is K = 1/b and the time constant T = m/b.

In the following we shall analyze the system responses to such inputs as the unit step, unit ramp and
unit impulse functions. The initial conditions are assumed to be zero. Note that all systems having the
same transfer function will exhibit the same output in response to the same input. For any given physical
system, the mathematical response can be given a physical interpretation.

3.2.1 Unit-step response of first-order systems

Since the Laplace transform of the unit step function is 1/s, substituting R(s) = 1/s into equation (3.1), we

obtain:
K 1

T Ts+1s

C(s)

Expanding C(s) into partial fraction gives:

Cls) =K <i - Tszji— 1)

Taking the inverse Laplace transform, we obtain the system response as:

c(t) = K (1 - e*t/T) . (t>0) (3.2)

The exponential response curve ¢(t) given by equation (3.2) is shown in Figure 3.5.
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Figure 3.5: First-order system step response

Equation (3.2) states that initially the output c¢(¢) is zero and finally approaches K. One important
characteristic of such an exponential response curve c(t) is that at t = T the value of ¢(t) is 0.632K, or the
response has reached 63.2% of its total change. This may be easily seen by substituting ¢ = T" in ¢(¢). That
is:

o(T)=K(1—e!)=K(1-0.368) = 0.632K



In one time constant, the exponential response curve has gone from 0 to 63.2% of the final value. For
t > AT the response remains within 2% of the final value. As seen from equation (3.2), the steady-state
is reached mathematically only after an infinite time. In practice, however, a reasonable estimate of the
response time is the length of time the response curve needs to reach the 2% line of the final value, or four
time constants. This can be seen by substituting ¢ = 47" in ¢(¢) given by relation (3.2):

c(4T) = K(1 — e /Ty = K(1 —e™) = K(1 —0.018) = 0.982K

The time required for the output to reach 98% from its final value (and to remain within 2% of its final
value) is called the settling time. For a first-order system it is equal to 4 time constants:

ts = 4T

Another important characteristic of the exponential response curve is that the slope of the tangent at
t=01is K/T, since:
de(t) K K

_K _yr K .
il L (3.3)

If the line crossing the origin and having this initial slope is extended until it intersects the steady-state
asymptote (see Figure 3.5), the intersection will occur exactly at one time constant t = 7.

From equation (3.3) we see that the slope of the response curve ¢(¢) decreases monotonically from K/T'
at t = 0 to zero at ¢t = oo.

Notice that the smaller the time constant 7', the faster the system response (see Figure 3.6).

o0 5 10 15 20 25 30
t (sec)

Figure 3.6: First-order system step response for various time constants

3.2.2 Unit-ramp response of first-order systems

Since the Laplace transform of the unit ramp function is 1/s%, we obtain the output of the system of Figure

3.2 as:
K 1

O =Frie

Expanding C(s) into partial fraction gives




Taking the inverse Laplace transform of this equation we obtain:
o(t) = K (t T+ Te’t/T> . (t=0) (3.4)

A plot of the unit ramp response of a general first-order system is shown in Figure 3.7.
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Figure 3.7: First-order system ramp response Figure 3.8: First-order system impulse response

When time approaches infinity ¢ — oo, the exponential term in (3.4) will approach 0 and the system
response will follow asymptotically a line with the equation:

ct)y=K({t—-T)

In practice, the steady-state of the system response occurs also at 4 time constants, similar to the step
response of the first-order system, because at this moment of time the exponential term is sufficiently close
to zero:

e/ — =4 = 0.0183

thus, the settling time is t;, = 47

3.2.3 Unit-impulse response of first-order systems

For the unit-impulse input, R(s) = 1 and the output of the system of Figure 3.2 can be obtained as:

K
Cls) = Ts+1 !
or,
K
c(t) = ?e_t/T, (t >0) (3.5)

The response curve is shown in Figure 3.8.

From (3.5), the response curve starts at K /7" for the initial time ¢ = 0 and approaches 0 as t — co. The
steady-state can be considered reached at the settling time ¢, = 47"

3.2.4 A note on the system gain
Consider a first-order system with the transfer function
1
H =
)= 7ot
where the gain is 1, and a first-order system with the gain K:

K
Hi(s) = 77

=K -H(s)
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When the input is a unit step R(s) = 1/s, the step response for the first system is:

oft) = L H()R(s)] = 17 [ (3.
and
t) = L7 (s) - RG] = 0 O = g o T e (3.7

for the second system.

Thus, the gain constant will influence the system response only in magnitude. Consider, for example a
first-order system with the transfer function:

K
s+1

H(s) =

The system has a time constant 7" = 1 and the settling time: t; = 4T = 4sec, for any value of K. The system
responses for a unit step input and values of K = 1,2,3,4 are illustrated in Figure 3.9. The steady-state
value of the output, for a unit step input is K.

—_—=t
— k=2
— (=3
e K=4
2 L
1t
OO 1 2 3 4 5 6

t (sec)

Figure 3.9: Step response for various values of K

Relations (3.6), (3.7) are actually valid for any system described by a transfer function, not only for
first-order systems. Therefore, in the following section, the gain of the system is taken as equal to 1 to
simplify the calculus. A different gain will not change the characteristics of the transient response, it will
influence only the magnitude of the response (proportional to K) and the steady-state value.



3.3 Second-order systems

Consider the second-order system shown in Figure 3.10 where the system transfer function is written in the

R(: C(
_(9)> H(s) —S)>

Figure 3.10: Second-order system

generalized form:

C(s) 1 w2
H(s)= 22 = = n 3.8
O = RE) T Tt Ear1 F Kwws+ (38)

The system gain is 1, but any other value of the gain will change only the magnitude of the system response,
as discussed in section 3.2.4.

All coefficients of the polynomial in the denominator are positive. The special case when some of them
have negative values will be discussed in the section presenting the problem of system stability.

The dynamic behavior of the second-order system can be described in terms of two parameters: the
natural frequency wy, and the damping factor C.

Example 3.3.1 Consider the system with the transfer function:

1

H(s) = 5o

The natural frequency and the damping factor are calculated from:

1 2

1
— 1, = =1 = —
w2 wn, “n ¢ 2

The roots of the characteristic equation of the second order system:
§2 + 20wps +wi =0

(or the poles of the system) are:

51,2 = —Cwn + WnV C2 -1

The poles of a second-order system in the form (3.8) are:

e complex conjugates for 0 < { < 1 and lie in the left half s-plane. The system is called underdamped
and the transient response is oscillatory

e complex conjugates on the imaginary axis for = 0. The system is called undamped and the transient
response does not die out.

e real for ( > 1 and the system is called overdamped. If ( = 1 the system is critically damped. The
transient response of critically damped and overdamped systems do not oscillate.



3.3.1 Step-response of second-order systems

The transfer function of the second-order system is:
C(s) w2

n

H(s) = —
(s) R(s) 8%+ 2Cwns + w?

and consider the input r(¢) = 1, (¢ > 0) a unit step. Then R(s) = 1/s and the system response is:

2
Wn

- 5(s% + 2Cwps + w2)

C(s)

1. Underdamped case (0 < ( < 1)
The poles of the transfer function are complex conjugates and C(s) can be expanded in partial fractions:
1 s+ 2¢wn, 1 5 4 Cwnp, Cwn,
C(s)=—-— =-— — 3.9
() s 24+ 2wps+w2 s (s+Cwn)?+wi (54 Cwp)? 4 w? (3:9)
where wg = wp+/1 — (2 is called the damped natural frequency.
Using a Laplace transform table we obtain:

£—1 S+ Cwn S| = e—Cwnt cos wyt
(s 4 Cwn)? + w3

_ Wd _ .
£t = e~ “nlginwgt
Ls + Cwn)2 + wﬂ ‘

Hence, the inverse Laplace transform of equation (3.9) is obtained as:

£7C(s)] = c(t) =1 — e~ ownt [cos wqt + sin wdt]

<
V-0

or, after some calculations:

—Cwn /1 —
c(t)=1-— 61;2 - sin (wdt + arctanﬁ) , (t>0) (3.10)

From equation (3.10), the frequency of transient oscillation is the damped natural frequency wy =
wpy/1 — (2 and thus varies with the damping ratio ¢ and the natural frequency w,. Since for the
underdamped case ( is positive and smaller than 1, the frequency of oscillations is mainly influenced
by wy,. See for example the step responses of second-order systems for various values of w, when ( is
kept constant, illustrated in Figure 3.11. Notice also that a variable w,, does not change the maximum
value of the system output.

The step responses of second order systems when w,, is constant and ( takes various values between 0
and 1 is presented in Figure 3.12. The frequency of oscillations is slightly changed by the variable (,
but the maximum value of the system response depends on the damping factor.

