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CHAPTER 1
Introduction to Control Systems
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%

Desired output response =——p

Actuating

device

FIGURE 1.2

Process

— Output

Open-loop control system (without feedback).

An open-loop control system utilizes an actuating
device to control the process directly without using

feedback
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Control :

Output
Results

Input
Reference

Plant or
Process

- A

e Manual Control

e Automatic Control
— Automobile Cruise-Control
— Airplane Flight Control
— Robot Arm Control
— Inkjet Printer Head Control
— Disk Drive Read/Write Head Positioning Control
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Desired output ‘ : _
Comparison %1 Controller = Process > Output

|

IL‘.‘\I)()]]\;L‘

Measurement |«

FIGURE 1.3 Closed-loop feedback control
system (with feedback).

A closed-loop control system uses a measurement of
the output and feedback of this signal to compare it
with the desired output (negative feedback).
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B Measured Boiler

O speed
Metal
sphere

Governor
I

200745 1731 | FIGURE 1.5 Watt’s flyball governor.
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Advantages of Feedback:
e Increased accuracy (reduced the steady-state error)
e Reduced sensitivity to parameter variations
e Reduced effects of disturbances
e Increased speed of response and bandwidth

Computer Aided Control System Design (CACSD)
e Matlab & Simulink
e Matrixx
e Simnon
e Program CC
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1. Establish control goals

h

2. Identify the variables to control

v
3. Write the specifications
for the variables

Y
_ | 4. Establish the system configuration
and identify the actuator

¥
5. Obtain a model of the process, the
actuator, and the sensor

A J
6. Describe a controller and select
key parameters to be adjusted

A

7. Optimize the parameters and
analyze the performance

| '

If the performance does not meet the specifications, If the performance meets the
then iterate the configuration and the actuator. specifications, then finalize the design.

FIGURE 1.19 The control system design process.
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CHAPTER 2
Mathematical Models of Systems

» Differential Equations of Physical System
» Linear Approximations of Physical System
» The Laplace Transform

» The Transfer Function Of Linear System

» Block Diagram Models

» Signal-Flow Graph Model

» Computer Analysis of control system

» Designh Examples

» The Simulation of System Using Matlab
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ntial Equations of Physical System

The approach to dynamic system problem can be listed as follow:

1.

2.

3.

6

Define the system and its components

Formulate the mathematical model and list the necessary assumptions.
Write the differential equations describing the model.

Solve the equations for the desired output variables.

Examine the solutions and the assumptions.

. If necessary, reanalyze or redesign the system
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FIGURE 2.1 (a) Torsional spring-mass

O system. (b) Spring element.
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by k)
-
Wall =
friction, b =
<

N

<5
ou

r(t) (1)
Force

(a) (b)

d’y(t) , dy(t) _
M= 2o +b= k(O =1 ()

FIGURE 2.2

(a) Spring-mass-damper system.
(b) Free-body diagram.
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Table 2.2 Summary of Describing Differential Equations for Ideal Elements

Control Svstems Desion

Type of Physical Describing Energy E or
Element Element Equation Power & Symbol
Electrical Vay = di E=1l;p WL L
inductance dt 2 L] vy
Inductive Translational S 1dF E= 1 F? k "
storage spring 2k odr 2 k Vol Y Y Y Vo pp
Rotational _1dT e L= &
- 21 — - @y
spring k di 2k w0l Y Y Y Vo aT
A . dQ 1 4 i
Fluid inertia Pyu=1 dr E= > 10° pzmpl
Electrical s dvy, E= 1 Cv, yzo_,_li I_OC v,
capacitance dt 2
Translational F=M dv, E= 1 Mv2 F=¥o =
MASS, dr 2 - constant
Capacitive Rotational
P T—17 dw-, e lng T =
storage mass dt 2 2 i
Fluid - fsz, EZLC,—PB Qg—»o o P
capacitance dt 2 Fa
dT o o
Thermal it 2 2 E=CT, “ J, T, =
capacitance di & it
consle
Electrical Fuusile i =21 V2, R ;
resistance R R * Uy A0y,
Translational _ .2 —»o—| l_o )
damper F=bvy P =bv3 F—% TR
Energy Rotational . T—m—{ I——-ocu
dissipators damper T'=bay b, @2 b i
Fluid 1 1 ., R
: =—P p=—2FP f o Q
resistance Q R, R, ™ Pro—AAN—>— P,
Thermal [ _ 1 R
resistance WEJ:“ @_E Iz gao—f\/\;‘\,—f—og
] i’ =
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M Linear Approximations of Physical Systems

