EE160 2025

A Quick Review



s

1254

« ZINRIE

RN

EN, WAL

I Linear System

) bW A

o u“,\»‘; ShanghaiTech University

O Linearity is defined in terms of the input u(t) and output y(t)
» Also known as excitation and response.

QO If a system satisfies homogeneity and superposition, it is a linear system.

QO If a linear system further sanctifies the property of time-invariance, it is then called an LTI system.
* Linearity + Time-invariance = sinusoidal fidelity
* Linear system is a wider concept than /inear time-invariant (LTI) system, also including /inear time-varying system

Homogeneity Superposition Time Invariance

Aj[: B\Zj T "‘L: N~ " I] .; «:E y(t)

L:*LK \4%\4:: " ) — : | "
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Homogeneity Superposition
h(ax) = a-h(x) hix,) + hix,) = hi+ x,)
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O System type: the number of integrators in the forward path
* Three error constants are defined for each system type.

FIGURE 7.8 Feedback control system for defining
system type

TABLE 7.2 Relationships between input, system type, static error constants, and steady-state errors

Type 0 Ks+z)(s+2) Type 1 Kis+z(s+z) Type 2 Kis+z)s+z) -
sUs 4 piGs + po) o U5+ o5 + pa) §*s+pis+pa) -
Steady-state error Static error Static error Static error
Input formula constant Error constant Error constant Error
1 1 1
Step, u(r) 1+ lim() G(S)_l-l-iKp K, = Constant 1+K, K, = 0 K,=o 0
(o d
1 1 1
Ramp, tu(r) ].im sG(s) X, K,=0 o0 K, = Constant X, K, =00 0
1, 1 1 1
Parabola, >t 2u(r) m K,=0 o K,=0 % K, = Constant X
a
Interpreting the Steady-State Error Specification SOLUTION: The system is stable. The system is Type 0, since only a Type 0 system
has a finite K,. Type I and Type 2 systems have K, = 20. The input test signal is a step, since
PROBLEM: What information is contained in the specification K, = 1000? K}, is specified. Finally, the error per unit step is
e(oe) = l = l = : (7.54)

I1+K, 141000 1001
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O Further consider this state space model and do what we have done again. 31 0 0 1
O Write out the differential equation for x3 and xy4: , 03 0 O 1
: = x+ U
* X3 = —2x3+ 1u 00 -2 0 1
® .x-'4:_ZX4,+2u _0 0 O _2_ _2_

* Define a new state denoted by Ax = 2x3 — x4,

« which is governed by %Ax = —4x3 + 2x4 = —2Ax
» The eigenvalue of the new state Ax cannot be modified by u. I

A key question that arises in the design r)f state ymzub(’( rmnp( nsators is whether or not all
wril ! in the complex plane.

- This is again what essentially the concept of uncontrollable state.

the poles of the closed-loop system can |

D For the ﬁrSt bIOCk9 let,S alSO Cancel the 1HPUt u by deﬁnlng d ncw delta State° The concepts of controllability and observability were introduced by Kalman i if the sysiem is controllable and

the 1960s: observable, then we can.

It Ax Tt (xl x2) - 3x1 + xZ - 3x2 - 3Ax + x2 A system is completely controllable if there exists an unconstrained
control u(7) that can transfer any initial state x(#,) to any other desired
location x(7) in a finite time, 1, = 1 = T.

Here, xz 1s affected by u and can be treated as a virtual input.

For the SISO LTI system
X(1) = Ax(r) + Bu(r),

we can determine whether the system is controllable by examining the algebraic condirion
rank[B AB A’B ... A=l
The controllability matrix Py is described in terms of A and B as

P.=[B AB AB.. A"

dimension of the system.

If the determinant of P, is nonzero, the system is controllable.
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O As a motivation, consider a transfer function, and if its

open loop pole or zero is mirrored about the jw-axis,
i.e., it is moved to the right hand s-plane, the new
transfer function shares the same magnitude frequency
response but its phase frequency response would
become more lagging or advancing over frequency
variable w.