2. Undamped case (¢ = 0). If the damping ratio ¢ is equal to zero, the response is undamped and
oscillations continue indefinitely. The transfer function is:

w2

Hs) = 52 —I—nw2
n

and it has two complex poles on the imaginary axis s;2 = fwy,j. The response c(t) for the zero

damping case may be obtained by substituting ¢ = 0 in equation (3.9), yielding:
2
w 1 ]
Ols) = —mn - °
() s(s24+w2) s 2+ w?

or, taking the inverse Laplace transform:

10



—_ =
n

—_—=2
n

—— =3
n

—_— =7
n

t (sec)

Figure 3.11: Step response of an underdamped second order system for various values of w,
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Figure 3.12: Step response of an underdamped second order system for various values of

c(t) =1—coswpt, (t>0) (3.11)

Thus, from equation (3.11) we see that w, is the undamped natural frequency of the system. That is,
wy, 18 that frequency at which the system would oscillate if the damping were decreased to zero.

The step responses of three undamped second-order systems (¢ = 0) for various values of the natural
frequency w,, are illustrated in Figure 3.13.

0.5

t (sec)

Figure 3.13: Step response of an undamped second order system for various values of w,,

3. Critically damped case, (( = 1)

If { =1 the transfer function of the second-order system is:

2 2
H(s) = 5 - 7 = - 2
24 2wps + w2 (s+wp)
The system poles are real and equal: s; = s3 = —w,, and the system is critically damped.

11



For a unit step input R(s) = 1/s, the output C(s) can be written as:

2

n (3.12)

Cls) = (s 4 wn)?s

The inverse Laplace transform of equation (3.12) may be found as:

ct) =1—e (1 —wyt), ,(t>0) (3.13)

The step response of a critically damped system (¢ = 1) is shown in Figure 3.14 for various values of
Wn-

08 — 0 =1
0.6 — ) =2
0.4 o =4
n
0.2
o 1 1 1 1 1 1 1 i
0 1 2 3 4 5 6 7 8

t (sec)

Figure 3.14: Step response of critically damped second order system for various values of w,,

. Overdamped case, (¢ > 1)
In this case, the two poles of H(s) = C(s)/R(s) are negative real and unequal:

51,2 = —(wn T wny CQ -1

For a unit step input, the output C(s) can be written:

w2

n (3.14)

Cls) = s(s—s1)(s — s2)

By partial fraction expansion the output (3.14) is:

C(s) = + n - n
(5) s182 8 s1(s1—s2)s—s1  Sa(s1 — S2) 8 — S92

w2 1 w? 1 w? 1

To simplify the relation, compute:

5189 = (—Cwn + wp /€2 — 1)(—Cwp —wp /€2 — 1) = w?
51*52:*Cwn+wn\/<2*1+<—wn+wn\/c2*1:2wn\/C2*1

then, C(s) becomes:
1 Wn 1 1
C(s)=—-+ —
() s 2y/¢2—1 <31(s—51) 82(3—52))

Taking the inverse Laplace transform, the system output c(t) is:

ot) =14+ —=n (eslt—em) (3.15)

2/(2 -1\ 51 52

and:

where s1 = —w, (¢ — /(% — 1) and s2 = —w, (¢ + /(2 — 1) are the system poles having negative real
values. Thus, the response ¢(t) includes two decaying exponential terms.

The step response of an overdamped second order system is illustrated in Figure 3.15 for various valued
of the damping factor (.

12



0 5 10 15 20 25 30
t (sec)

Figure 3.15: Step response of an overdamped second order system for various values of ¢
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Figure 3.16: Step response of a second-order system Figure 3.17: Poles of a second-order system for various
for various values of damping ratio values of damping ratio
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All cases presented above for a second-order system are summarized in Figure 3.16 for various values of
the damping ratio ¢, when the natural frequency is constant w, = 1.

As ¢ decreases, the system poles approach the imaginary axis (see Figure 3.17) and the response becomes
increasingly oscillatory.

3.4 The unit step response and transient-response specifications

In many practical cases, the desired performance characteristics of control systems are specified in terms of
time-domain quantities. The following transient response characteristics to a unit step input are commonly
used:

1. Rise time
2. Peak time
3. Maximum overshoot
4. Settling time
These specifications are defined in what follows and are shown graphically in Figure 3.18.

“C{t}

Tollerance

0.9

0.1

e

L 3

L 3
-3

I A

Figure 3.18: Second-order system underdamped response

1. Rise time, t, : the time required for the response to rise from 10% to 90%, or 0% to 100% of its final
value. For underdamped systems the 0% to 100% rise time is normally used. For overdamped systems,
the 10% to 90% rise time is commonly used.

2. Peak time, ¢, : the time required for the response to reach the first, or maximum, peak. The peak
time is not defined for overdamped systems.

3. Maximum overshoot )M, : the maximum peak value of the response curve measured from the steady-
state value of the response. Very often the overshoot is expressed as percentage of the steady-state

14



value (percent overshoot, M,y ) and computed from:
t —
My, = c(tp) = c(o0) | 100%
c(0)
where ¢(00) is the final (steady-state) value of the output.

4. Settling time, ¢, : the time required for the response curve to reach and stay within a range about the
final value, usually 2% or 5% of the final value.

3.4.1 Second-order systems and transient response specifications

In the following we shall obtain the rise time, peak time, maximum overshoot and settling time of the step
response of an underdamped second-order system. The values will be obtained in terms of ¢ and wy,.

1. Rise time, t, . Referring to equation (3.10) we obtain the rise time ¢, by letting c(t,) =1 or

e_cwntr
c(ty) =1 — —— - sin | wyt, + arctan
1—¢2

Since et =£ (), we obtain:
1—¢2
VIZ¢)
¢

1 — (2
VCC —kn, keZ (3.16)
The first value of k from (3.16) for which ¢, > 0is k = 1.

Ji-@ G

Wty + arctan———— =71 = wgt, = T — arctan c

sin (wdtr + arctan

or

wgytr + arctan

Thus, the rise time t, is:

t, = L. <7T - arctan'l_@> = b (3.17)

wq ¢ wq

where 8 = arctan c is defined in Figure 3.19. The poles of an underdamped second-order system

are s12 = —Cwp, + jwpy/1 — (2. The real part of the poles is negative and equal to —Cwy, and the
imaginary part is wqg = w, /1 — (2, as presented in Figure 3.19. The angle 3 is the angle between the
negative real axis and the line that connects the pole s; to the origin.

2. Peak time, t, . From equation (3.10) we may obtain the peak time by differentiating c(¢) with respect
to time and letting the derivative equal zero (the peak time is the time of the first maximum). The
output signal ¢(t) is:

e—g‘wnt

17_42 . Sin (Wdt —+ B)

c(t)y=1-

Vi@

where 8 = arctan T as shown in Figure 3.19. Notice also, from the same figure that: cos{ = ¢

and sin 8 = /1 — (2.

de(t)  Cwpe Swnt e~ Cwnt

o Niere sin (wqt + B) — 7\/@

wq cos (wgt + )

15
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Figure 3.19: Second-order system poles

—Cwnt
dil(tt) = ui;i_;@ (C sin (wgt + B) — /1 — (2 cos (wqt + ﬁ)) =

The derivative is zero at the peak time ¢, and we obtain:

wne—gwnt

i@

sin(wqt + 5 — B)

de(t) W,

d‘[; |t:tp = Sln(w(itp) . \/17_7@

This yields the following equation:

. eigw”tp — 0

sin(wgtp) =0
or

watp = km, k=0,1,2,..

Since the peak time corresponds to the first peak overshoot, wgt, = m. Hence

bty = — (3.18)

The peak time corresponds to one half cycle of the frequency of damped oscillation.

3. Maximum overshoot, M, , occurs at the peak time or at ¢t = ¢, = wld. The steady-state value of the
output is ¢(oo) = 1. Thus, from equation (3.10) the value of the maximum overshoot M, is obtained

as the difference between the maximum value and the steady-state value of the output:

—CwnT/wq
M, = c(tp) — c(o00) = c(tp) —1 = _€1C2 sin(wgm/wq + 5)
e~/ VI=¢ e—C/V/1-¢? o—TC/\/1-C2
My = ———F——sin(r + ) = ———F——=—(—sinf) = 1—¢2

JI-C JI-C JI-C
M, = e~ ¢/ 1=¢?

For a second-order system having the gain 1 and a unit step input, the percent overshoot is:

or

My, = W -100% = C(tp)ll - 100% = e~ ™/ V1=¢* . 100% (3.19)
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Mp (%)

Figure 3.20: M, versus ¢

The overshoot is a function only of the damping ratio ¢ and the relationship between them is shown
in Figure 3.20. As illustrated in the figure, the percent overshoot decreases as the damping ratio

increases.