A linear system satisfied the properties of superposition and homogeneity.

r(t) y()

system

r(t) > y(t) < y(t) = g[r(t)]

n(t) =y, (t)

6 - v, (t>} = r(t) = an () +/(t) = y(t) = ay, (O + A, (1)

glam (t) + fr, ()] = ag[r ()] + Aol (1)]
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S
A
Mass
M \
< o . Spring df
§ : force dy |y =y,
) —
Nonlinear > _
- o Jop —————
spring < |\
S : Equilibrium
C | (operating point)
I >y
Yo
(a) (b)

FIGURE 2.5

(a) A mass sitting on a nonlinear spring.
(b) The spring force versus y.
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Linearization of a nonlinear systems:
y(t) = g[x(t)]

Expanding the nonlinear equation into a Taylor series about the operation point,
then we have

(X=X,) , (x=x%,)"
y=9(x)= g(X)+ g(X) BT dzg() 2 +
Neglecting all the high order terms, to yield
B d (X=X,) _
y_g(xo)+&g(x)xzxoT_y0+m'(x_xo)
:>y—y0=m-(x—x0)
or Ay =m-AXx
§y=g(X1,---,Xn)
o9 o9 o9
=0g(X,., -, — _ (X, =X — X, — X — | oy (X, — X,
g( 1o no)_i_ax1 x—xo( 1 10)+6X2 x—x( 2 20)+ +8Xn ( )

2007?F 1E[31F]
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Example 2.1 Pendulum oscillator model

T =Mglsinég

osind
T-Ty=Mgl——— PY: |00(‘9 6,)

where T, =0.

Length L _
T = Mgl(cos0°)(6—0) : ol

. "

>

= Mgl

Mass M

FIGURE 2.6

Pendulum oscillator.
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M Rotational Motion

1. Inertia
Newton’s Law for rotation motion

ET(0)=Ja() =3 5 oft) - szea) (::ES'\) D

T:Torque J:Inertia «: Angular acceleration
@ . Angular velocity &: Angular displacement

2. Torsional Spring o(t)
T(1)=ko() I—x/\/\/\f—:j——
. . K T(t)

k : Torsional spring constant

3. Friction for rotational motion : viscous, static, coulomb friction

d
T(t)=B—@(t
(t) m (t) N o)
B : Viscous friction coefficient I I &
B T(t)

2007 15|31} !
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r(1) N
A
Current () R L C — ()
source _
FIGURE 2.3

v(t) dv(t) 1
R I vdt=r(t) RLC circuit.
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M The Transfer Function of Linear Systems

Definition:

ADThe ratio of the Laplace transform of the output variable to the
Laplace transform of the input variable, with all initial conditions
assumed to be zero.

ADThe Laplace transform of the impulse response, with all the initial
conditions set to zero.

r(t) y(t)
system
Y(s) _
R0
or

G(s) = LLy(1)]

2007 15|31} !
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Example : Mass-Spring-Friction System

" —y(t)

m —— f@)

1]

B

2

f(t)=ma(t) = m%v(t) = ms? y(t)
f, (1) =ky(t)

d
fo(t) = Ba y(t)

2007 15|31} !
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>f()y="f+f,+1;
2

d d
=m—; y(t) + B—y(t) + ky(t
m 2 Y(O+B YO +ky(1)

e B ko1
YO+ YO+ Y0 ="

Taking the Laplace transform with zero initial conditions, we have

S2Y (s)+ 52 (5) + Y (s) = S F(s)
m m m
Then the transfer function between Y(s) and F(s) is obtained

Y(s) 1
F(s) s’m+sB+k

2007 15|31} ! 14
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1. Inertia
Newton’s Law for rotation motion

d d? | N
>T)=Jda(t)=1J dta)(t) =J dt26’(t) @ \»L 0

T:Torque J:Inertia «: Angular acceleration
@ . Angular velocity &: Angular displacement