An example is provided as script below. Can you check
its stability and if it is unstable can you make it stable?
close all; cla; clc

s = zpk(e, [], 1);

Popen = 500 * (s+2)/(s+1)/(s"2+30*s+229)
Popen = 508 * (s-2)/(s+1)/(s"2+30*s+229)

P = Popen

allmargin(Popen)

h = bodeplot(Popen);
h.showCharacteristic(’AllStabilityMargins’)
step(Popen)

P = Popen/(1+Popen); step(P)

S/L=z
1 /%\

| Nonminimum Phase System due to RHP Zero/Pole

Bode Diagram
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Phase Margin (deg) 94.7
Delay Margin (seconds) 0.0991
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0 When we are discussing stability, we are implying the stability of the closed loop control system.

Q The frequency response of a closed loop transfer function can be derived as follows.

_ G(s)
T = 1 G HG)
. G (jw)
= T = 1 G (a) H ()

0 Note this T'(jw) is the complex gain to a sinusoidal input R(jw) and apparently this gain should
not be equal to infinity (as a sufficient condition), that is, the open loop transfer function should
satisfy:

= L(jw) = G (jw) H (jw) # —1=1.180°

Gain margin, Gy. The gain margin is the change in open-loop gain, expressed in
decibels (dB), required at 180° of phase shift to make the closed-loop system unstable.
Phase margin, ®y;. The phase margin is the change in open-loop phase shift required at
unity gain to make the closed-loop system unstable.

ShanghaiTech University
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FIGURE 10.37 Gain and phase margins on the Bode diagrams
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I Block diagram reduction oA
Input
Q Feedback transducer Controller Plant
R(s) + C(s)
Input Actuating Output
g signal
G (S) — G(‘S) (error)
(§) = ———F——
Feedback Output
transducer
(a)
Plant and
controller
R(s) + j: E(s) Gs) C(s)
Input Actuating Output
signal
(error)
H(s)
Feedback
(b)
FIGURE 5.6 a. Feedback R(s) G(s) )
control system; b. simplified Input 1% G(s)H(s) | Output
model; ¢. equivalent transfer
function (e)
i : ) ki R Bk
] Transfer Function ) vaaghamuon tairus
0 General case of a high order differential equation:
d"c(r) d"'e(r) d"r(t) d" ' (1)
i e R ek aoc(t) = by — = 7] el et et bor(t)
; . . 2.50
4 Convert it into s-domain: (2.30)
a,s"C(5) + a1 5" C(s) + + -+ + apC(s) + initial condition
terms involving ¢(r)
= bys"R(s) + by—18"'R(s) + - -+ + boR(s) + initial condition
terms involving r(t)
IJ Assume zero initial conditions we get transfer function I
o R(s) b, s" + b m=ly o4 b C(s)
C(S) (b,,,s’” ay bm 1. §n 1 A T I8 bO) (b 4 by 18"+ - -+ bg)
—_— G(S) 1 (@ys" + a, 15"+ - + ag)
R(s) (ans" + ap—1"~' + - -+ +ap)
FIGURE 2.2 Block diagram of a transfer
function
Norman Nise , Control system engineering (7 Edition)
m =
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From transfer function to state space model (1)

Converting a Transfer Function with a Constant Term in

the Numerator

C(s) 24

R(s)

(s° + 957 + 265 + 24)C

¢ +9¢+26¢ + 24c = 24r

X 0 1 0

X | = 0 0 1
X3 =24 =26 -9
X
y=[1 0 0]|x
X3

= (5> + 952 + 265 + 24)

X1
A2

X3

+

(5) = 24R(s)

24

EWHBERT
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v (1) i)

R(s) 24 Cis)
57+ 952+ 265+ 24
(a)
M) + (1) x3(1) X,(1) |
. ] I !
9
26
24
(b)

FIGURE 3.10 a. Transfer function; b. equivalent block diagram hhuwingﬁ)has&: van'ablci

Note: ¥(1) = ().
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I Routh-Hurwitz Criterion
Routh-Hurwitz Table Generator

a Simply stated, the Routh-Hurwitz criterion declares r—
that the number of roots of the polynomial that are in R
the right half-plane is equal to the number of sign
changes in the first column of Routh table B

ShanghaiTech University
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PROBLEM: Make a Routh table and tell how many roots of the following polynomial
are in the right half-plane and in the left half-plane.