4. Settling time, ¢; . For an underdamped second-order system, the transient response is obtained from

equation (3.10):
—Cwnt
e

VI-C
The curves ¢; 2(t) = +e~%“nt/\/1 — (2 are the envelope curves of the transient response for a unit-step

input. The response curve ¢(t) always remains within a pair of the envelope curves as shown in Figure
3.21. The time it takes the decaying sinusoid in relation (3.20) to reach 2% of its steady-state value is

c(t)y=1- - sin (wgt + B) (3.20)

gcitl

Figure 3.21: Step response of an underdamped second-order system and the envelope curves

the settling time. It is the time when the envelope curves reach 0.02, or:

*Cwnts
—0.02

N
, _ —n002y/1-¢

’ Cwn

As (¢ varies between 0 and 0.9, the expression —1In0.024/1 — (2 varies between 3.9 and 4.7, (Nise,
2004). Then, a common approximation of the settling time is:

Then:
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ty= — (3.21)

Example 3.4.1 Consider the closed-loop system with the transfer function:

25

H(s)= 2
(5) 52 4+ 65+ 25

From the general form of a second-order system transfer function:

2
n

s2 + 2Cwy, + w2

w

H(s) =

the system parameters are:
wnpn=5 (=06

Then we obtain:

1. The system poles are:
s12=—Cwp V1 —-C(%=-3+4j

2. The damped natural frequency (the imaginary part of the poles) is:

wg =wpV1—-¢2=5y1-0.62=14

and the poles negative real part:

—Cwy, = —3.
According to Figure 3.19, the angle 5 is:
B = arctan—=L = 0.93 (rad)
(wn

3. The rise time is:

T—f3  3.14-0.93

t, =
" wq 4

= 0.55 (sec)

4. The peak time is:

3.14
tp = wid =0 = 0.78 (sec)

5. Maximum overshoot will be:

M, = e™™/V1=¢* = 0.095
The mazimum percent overshoot is then: M, = 9.5%.

6. For the 2% criterion the settling time is:

4 4 4
ts=—=—=-=133
ST o T on 3 sec

In Figure 3.22 is shown the step response of the system. The values of the system parameters can be seen
also from the plot.
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Step Response

Figure 3.22: Step response

3.5 Steady-state error

3.5.1 Introduction. The final value theorem

One of the objectives of most control systems is that the system output response follows a specific reference
signal accurately in the steady state. If the output of a system at steady state does not exactly agree with
the input, the difference between the reference signal and the output in the steady state is defined as the
steady-state error, (Burns, 2001). This error is indicative of the accuracy of the system. Errors in control
systems can be attributed to many factors, for example because of friction and other imperfections, or the
natural structure of the system, (Burns, 2001; Ogata, 2002).

The steady-state error can be computed only for systems that have a steady state, i.e. are stable.
Stability analysis of linear continuous systems will be presented in 3.10, but consider a stable system one
that has all poles with negative real parts, or located in the left half s-plane.

Example 3.5.1 The unit step response of three systems is presented in Figure 3.23, together with the step
input (green). The difference between the prescribed input signal (unit step) and the the output at steady
state is the steady-state error.

ssssssssssss

25

ess3

less2

essi

0.5

Figure 3.23: Steady-state error for a unit step input
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For a system having the input r(¢) and the output ¢(t), the error signal is:

e(t) = r(t) —c(t)

and the steady-state value of the error, egs is:

R C
© Go(s) _@

Figure 3.24: A system

Css = tli)m e(t) = lim (r(t) — c(t))

[e%¢) t—o00

The Laplace transform of the error signal for the system shown in Figure 3.24 is:

E(s) = R(s) — C(s) = R(s) — Go(s)R(s) = (1 — Go(s))R(s)
The final value theorem states that:

if lim e(t) exists, then: lim e(t) = lim sE(s)

t—00 t—00 s—0

For the system in Figure 3.24 we obtain:

€ss = ;1_13(1) s(1 —Go(s))R(s)

3.5.2 Steady-state error for unity feedback systems

For unity feedback systems, the steady-state error can be calculated from the closed-loop transfer function
Go(s) or the open-loop transfer function G(s) (see Figure 3.25), where:

~ G(s)
Go(s) = TGl
R(s) E(s) Y
=? o Gs) Y
Gyfs)

Figure 3.25: Closed-loop system

The error signal in Figure 3.25, as a function of time, is:

e(t) = r(t) — c(t)

The Laplace transform of the error for unity feedback closed-loop system, is obtained from the transfer
function of the closed-loop system Gy(s) as:

E(s) = R(s) — C(s) = R(s) — Go(s)R(s) = (1 — Go(s)) R(s)
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or, from the open-loop transfer function:

G(s) 1

B = (1= GoleD R = (1= 1 g ) A6 = s 7

To calculate the steady-state error, we utilize the final value theorem, which is:

lim e(t) = lim sE(s)

t—00 s—0

Using the closed-loop transfer function, we obtain:

€ss = il_rg(l] 5(1 - GO(S))R(‘S)

and using the open-loop transfer function:

R(s)

1
— lims——
Cos = %11 G(s)

Example 3.5.2 The advantage of the closed-loop system in reducing the steady-state error of the system
resulting from parameter changes and calibration errors may be illustrated by an example, (Dorf and Bishop,
2008). Let us consider a system with a process transfer function

k

Gl =7,

which would represent a thermal control process, a voltage regulator, or a water-level control process. For
a specific setting of the desired input variable, which may be represented by the normalized unit step input
function, we have R(s) =1/s.

For the closed-loop system of Figure 3.25, the steady-state error is:

I 1 1 1 1
ess = lim s - = - —
s 1+ G(s)s 14+ G(0) 1—1—%4_1 1+k

For the closed-loop system a large gain k, for example k = 100, will reduce the steady-state error to a
small value. In this case the closed-loop system steady-state error is ess = 1/101.

3.5.3 System type and static error constants

Consider a unity feedback closed-loop control system (Figure 3.26) with the open-loop transfer function:

s) = kH£1(5+Zi)
G(s) NI, 5+ 2y)

The transfer function G/(s) involves the term sV in the denominator, that represents a pole of multiplicity
N at the origin. The zeros of the transfer function: —z;, i = 1, M and the poles: —p;, j = 1,Q can be real
or complex conjugate numbers.

We define the system type to be the value of N in the denominator, or, equivalently, the number of
pure integrations in the forward path. A system with no poles at the origin, or N = 0 is a Type 0 system,
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RG) _ E() )

:T G(s)

Figure 3.26: Closed-loop system

v

a system having one pole at the origin, or N = 1, is a Type 1 system, a system with N = 2 is a Type 2
System, etc.

The steady state error may be calculated according to:

1
1+ G(s)
where R(s) is the system input. For typical test inputs, the steady-state error can be written in terms of
static error constants. In this chapter, only the unit step and unit ramp inputs will be considered.

€ss = ll_rf(l) sR(s)

Step input. When R(s) = 1/s, the steady-state error for a unit step input is:
i 1 1 I 1 1 1
Cgs = 1M S —————— = 11In — —
em0T s1+G(s)  s2014+G(s)  1+limesoG(s) 1+ K,

where K, is the static position error constant:

K, = lim G(s)

s—0

The steady-state error and the static error constants depend upon the type-number N.

Type 0 system: N = 0. The steady-state error for a unit step input is:

1 1 1
€gs = lim ———— = lim = = constant
55501+ G(s) &m1+knﬁﬂs+%) - knzla
H?:I(S +pj) H] 1Pj

and the static position error constant is:
ETTMY, (s + 2 ETIM, 2
Ky = lim G(s) = tp ALl 21) Kl
=0 =0 T[% (s +p)  [IEps

Type 1 or higher: N > 1. The steady-state error for a unit step input is:

1 , 1 NI (s + p))
€ss — lim ———— = lim i = lim 0 =0
s=0 14+ G(s) s—0 k1LZ,(s+ 2) a0 sV L (S+pg) +kHz 1(s =+ %)

1+ ~Q
5 Hj:1(5+pj)

and the static position error constant is:

= constant

Ramp input. When R(s) = 1/s?, the steady-state error for a ramp input is:

1 1 1 1
=lim——— =1 = = —
s T 0s(1+ G(s))  s90sG(s)  limy05G(s) Ko

where K, is the static velocity error constant:
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K, = lim sG(s)

s—0
Type 0 system: N = 0. The steady-state error for a ramp input is:
i 1 T 1
€ss = lim ——— = lim
T s505G(s) =0 ETIM (s + )
g tli=117 T =t/

1% (s +pj)

and the static velocity error constant is:

kM ;
K, = lim sG(s) = lim SM
s—0 s—0 Hj:1(3 +pj)

Type 1 system: N = 1. The steady-state error for a ramp input is:

1 H;’Q:I Dj

ess = lim = lim = = constant
T 5505G(s)  s—0 ETIM, (s +2)  k[TM, 2
g dLi=1\° T =)
sTI (s + )
and the static velocity error constant is:
kT ) kT,
K, = lim sG(s) = lim s Hé:1(3 + ) = %*1 % _ constant
=0 =0 s (s+p5)  ILLips
Type 2 or higher: N > 2. The steady-state error for a ramp input is:
o 1 SN s+ p)

€ss

=— = lim = lim
hmsﬁo SG(S) s—0 k Hi\il(s _|_ zl) s—0 k Hi\il(s _|_ zl)
S
SN I (s + p5)

and the static velocity error constant is:

RITE (s +21) lim ETTY (s + 2)

Ko = llg(lJSG(S) - 213(1)8 N 79 ) 50 gN-1TT9 .
S Hj:1(3 +p;) S Hj:1(3 +pj)

All these results are summarized in Table 3.1.

System type Step input Ramp input
I
Type 0, N =0 K, = const, egs = I+ K, K, =0, ess = 00
1
Type 1, N =1 K, =00, e55 =0 K, = const, ez = i
v
Type 2 or higher, N > 2 K, =00, €5 =0 K, =00,e5=0

Table 3.1: Summary of static error constants and steady-state errors

Example 3.5.3 Consider a unity negative feedback closed-loop system with the open-loop transfer function

2

C) =50

Evaluate system type, static error constants K,, K, and the steady-state errors for a unit step and a
ramp input.

The open-loop system G(s) has one pole at the origin, therefore it is a Type 1 system.
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R(s) A E(s) . P C:T(S‘)

T_ | s(s+10)

Figure 3.27: Closed-loop system

e For a unit step input, compute the static position error constant:

. . 2
Ky = llg(lJG(S) N llg(l) s(s+10) >

and the steady-state error:
1

:7:0
€ss 1+Kp

e For a unit ramp input compute the static velocity error constant

. . 2 . 2 1
Fo=Ipeet) = evi0) M0 5
and the steady-state error:
1
€ss = F =35

v

3.6 The static gain (DC gain) of a stable system

Although the stability of linear continuous systems will be presented in a following section 3.10, consider a
system with the transfer function H(s) and all poles having negative real parts, or located in the left half
s-plane.

The static gain or the DC gain of the system is the ratio of the steady-state output of the system to
its steady-state input.

Example 3.6.1 Consider two systems having the transfer functions Hy(s) and Ha(s) and the systems re-
sponse for a unit step input shown in Figure 3.28.

e for system Hi(s), the steady state value of the output is 0.5 and the input is 1. The static gain, or the
DC gain of the system is 0.5/1 = 0.5.

o for system Hs(s), the steady state value of the output is 1 and the input is 1. The static gain, or the
DC gain of the system is 1/1 = 1.

Example 3.6.2 Consider two systems having the transfer functions Hy(s) and Ha(s) and the systems re-
sponse for a step input r(t) = 2 shown in Figure 3.29.

o for system Hi(s), the steady state value of the output is 1 and the input is 2. The static gain, or the
DC gain of the system is 1/2 = 0.5.

o for system Hs(s), the steady state value of the output is 3 and the input is 2. The static gain, or the
DC gain of the system is 3/2 = 1.5.
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Figure 3.28: Step responses
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Figure 3.29: Step responses

R(s) C(s)

H(s)

Figure 3.30: A system
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In general, for a system having the transfer function H(s) and a unit step input r(¢) = 1 the output is
given by:

The steady-state value of the output can be computed using the final value theorem:

c(00) = lim ¢(t) = lim sC(s) = lim sH(s)1 = lim H(s)

t—o0 s—0 s—0 S s—0
and the DC gain is:
DCgain = ¢(co) = lim H(s)
1 5—0

For any constant (step) input r(t) = A, the output is given by:

the steady-state value of the output is:

c(oo0) = lim ¢(t) = lim sC(s) = lim sH(s)é = Alim H(s)

t—00 s—0 s—0 S s—0
and the DC gain is:
DCgain = ¢(co) = lim H (s)
s—0

Example 3.6.3 Consider a system having the transfer function:

s+ 10
H =
) = Gr G+ 15 +5)
The DC gain is:
s+10 10 1
DCygain = lim H(s) = li = =2 =02
Cgain = lim H(s) S G )4 A (2 st 245 4 0

If a unit step input is applied to this system, the steady-state value of the output will be:
¢(o00) = DCygain = 0.25
If the input is a constant signal r(t) = 5, the steady-state value of the output is:

c(00) =0.25-5 = 1.25

3.7 Effect of an additional zero

Consider a system with the transfer function H(s), a unit step input R(s) = 1/s and the output C(s).

R(s) C(s)

Hs)

Figure 3.31: A system
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The system step response can be expressed as:

S

o(t) = £71C(s)) = £71 [H@)]

Now suppose we add a zero at —a and divide the transfer function with a so the DC gain (or the steady-state
value) of the new system is unchanged. The new transfer function is:
s+a s

H.(s) = . H(s):aH(s)—i—H(s)

The step response of the system H,(s) result:

ca(t) = £71[Cu(s)] = £ [in(s)} _ ! [1 (SH(s) + H(s))] — L)+ e

a

(since £71[sC(s)] = ¢é(t))

If a is small, or the zero is close to the imaginary axis, 1/a is large and the step response of H,(s) will
increase with the quantity 1/a - ¢(t). The effect of addition of a zero is the increase of the overshoot.

Example 3.7.1 . Consider the system with the transfer function:

1
Syst 1: H B
ystem 1(s) T sl
We add a zero at —1 and obtain: )
s+
Syst 2: H =
ystem 2(s) s2+s5+1

The step responses for these two systems are presented in Figure 3.32.

1.4

1.2 ]
1r ]

0.8 — Step response of H1 7

0.6 : : : s Step response of H, ||

041 B

0.2 ]
00 é ;1 é é 1‘0 12

t (sec)

Figure 3.32: Effect of addition of a zero at -1

Now consider the zero was added at —10 and the gain of the new system was divided by the value 10 so
the total gain is equal to one (the gain of system 1).

0.1 10
System 3: Hjz(s) = m

The step responses were compared in Figure 3.33.

The general effect of additional zero at —1 to the second order system is the increase of overshoot. If
the additional zero is —10, then a = 10 and 1/a = 1/10 = 0.1 is small. Thus, the contribution of the term
¢(t) in the total response is small and the step response of the system with a zero at —10 resembles the step
response of the original system.
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Figure 3.33: Effect of addition of a zero at -1 and -10

3.8 Transient response of higher-order systems

Consider a system with unit step input R(s) = 1/s an output C(s) and the transfer function H(s). Then
C(s) can be written:

_a"s"+ . t+astagp
~ s(bns™ ...+ bys +bg)’

The transient response of this system to any given input can be obtained by computer simulation. If an
analytical expression for the transient response is desired then it is necessary to factor the denominator
polynomial. The poles of C(s) consist of real poles and complex conjugates poles. A pair of complex-
conjugates poles yields a second order term in s. Since the factored form of the higher-order characteristic
equation consists of first- and second-order terms, equation (3.22) can be rewritten, (Ogata, 2002):

C(s) = H(s) - R(s) (m <n) (3.22)

C(S) — K Hﬁl(s + Zi)
s[T=1 (s +pj) [Tioy (8% + 2Gwps + wyp)

where ¢ + 2r = n. If the poles are distinct C(s) can be expanded into partial fractions as follows:

a . " bi(s + Grwr) + crwry /1 =
C(s) R P A -

s s+ $% + 2Cpwys + w}

k=1

From this last equation we see that the response of a higher-order system is composed of a number of terms
involving the simple functions found in the responses of first- and second-order systems. The unit-step
response c(t), the inverse Laplace transform of C(s) is then, (Ogata, 2002):

q T T
c(t) =a+ Z aje Pit 4 Z bre” Sk coswy /1 — Pt + Z cpe” kR sinug /1 — CPt (3.23)

j=1 k=1 k=1

If all the poles lie in the left-half s-plane, then the exponential terms and the damped exponential terms
will approach zero as time increases. The steady-state value of the output is ¢(o0) = a.

Let us assume that the system considered is a stable one. Then the poles that are located far from the
jw (imaginary) axis have large negative real parts. The exponential terms that correspond to these poles
decay very rapidly to zero.

The poles located nearest the jw axis correspond to transient response terms that decay slowly. Those
poles that have dominant effects on the transient-response behavior are called dominant poles.
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Example 3.8.1 A real pole located at —1 will contribute to the total response of a system (3.23) with a
(weighted) exponential e~t, and a pole at —10 will contribute with an exponential e 1%. A complex pole
having the real part —1 and the imaginary part 20 gives a term of the type e tsin20t and a complex pole
with the real part —10 and the same imaginary part gives e~ 1% sin20t. As presented in Figure 3.34, if the
absolute value of the real part of the pole is large, the exponential approaches zero fast and its contribution in
the system response vanishes quickly. These poles are located far from the imaginary axis. When the absolute
value of the real part of the pole is smaller, or the pole is located near the imaginary axis, the corresponding
exponential term decays slowly to zero and has a significant contribution to the system output.