P(s)=3s" +95° + 65° + 45" +75° + 85> + 25 + 6

ANSWER|

https://routhhurwitz.streamlit.app/

EE160 Fall’25 lec3
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I Ideal Derivative Compensation (PD)

PROBLEM: Given the system of Figure 9.17, design an ideal derivative compensator to
yield a 16% overshoot, with a threefold reduction in settling time.
R(s) + E(s) K
% s(s +4)(s + 6)
FIGURE 9.17

Example 9.3
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SOLUTION: Let us first evaluate the performance of the
uncompensated system operating with 16% overshoot. The root locus
for the uncompensated system is shown in Figure 9.18. Since 16%
overshoot is equivalent to { = 0.504, we search along that damping ratio
line for an odd multiple of 180° and find that the dominant, second-order
pair of poles is at —1.205%;2.064. Thus, the settling time of the

C(s)

Feedback control system for

uncompensated system is 4
=—=—_=3320 w,=+/1.204>+2.064%=2.3895
o {w,, i 205 jo
£=0.504 Desired 17
£=0.504 compensated Y
43 3.613 +6.193 X dominant pole | j6
s-plane
4 Jjs
452
~1.205 + j2.064 1
K=4335 J s-plane
141 143
\‘]20'1“ Uncompensated 12
v L X | % 1 L L o dominant pole
-1.205 + j2.064 4 J1
-1.59 -7 -6 -5 -4 -3 -2 -1 0 J \‘]20_2“
W ” L Yl L L o FIGURE 9.19 Compensated
X = Closed-loop pole -759-7 -6 -5 -4 -3 -2|-1 0 dominant pole superimposed
X = Open-loop pole X = Closed-loop pole over the uncompensated root

X = Open-loop pole locus for Example 9.3

FIGURE 9.18 Root locus for uncompensated system shown in Figure 9.17
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Lag-Lead Compensation

. . > 1977
3 The velocity error constant of  Gic(s) =-

Griofs+mn 151977 /10/29.1=6.793

192.1 . 1921
d Gis)= is =3.201
ex10

v s(s + 6)(s + 10)

Q The velocity error of the uncc

0 Now to improve velocity error constant up to tenfold., we first arbitrarily choose the lag
compensator pole at 0.01 and then places the lag compensator zero at 0.04713, i.e.,

6.793.
\un) 4.713

(s +0.04713)
(s+0.01)

Gigls) =

* which means the velocity error constant will be improved by 10/(:

0O The lag-lead compensated open loop system is:
K(s+0.04713)

Guels) = 1006 +29.1)G +0.01)

FIGURE 9.42 Improvement
lead-

FIGURE 9.41 Root locus for
g-lead-compensated system of
6
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RFIE A FE: 1+ L(s)=0

(s +2.) K o
(s+p) s(s+4) (s +6)

MY A PR 2R PD 528 1) 2 Aol L .
= /L) =20+ z)— O+ p)— 200 +4) (0+6)=18C
=/ (0O+2z)— O+ p)=180"+ (O +4) (O +6)

=G(s)=
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= L(s)=C(s)G(s) =
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‘ My Personally Recommended Standard Procedure

O Consider a unity negative feedback system with a plant

B 1 1 close all;clc;clear all;
P(s) = oTssto0sset s = tf('s");
* Try to design cascade compensator such that the velocity P=1/ (s)/ (0.05%s+1) / (0.1%s+1);
constant is larger than 20, the corner frequency 1S at least wc = 30;
30 rad/s, and the phase margin 1s at least 50 . K = 18~(-10/20) / abs(evalfr(P, wc*1j))
. Ii)lfll:l clli Pfggdfllélg sllllslﬁglc.iecompensator is not enough, El gu re i ) The maximum value of the phase
' ode (K*P) lead occurs at: 1
O The lag compensator for steady state error is designed Wm = We; w, = Vzp = Ve
after the phase margin requirement has been met. alpha = 10; Tva
z1 = sqgrt(wm~2/alpha);
20 log oK o e : pl = alpha * z1;
. / }20 log g C = (s/z1+41) / (s/pl+l);
S 0 ook | | figure();
3 : } 90° - bode(C)
S T TSR A b =tan™ = OL = C*K*P;
~ 3 figure();
3 bode(OL)
N allmargin(OL)

w (log scale)
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