¢! sin(20t)
—e 0 sin(20t)
0.5H — I
_e—10t
o |
~0.5F e
-1 I I I I I
0 05 1 15 2 25 3

Figure 3.34: Exponential terms

3.8.1 System approximation using the concept of dominant poles

Consider a system with a transfer function:

k(s +a)

H(s) =
5) (éﬁ—l—%s—i—l)(ﬂs—i—l)

It has a zero at z; = —a and three poles: two complex poles p; 2 = —Cwy, £ jwny/1 — (2 and one real pole
at ps = —1/T. If, for example, the real pole is far from the jw axis and the complex poles are dominant,
the system order can be reduced by neglecting the real pole. Because the steady-state value of the system
response to test inputs must remain the same, the gain factor must be multiplied by the absolute value of
the time constant or 1/pole (divided by the absolute value of the pole).

Example 3.8.2 Consider a third-order system with the transfer function:

s+ 2

Hy(s) = (52 + 25+ 2)(s + 10)

The system poles are: p1,2 = —1 £ j and ps = —10. Because the real pole is located 10 times far from the
imaginary axis than the complex poles, ps can be neglected. The system gain will be divided by |ps| = 10 and
obtain: 0.1( 2)
d(s +
H. ="
2(8) = 21254 2

The step responses obtained for the two systems are almost the same, as shown in Figure 3.35.

Example 3.8.3 Consider a system with the transfer function:

62.5(s + 2.5)
(s2 4 6s+25)(s + 6.25)

Hl(S) =
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Figure 3.35: Comparation of two step responses

e StEP response of H,

— StEP response of H2

t (sec)

The system poles are: p1,2 = —3+4-7 and p3s = —6.25. The gain is equal to 1 and the steady state value
for a step input must be maintained. As an approrimation we neglect the real pole and obtain:

Using a computer simulation the step responses of the two systems are shown

1.6

1.4

1.2

0.8

0.6

0.4

0.2

Figure 3.36: Comparation of two step responses

Hy(s) =

10(s +2.5)
52 +6s+ 25

e StEP response of H,

— StEP response of H2

i Figure 3.36. The effect of

25

neglecting the real pole was to increase the overshoot and reduce the settling time. This happened because
the real pole was not very far from the complex poles and cannot be neglected for a good approximation.

3.9 Systems with time delay

Figure 3.37 shows a thermal system in which hot water is circulated to keep the temperature of a chamber
constant. In this system, the measuring element is placed downstream a distance L from the furnace, the
air velocity is v and 7 = L/v sec would elapse before any change in the furnace temperature was sensed
by the thermometer. Such a delay in measuring, delay in controller action, or delay in actuator operation,
and the like is called time delay, transport lag or dead time. The time delay is present in most process

control systems.
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Figure 3.37: Thermal process

A time delay is the time interval between the start of an event at one point in a system and its resulting
action at another point in the system.

The input u(t) and the output y(¢) of a time delay element are related by
y(t) = u(t =)
where 7 is the time delay. The transfer function of pure time delay element is given by:

Llu(t — 1)] _ U(s)e *™ _
£lu(t)] U(s)

A linear system which exhibits time delay, is defined by the differential equation:
du(t — 1)
Z aj dt Z J dt]

where u(t) is the input signal, y(¢) is the output, and 7 the time delay. The Laplace transform of the
differential equation which describes the system will give:

e T Za]33£ Zb s].£

—ST

H(s) =

and the transfer function is: .
Sty ags?
e ST J=

A = e~ UG

If we use a Taylor series expansion for e™*7:

L 50 1 33
e —1—7-3+573 3!7-5 + ...
and the truncated Taylor series expansion of a ratio of two polynomials:
14+ ars

T =1t (at Brs = Bla = B + 5o~ H)r's"

we can approximate the time delay transfer function as a ratio of two polynomials, usually called a Padé
approrimation:

1
a) 6_37_: 1—§T$
1—1—17'3
2.2
b) o5 1-— 77'8+ 127’ S

1+ 3754 57282
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3.10 Stability of linear continuous systems

3.10.1 Definitions and stability in the s-plane

One of the most important characteristics of the dynamic behavior of a system is the stability. For linear
systems the stability is related to the location of the roots of the characteristic equation.

Whether a linear system is stable or unstable is a property of the system itself and does not depend on
the input or driving function of the system. The input contributes only to the steady-state response terms
in the solution.

A system is BIBO stable if for a bounded input it has a bounded output (response).

A bounded input may be, for example, a step signal, or a sinusoidal signal. A ramp or an impulse are
not bounded and cannot be used for stability analysis using this criterion.

Example 3.10.1 , (Dorf and Bishop, 2008). The concept of stability can be illustrated by considering a
right circular cone placed on a plane horizontal surface. If the cone is resting on its base and is tipped
slightly, it returns to its original equilibrium position. This position and response is said to be stable. If the
cone rests on its side and is displaced slightly, it rolls with no tendency to leave the position on its side.
This position is designated as the neutral stability. On the other hand, if the cone is placed on its tip and
released, it falls onto its side. This position is said to be unstable.

A T
3>V

[

Figure 3.38: Stability

The impulse response can also be used as a basis for stability analysis. A linear system is stable
if and only if the absolute value of its impulse response, integrated over an infinite range, is
finite. A consequence of this definition is that the impulse response of a stable system will approach zero
as time approaches infinity.

Consider a system with an input r(¢t) = 0(¢) (ideal impulse) and an output ¢(¢). The responses of a
stable, marginally stable or unstable system are presented in Figure 3.39.

t)=5t (1)
r(t)=o(1) Hes)
v ) ()
A Ih t t
[ U v i
stable marginally unstable
stable
a) b) c)

Figure 3.39: System response

e For a stable system the steady-state value of the impulse response is zero (Figure 3.39 a)):

lim ¢(t) =0

t—o00
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e For a marginally (critically) stable system the steady-state value of the impulse response is
different from zero, but it is limited, (Figure 3.39 b)):

0< tlim c(t) < o0

—00

e For an unstable system the steady-state value of the impulse response is not limited, (Figure 3.39

c)):

fim o) =

The system transfer function is written as:

_Cls) _ ETTZ (s + 21)
R(s)  s" H?:l(s +05) [Thei (82 + 20 + (f +w}))

The system poles are either real: p; = —0o;, complex conjugates py1 2 = o £ jwy, or poles at the origin of
multiplicity N. The output response for an impulse input is then:

q r
1
c(t) = E Ajelit + E Bk(w—)ea’“tsinwkt (3.24)
: k
j=1 k=1

The location of the poles in the s-plane indicate the system response. The poles in the left-hand portion
of the s-plane result in a decreasing response for disturbance inputs. Similarly, poles on the jw axis and in
the right-hand plane result in a neutral and an increasing response, respectively, for an impulse input.

This division of the s-plane is shown in Figure 3.40 where the location of the poles and the corresponding
impulse response are represented with the same color.

marginally stable

A Im(s)
X
X
p 4
Re(s)
> £ >
b 4
X N N
> > X
A
stable unstable
e —

Figure 3.40: Stability in the s-plane

e Real positive poles (p;) and complex poles with positive real parts («y) contribute in the system
response with terms of the type ePit or e**!sinwyt that increase towards infinity.
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e Real negative poles (p;) and complex poles with negative real parts (aj) contribute in the system

response with terms of the type ePit or e**!sinwyt that approach zero as time approaches infinity.

e Complex poles located on the imaginary axis (+jwy) give an undamped sinusoidal term in the system
output

e One pole at the origin (p; = 0) contributes with a constant term in the system response

e Poles at the origin of multiplicity greater than one n > 1 contribute in the system response with terms
of the type At"~! which increase towards infinity

e Complex poles located on the imaginary axis of multiplicity greater than one will give terms in the
system response of the form At"cos(wt + ¢) which also approach infinity as time approaches infinity.

The last two cases in the list above are not included in Figure 3.40, but the following example shows the
impulse response for systems having double poles on the imaginary axis.

Example 3.10.2 Consider two system with double poles on the imaginary axis, with the transfer functions:

1

Hl(s) = — HQ(S) = m

Hy has a double pole at the origin and Ho has two pairs of complex poles at +j. The impulse responses,
shown in Figure 3.41, increase towards infinity in both cases.

60

401

20r

—H ‘(s)=1/52

—H,(s)=1 /(s%+1)?

7400 10 20 30 40 50 60
t (sec)

Figure 3.41: Double poles on the imaginary axis

Clearly, to obtain a zero steady-state of the impulse response, all exponentials in (3.24) must approach
zero as time approaches infinity, or, all the poles of the system must be in the left-hand portion of the
s-plane.

A necessary and sufficient condition for a system to be stable is that all the poles of the system transfer
function have negative real parts.

We will call a system not stable if not all the poles are in the left-hand s-plane. If the characteristic
equation has roots on the imaginary axis, with all the other roots in the left-hand plane, the steady-state
output will be sustained oscillations for an impulse input. Such a system is called marginally stable or
critically stable. For an unstable system, the characteristic equation has at least one root in the right-hand
half plane or repeated jw (imaginary) roots or multiple poles at the origin; for this case, the output is
unbounded for any input.

To determine the stability of a dynamical system, one could determine the roots of the characteristic
equation.
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Example 3.10.3 o A system with the transfer function:

1

BTV e

is stable because all the poles are negative: py = —1 and po = —2.

o A system with the transfer function:

1

B0) = i s 25+ 2)

is stable because all the poles are located in the left half s-plane: one real negative poles p1 = —1 and
a pair of complex poles pa 3 = —1 £ j with negative real parts.

o A system with the transfer function:

1
H = —
3(5) s(s+1)
is marginally stable because it has one pole at the origin py = 0 while the second pole is negative
p2 = —1.
o A system with the transfer function:
1
H = -
3(s) 5244

is marginally stable because it has a pair of complex poles on the imaginary axis p1 o = £2j.

o A system with the transfer function:

1
(s+1)(s+2)(s—1)

Hy(s) =

is unstable because not all the poles are located on the left half s-plane: one pole is positive p1 = 1 and
the other poles po = —1, p3 = —2 are negative. The impulse response will still approach infinity as
time approaches infinity due to the positive pole.

3.10.2 The Routh-Hurwitz stability criterion

The discussion and determination of stability has occupied the interest of many engineers. In the late
1800’s, A. Hurwitz and E.J.Routh published independently a method of investigating the stability of linear
systems. The Routh-Hurwitz stability method provides an answer to the question of stability by considering
the characteristic equation of the system, (Dorf and Bishop, 2008).

The characteristic polynomial in the Laplace variable is written as:

q(s) = aps™ + 15"+ ...+ ais + ag (3.25)

To analyze the stability of the system, it is necessary to determine whether any one of the roots of ¢(s)
lies in the right-hand half of the s-plane.

The procedure in the Routh’s stability criterion is as follows:

1. Write the polynomial in s in the form (3.25) where the coefficients are real quantities. We assume that
ag # 0 that is, any zero root has been removed.

2. Necessary conditions.

(a) All the coefficients of the polynomial ¢(s) must have the same sign if all the roots are in the
left-hand half plane.
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(b) All the coefficients of ¢(s) for a stable system are nonzero.

However, although necessary, these requirements are not sufficient. That is, we immediately know the
system is unstable if they are not satisfied, yet if they are satisfied, we must proceed to ascertain the
stability of the system.

Example 3.10.4 For example, in the characteristic polynomial q(s) = s> + s? + 1 the coefficient of
st is zero. In the polynomial q(s) = s — 2, the coefficients do not have the same sign. Therefore, the
roots of these characteristic polynomials are not (all) located in the left-hand s-plane and the systems

are not stable.

. Sufficient condition. If all the coefficients are positive, arrange the coefficients of the polynomial in
the Routh array according to the following pattern:

s" %9 p—2 04p—4 Aan—6
s il an—1 | Gnes an-s  an—t
s by by b3 by
"3 ¢ Co c3 C4
82 . €1 €9

st A

S g

The coeflicients by, by, and so on are evaluated as follows:

| Gn an—2
b an-1 Qn-3 Gp—10p—2 — Gpdn—3
1 = =
an—1 an—1
| Gn (n—4
b an-1 Qn-5 Gp—10n—4 — QpQdn—5
2 = =
an—1 an—1
| Gn an—6
b an—1 Qan-7 ap—10n—6 — Gndn—7
3 = =
Ap—1 Ap—1

The evaluation of b’s is continued until the remaining ones are all zero. The same pattern is followed
in evaluating the ¢’s, ..e’s, f, g, using the coeflicients of the two previous rows. That is:

_ |@n—1 Gn-3
o bl b2 . blan_g - an_lbg
“a= by B by
o Gp—1 0Gnp-—5
. by bs | bian—s5 — ap_1b3
> by - by

The process is continued until the n-th row is completed. The complete array of coefficients is trian-
gular.

Routh’s stability criterion states that the number of roots of the characteristic polynomial q(s)
with positive real parts is equal to the number of changes in sign of the coefficients in the first
column of the array.
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Example 3.10.5 Consider the following polynomial:
q(s) = s* + 253 435> + 45 +5

Following the procedure presented above we’ll construct the array of coefficients. The first two rows are
obtained directly from the given polynomial. The remaining are obtained from the two rows above. If any
coefficients are missing they may be replaced by zeros in the array.

s 1 3 5
3 2 4 0
82 . 2-351-4 =1 2-551-0 =5

sl 1.412.5 - _6

s0 —6:5-10 _ g

—6

In this example, the number of changes in sign of the coefficients in the first column is two (1 — —6
and —6 — 5). This means that there are two roots with positive real parts. Indeed, if we calculate the
roots of the polynomial we obtain: p; = 0.2878 + 1.416175, ps = 0.2878 — 1.41615, ps = —1.2878 4+ 0.85797,
pg = —1.2878 — 0.8579j.

Example 3.10.6 Special case, (Ogata, 2002). If a first-column term in any row is zero, but the remaining
terms are not zero or there is no remaining term, then the zero term is replaced by a very small positive
number € and the rest of the array is evaluated. For example consider the characteristic equation:

3 +22+s5+2=0

All coefficients have the same sign (are positive) and none of them is zero. The necessary conditions are
fulfilled.

The Routh array of coefficients is:

s 1 1
2 2 2
st O~ e
s0 2

If the sign of the coefficient above the zero (€) is the same as the one below it, it indicates that there are a
pair of imaginary roots. Actually, this equation has two roots at +j.

If, in other cases, the sign of the coefficient above zero is opposite that below it, it indicates that there is
one sign change.

Example 3.10.7 Application of Routh’s stability criterion to control system analysis, (Ogata, 2002) Routh
stability criterion is useful to determine the effects of changing one or two parameters by eramining the
values that cause instability. In the following, we shall consider the problem of determining the stability
range of a parameter value.

Consider the system shown in Figure 8.42. Let us determine the range of k for stability. The closed-loop
transfer function is:
C(s) k
R(s) s(s+2)(s’+s+1)+k

The characteristic equation is:
s' 4353 4352425+ k=0
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R(s) k C(s) q
= | s(s+2)(57+s+1)

Figure 3.42: Closed-loop system

To fulfill the necessary conditions, k must be positive k > 0. All the other coefficients of the characteristic
polynomial are positive and non-zero.

The array of coefficients is:

st 1 3 k
s3 3 2 0
52 7/3 k

st 2 —9k/7

s0 k

For stability, k must be positive (also imposed by the necessary condition), and all coefficients in the first
column must be positive. Therefore:

9-k
2——>0
7

or 14

0<k<—

9

When k = 14/9, the system becomes marginally stable, the system response is oscillatory with constant
amplitude.

3.11 Root locus analysis

3.11.1 Introduction and motivation

The basic characteristic of the transient response of a closed-loop system is closely related to the location
of the closed-loop poles. If the system has a variable loop gain, then the location of the closed-loop poles
depends on the value of the gain chosen. It is important therefore, that the designer knows how the closed-
loop poles move in the s-plane as the loop gain is varied.

Example 3.11.1 Consider a closed-loop negative feedback control system (Figure 3.43) with the open-loop

transfer function kG(s) where:
1

=6+

and k is a positive variable gain.

R(s) D)

?_ S I sy

Figure 3.43: Closed-loop control system

38



— k=
For k =1: . 08 |
0.6
Go(s) = ————
o(s) s24+2s+1 0.4}
The closed-loop poles are real and equal s12 = —1 and 02y
the step response of the closed-loop system is critically % 5 " 6 s
damped. tsec)
Figure 3.44: Step response for k =1
15 >
—k=3
For k = 3:
3 i
G =
0(8) 52+2S+3 osl
The closed-loop poles are complex sy 2 = —1 + V25
and the step response of the closed-loop system is un- % 2 4 6 8

derdamped with a small overshoot. tisec)

Figure 3.45: Step response for k = 3

The poles of the open-loop transfer function are 0 and —2 and do not depend on the value of the variable
system parameter k. The closed-loop transfer function is:

_ kG(s) K
Gols) = T 56() ~ o5 1k

Clearly, the poles of the closed-loop system depend on k and thus, the system response, for example to a unit
step input, will change for various values of k.

A method for finding the roots of the characteristic equation has been developed by W.R. Evans and
used extensively in control engineering. The method, called the root-locus method, is one in which the roots
of the characteristic equation are plotted for all values of a system parameter. The roots corresponding to
a particular value of this parameter can then be located on the resulting graph. Note that the parameter is
usually the gain, but any other variable of the open-loop transfer function may be used, (Ogata, 2002).

The root locus is a plot of the roots of the characteristic equation of a closed-loop system for all values
of a variable parameter in the system, k € [0, c0).

3.11.2 The root-locus method

Consider the closed-loop system shown in Figure 3.47, where k is the open-loop gain, and the open-loop
transfer function is:

Hy(s) = kG(s)H (s)

2 ; ; ; . :

For k£ = 50: 50 1.5 ]
G == 1t
o) = S50
The closed-loop poles complex s12 = —1 £ 75 and °9l
the step response of the closed-loop system is under- % 1 2 3 4 5 6

damped with a large overshoot and more oscillations. t(sec)

Figure 3.46: Step response for & = 50
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R(s) s C(s)

=
A 4

H(s) |«

Figure 3.47: Closed-loop control system

The closed-loop transfer function is:

C(s) _ kEG(s)
R(s) 14 kG(s)H(s)

(3.26)

The characteristic equation for this closed-loop system is obtained by setting the denominator of the
right side of equation (3.26) equal to zero. That is,

1+ kG(s)H(s) =0
or
kG(s)H(s) = —1 (3.27)
The basic idea behind the root-locus method is that the values of s that make the transfer function
around the loop kG(s)H(s) equal —1 must satisfy the characteristic equation of the system.

kG(s)H (s) is a ratio of polynomials in s. Since kG(s)H(s) is a complex quantity, equation (3.27) can
be split in two equations by equating the angles and magnitudes of both sides, to obtain:

| kG(s)H(s) | LkG(s)H (s) = —1 + jO

Angle condition:
LkG(s)H(s) = £180°(2¢+ 1), ¢=0,1,2,... (3.28)

Magnitude condition:

kG(s)H(s)] = 1 (3.29)

The values of s that fulfill the angle and magnitude conditions are the roots of the characteristic equation,
or the closed-loop poles. A plot of points of the complex plane satisfying the angle condition alone is the
root-locus. The roots of the characteristic equation (the closed-loop poles) corresponding to a given value
of the gain can be determined from the magnitude condition, (Ogata, 2002).

. Complex numbers.

o A complex number s = a + jb, with the real part a and the imaginary part b (Figure 3.48) has the
absolute value (or magnitude or modulus):

|s| = |a + jb| = Va2 + b?

and the phase (or angle, or argument):
b
/s = arg(s) = arctan—, if a >0
a

The phase is measured counterclockwise from the positive real axis.
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s=a+jh

Figure 3.48: Magnitude and phase of a complex number

e (Consider two complex numbers: s; = a+ jb and so = ¢+ jd. The product of these complex numbers
has the magnitude:

|s152] = |s1] - |s2] = Va2 + b2/ 2 + d2

and the phase:
/(s182) = /s1+ /sa = /(a+ jb) + L(c+ jd)

e The ratio of two complexr numbers has the magnitude:

|81| _ \/a2+b2

Iso] V2 + a2

51

82

and the phase:
zzi = /s1— /sy = L(a+jb) — L(c+ jd)
2
e Consider, for example, a complex number r and we want to compute the phase of r + 3. As shown in
Figure 8.49, the points v, r + 3, 0 and —3 form a parallelogram. Therefore, the phase of r + 3 can be
obtained as the angle (measured counterclockwise) from the positive real axis to the line that connects
r and the root of r + 3, i.e. —3.

Am

r r+3

Re

Figure 3.49: The phase of r 4+ 3

Example 3.11.2 | (Ogata, 2002) Consider a closed-loop system with the open-loop transfer function
kG(s)H(s) given by:
k(s +3)

FGOHS) = (57 1 235 57)
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The open-loop poles are: p1 = —5 and pa3 = —1 £ j. The open-loop zero is z1 = —3.

For a testpoint s = r (in general a complex number), the angle of kG(s)H(s) is:
LkG(S)H(S)|s=r = Lk + L(r+3) = L(r+5)—L(r+1—7)—ZL(r+14+7) =0+ o1 — 2 — @3 — @4

where 1, Y2, Y3, w4 are measured counterclockwise as shown in Figure 3.50.

Test point r

jo

J

Figure 3.50: Angle measurement from a test point r to the open-loop poles and zeros

The magnitude of G(s)H(s) for this system is:

kM,

|kG(s)H (s)]s=r = MyMsM,

where My, Ms, Ms, My are the magnitudes of complex quantities in the numerator and denominator of the
open-loop transfer function, as shown in Figure 3.50:

M1:|7"+3|, ]\42:|7“—f—5|7 M3:‘7“+1—]|7 M4:”l“+1—|—]|

Example 3.11.3 Root locus of a second order system

A root-locus plot of a simple second-order system is illustrated. Consider the closed-loop system shown
in Figure 3.51. The open-loop transfer function G(s) is:

Ris) k Cis)

- sf{y+2)

L 2

Figure 3.51: Closed-loop control system

k
G pu—
() s(s+2)
The closed-loop transfer function is then:
k
Gols) = S8 __ e _ K
L+G(s) 1+ s 24254k
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The characteristic equation 1s:

k
1+ ———— =0 ors’+2s+k=0
s(s+2)

We wish to find the locus of the roots of this system as k is varied from zero to infinity.

We shall first obtain analytically the roots of the characteristic equation in terms of k and analyze them
when k varies from 0 to co. In general, this is not a proper method to construct a root locus. An analytical
solution of the characteristic equation is, in general, hard to find and complicated for systems of order higher
than 2. The root locus method for systems of any order will be presented in the next section. This example
introduces only the main ideas for a simple application.

The roots of the characteristic equation are:
s1=—14+V1—-k, so=-1—+v1—-k

The roots are real for k < 1 and complex for k > 1. The locus of the roots corresponding to all positive
values of k is plotted in Figure 3.52. The gain k is a parameter on the root locus. The motion of the poles

j':!:' F 3
k=4 }...... i
k=21 . ... il
k=0 k=0

S
1]

-
\FL};
- i

—

'
[
q'"'

Figure 3.52: Root locus plot (left). Angles measured from a test point P (right)

with increasing k is shown by arrows.

e For k=0, the closed-loop poles are the same as the poles of the open-loop transfer function G(s), i.e.,
S1 — 0, S9 = —2.

o As k increases in the interval (0, 1), the closed-loop poles move towards the point (—1,0). Because the
poles have real values, the system response in overdamped.

o For k=1, the closed-loop poles are real and equal s1 = so = —1. The system is critically damped.

e As k increases from 1 to oo, the closed-loop poles break away from the real axis and become complex.
They are given by s12 = —1 £ Vk —1j. Since the real part of the poles is constant at —1, the closed-
loop poles move along the vertical line s = —1. Because the poles are complex conjugates, they will
move symmetrically with respect to the real axis. For k > 1 the system becomes underdamped and the
system response is oscillatory.
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We shall show that any point on the root locus satisfies the angle condition. The angle condition given
by equation (3.28) is:

k

[ = /s — /s +2=+180°(2¢ + 1 =0,1,2,..

Consider point P on the root locus shown in Figure 3.52 (- right). The complex quantities s and s + 2
have angles 01 and 0 respectively. Note that all angles are considered positive if they are measured in the
counterclockwise direction. The sum of angles 61 and 0o is clearly 180°, thus:

k
/[ ———|s=p = —01 — 65 = —180°
s(s+ 2) =P L 2
If the point P is located on the real axis between —1 and 0, then 61 = 180° and 62 = 0°. Thus, we see
that any point on the root locus satisfies the angle condition. We also see that if the point P is not located
on the root locus, then the sum of 01 and 0 is not equal to £180°(2k 4+ 1). Thus, points that are not on the
root locus do not satisfy the angle condition, and therefore, they cannot be closed-loop poles for any value of

k.

Once we draw such a root locus plot we can determine the value of k that will yield a root, or a closed-loop
pole, at a desired point. The corresponding value of k is determined from the magnitude condition, equation

(3.29)

If, for example the closed-loop poles selected are s = —1 + j, then the corresponding value of k is found
from:
GOH) ey = || =1
M S(S + 2) s=—1+j
or
k=|s(s+2)|smm1pj=| =144 |—14j+2 =] -1+ 144 =V12+12/12+12 =2

From the root-locus diagram of Figure 3.52 we see the effects of changes in the value of k on the transient
response behavior of the second-order system. An increase in the value of k will decrease the damping ratio
¢, resulting in an increase in the overshoot of the response. An increase in the value of k will also result in
increases i the damped and undamped natural frequencies.

From the root-locus plot, it is clear that the closed-loop poles are always in the left-half of the s-plane;
thus, no matter how much k is increased, the system remains always stable.

3.11.3 The root locus procedure

Consider a closed-loop system with a variable parameter k € [0, 00) as shown in Figure 3.53.

Ris) G(s) <«

=~
Y

H(s) |«

Figure 3.53: Closed-loop control system

The characteristic equation of the closed-loop system is given by:

1+ EkG(s)H(s) =0
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where kG(s)H (s) is the open-loop transfer function.

In the following, some rules for constructing a root locus are given.

1.

10.

11.

12.

Write the characteristic equation so that the variable parameter k appears as a multiplier

1+ kP(s) = 0.

. Factor P(s) in terms of n, poles and n, zeros

P pllmita)

Hiﬁl (s+ pj)

Locate the open-loop poles and zeros of P(s) in the s-plane with symbols: x - open-loop poles, o -
open-loop zeros.

Determine the number of separate loci SL. SL = n,, when n, > n., where n, is the number of
open-loop poles and n, the number of open-loop zeros.

Locate the segments of the real axis that are root loci:

(a) On the real axis the locus lies to the left of an odd number of open-loop poles and zeros

(b) Locus begins at an open-loop pole and ends at an open-loop zero (or infinity along to asymptotes-
in case the number of zeros is smaller than the number of poles)

The root locus is symmetrical with respect to the horizontal real axis.

The loci proceed to infinity along asymptotes centered at o4 and with angles ® 4.

2.(pj) = 2.(=)

np — N

oA =

2¢+1
D= LT~ 180° ¢=0,1,2,..(np — 1z — 1)
Ny — N,
By utilizing the Routh-Hurwitz criterion, determine the point at which the locus crosses the imaginary
axis (if it does so).
Determine the breakaway or break-in points on the real axis (if any)

(a) Set k = —P%S) = p(s), (from the characteristic equation 1+ kP(s) = 0)
(b) Obtain dp(s)/ds =0

(¢) Determine roots of (b) or use graphical method to find maximum of p(s).

Determine the angle of locus departure from complex poles and the angle of locus arrival at complex
zeros, using the phase criterion

[P(s) = £180°(2¢ + 1), at s = pj or z.
If required, determine the root locations that satisfy the phase criterion

/P(s) = £180°(2¢ + 1) at a root location s,

If required, determine the parameter value k, at a specific root s, using the magnitude condition:

1320 s+

bo— b=t 17T
I st ] T
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Example 3.11.4 Consider a closed-loop system as the one shown in Figure 3.53, where H(s) =1, and the
open-loop transfer function:

k
Gls) = s(s+1)(s+2)

Let us sketch the root-locus plot and determine the value of k so that the damping factor ( of a pair of
dominant complez-conjugate closed-loop poles is 0.5.

By following the procedure presented above section we obtain:

1. The characteristic equation is written as:

1+EkG(s)=0
or L
1+ m =0
2. The open-loop transfer function has no zeros, thus n, = 0, and three poles, py =0, po = —1, p3 = —2,

thus n, = 3.
3. Locate the open-loop poles of the open-loop transfer function with symbol X, as shown in Figure 3.54.

w

Jo

Figure 3.54: Location of the open-loop poles

4. The locus has n, = 3 branches.

5. Locate the segments of the real axis that are root loci:

On the negative real axis, the locus exists between p1 = 0 and po = —1, and from p3 = —2 to —©
(see Figure 3.55). All points on these segments are located on the left of an odd number of open-loop
poles (or zeros). The points in (0, —1) are on the left of one open-loop pole (p1 = 0). The points in
(=2, —00) are on the left all of 3 open-loop poles. All the points between py = —1 and ps = —2 are on
the left of 2 (an even number) open loop poles therefore, this segment does not belong to the root locus.

The three branches of the root locus begin (for k = 0) at the open-loop poles and end (for k — oco) at
infinity along to some asymptotes that will be computed. The arrows placed on the colored branches of
the root locus in Figure 3.55 show the direction of k increasing from 0.

jo

2 -1 0

Figure 3.55: Location of the root locus on the real axis
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6. The root locus s symmetrical with respect to the horizontal real axis. The points on the root locus are
either real poles of the closed-loop system, located on the real axis, or complex conjugate poles located
in the complex plane symmetrically with respect to the real axis.

7. The locus proceeds to infinity along asymptotes centered at o4 and with angles ® 4. Compute the center
of the asymptotes and the angles:

X - _0-1-2

74 = np —n; 3
2 +1
b= 91 1800 =012
np — N

or
® 4 = 60°, 180°, 300°

Thus, there are three asymptotes. The one having the angle 180° s the negative real axis. The
asymptotes are shown in Figure 3.56.

Figure 3.56: Asymptotes

8. The points at which the locus crosses the imaginary azis can be determined using the Routh-Hurwitz
criterion. We shall compute the value of k for which the closed-loop system is marginally stable and
the complex solutions of the characteristic equation located on the imaginary axis for this value of k.
The characteristic equation is:

k

- =0 or 4382 +2s+k=0
s(s+1)(s+2)

1+

and the Routh array:

s3 1 2
sz 3 k
st (6 —k)/3

s0 k

The crossing points on the imaginary axis that makes the s' term in the first column equal zero is
obtained from (6 — k)/3 =0, or k = 6. Replacing this value in the characteristic equation we obtain:

$2+3524+25+6=0
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or
(s+3)(s*+2)=0
The crossing points on the imaginary axis are the imaginary roots of the characteristic equation when
k=6:
s10 = +jV2

\\\_.__Jfﬁ

Ay
N

Figure 3.57: Intersection with the imaginary axis and the breakaway point

9. Compute the breakaway point. From the the characteristic equation compute k:

k
1+m:0 = k:p(S):—S(S+1)(S+2)

The breakaway point on the real axis will be determined from the solution of

p'(s) =0
d
Z(;) = (3 +65+2) =0
yields
51 = —0.4226, s9=—1.5774
Since the breakaway point must lie between 0 and -1, s; = —0.4226 corresponds to the actual breakaway

point (Figure 3.57).

Based on the information obtained in the foregoing steps, the root locus obtained is shown in Figure 3.58.

In order to determine a pair of complex conjugate closed-loop poles such that the damping ratio ¢ = 0.5
we have to remember some properties of the complex poles of the second order system:

e The complex poles of a general second-order transfer function with the characteristic equation:
§% 4+ 2Cwns + w2 =0
are

512 = —Cwn & jupyv1— CQ
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Figure 3.58: Root-locus plot

o The complex poles are represented in Figure 3.59.

From the figure, the distance between the origin and the pole s1 is: \/(Cwn)? + w2 (1 — (%) = wy, and
the damping factor  results as follows:

Cwn
Wn,

=C

cosfp =

or
B = arccos(

Closed-loop poles with ¢ = 0.5 lie on the lines passing through the origin and making the angles
darccos( = tarccos0.5 = £60° with the negative real azis, as shown in Figure 3.60.
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Figure 3.59: Location of complex poles
Figure 3.60: Root-locus plot and the poles with ( = 0.5
From Figure 3.60, such closed-loop poles having ¢ = 0.5 are obtained as follows:
s1,2 = —0.3337 £ j0.5780

Note that these accurate values of the poles with ( = 0.5 can be obtained only from a very accurate root locus
plot, constructed using a computer. From a root locus plot sketched following the procedure presented in this
section we can only approximate the values of the required poles.
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The value of k that yields such poles is found from the magnitude condition:
k=|s(s+1)(s+2)|s;, = | —0.3337 4 j0.5780] - | — 0.3337 + j0.5780 + 1| - | — 0.3337 + j0.5780 + 2| = 1.0383

Using this value of k, the third pole is found at s3 = —2.3326 by replacing k = 1.0383 in the characteristic
equation and computing the solutions.
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3.11.4 Constructing the root locus for any variable parameter

In some cases the variable parameter k may not appear as a multiplying factor of the open-loop transfer
function G(s)H(s). In such cases it may be possible to rewrite the characteristic equation such that the
procedure described in the previous section can be applied. The next example illustrates how to proceed in
this case.

Example 3.11.5 Consider a closed-loop system shown in Figure 3.61.

R(s) G(s) = 20 C(s)
- s(s+1D(s+4) .
H(s)=hks+1 <

Figure 3.61: Closed-loop system

The open-loop transfer function is:

20(1 + ks)

Gls)H(s) = s(s+1)(s+4)

Notice that the adjustable variable k does not appear as a multiplying factor of the open-loop transfer function.
The characteristic equation of this system is:
20(ks +1) s(s+1)(s+4)+20(ks+1)

1+G(S)H(s):1+s(s+1)(s+4) B s(s+1)(s+4) =0

or
s2 + 552 +4s + 20 + 20ks = 0

By defining 20k = K and dividing by the sum of terms that do not contain k, we get:

n Ks
s3 + 552 +4s+ 20

= 0 which is in the general form: 1+ KP(s)=0

We shall now sketch the root locus of the system, from the new characteristic equation.

e Factor P(s) and obtain:

P(s)— S . S
83+ 552+45+20  (s+5)(s2+4)

e The poles and zeros of P(s) are: one zero at z1 = 0 and three poles: p1 2 = £j2, p3 = —5. Thus the
number of open-loop zeros and poles are n, =1, n, = 3, respectively.

e The root locus will have n, = 3 branches.

e On the real axis the region which starts at pole —5 to the origin (open-loop zero) belongs to the final
root locus. The other two branches start on the imaginary axis, at the poles 52 and approach the
asymptotes for increasing K.

e The intersection of the two (n, —n, = 3 — 1 = 2) asymptotes with the real azis (the center of the
asymptotes) can be found from:
 —5—-752+352-0 5

- —_2_ 925
74 2 2

51



The angles of the asymptotes are:

 £180°(2¢ + 1)

o
A B) )

q=0,1

or
® 4 = 90°, 270°

o With this information available the root locus may be sketched and is presented in Figure 3.62.

Figure 3.62: Root locus
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