2. Torsional Spring o(t)
T(1)=ko() W
k T(t)

k : Torsional spring constant

3. Friction for rotational motion : viscous, static, coulomb friction

d
T(t)=B—@(t
(t) m (t) N o)
B : Viscous friction coefficient I I &
B T(t)

2007 15|31} !
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e Field-current controlled DC motor (Homework #1)
e Armature-controlled DC motor

Mathematical modeling of PM DC motor:

. - rly‘;\ R, |Armature resistance |L,  |Armature inductance
l — i, (t) + J,B v, (t) |Applied voltage i,(t) |Armature current
v, (t) e, (t) A\ T oa e, (t) |Back-emf K, Back-emf constant
T - l k,, [Torque constant T, (t) |Motor torque
. ®,0 T(t) |Load torque T, Disturbance torque
) ) J Rotor inertia B Viscous friction coefficient
The alr-gap flux of the dc motor is 6(t) |Rotor displacement |w(t) [Rotor angular velocity

¢(t) = kfif (t)
and the torque developed by by the dc motor is
T (1) = kg (01, (1) = kK1 (D1, (t)
=kk, .1 (t), i, (t)=constant

=k, i, (t)
20075 15[31f ! 16
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If L /R~ 0, the approximate model of the dc motor is obtained as

o(s) _ K,
V,(s) JR,s+(BR,+kk,)
A k
—st+l
where
o JR, B K.
BR, +k.k_° BR, +k.k_

AN Relation between k. and k,,

The power input to the rotor = The power delivered to the shaft

e, (D1, (1) =T (Ho(t) &k =k,
< ko (B, (1) =k, i, (Do(t)

2007 15|31} !
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The cause and effect equation for the motor circuit are

O =RALO+L, S0+,
e, (t) =k,o(t) =k,0(t)

T(t)=1J %a)(t) +Bao(t) +T,

d2

N
dt?

o(t) + B%H(t) +T,

The motor torqgue is equal to the torque delivered to the load, that is
T, (t) =T(t)
Hence the transfer function of the dc motor, with T,=0, is

w(s) _ K,
V.(s) (R, +sL,)(Js+B)+kk_

2007 15|31} !
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e Tachometer

d
e, (t) =ka(t) =k, d_e(t)
t
e Potentiometer

Va
e, (1) =k, 0(0). ky=_ =

app

e Incremental encoder (Homework #2)

1. Measuring angular displacement

2. Measuring angular velocity

2007 15|31} !
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DC motor Filed-controlled

Home work 2:

o(s) _,
Vi (s) |

Table 2.5

Transfer Functions of Dynamic Elements and Networks
5. dc motor, field-controlled, rotational actuator

2007 15 |31F!
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Homework 3
R R

V2 (S) — f) 1 y e

V,(s) | N | S
o é' \ L
Vis) ! = V. (5)
o ¢ =y

Table 2.5

Transfer Functions of Dynamic Elements and Networks
4. Lead-lag filter circuit

2007 15|31} ! 21
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Homework 4:

6, =no.

2007 15|31} !
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Table 2.5

Transfer Functions of Dynamic Elements and Networks
10. Gear train, rotational transformer

22
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The block diagram

+ + AN 7 I
R(s) —>Q—> G bé » G, > G, G, 1> V(5)
- +
: ]

H, |«

FIGURE 2.26 Multiple-loop feedback control
system.

2007 15|31} ! 23
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Table 2.6 Block Diagram Transformations

Transformation Original Diagram Equivalent Diagram

1. Combining blocks in X, X, X X

or
X, o
— (,2(,| e

2. Moving a summing Xy X;
point behind a block G > —

3. Moving a pickoff X X5 X X5
point ahead of a » G > ¥ G —>
block

- — (, |
4. Moving a pickoff X, X, X, X,
point behind a block > G > >
Xl Xl |
] —
L

5. Moving a summing X X ¢ X5
point ahead of a — > G G —»
block -

I X2
-

6. Eliminating a Xy + X, X G X

feedback loop G —e—ar
+ mall ¥}

H

24



NUL-EE Control Systems Desien

H; | ¢
G, |
+ + A +
R G, G, Gy > G, > Vi)
= s
H, |«
H; |«
(a)
) |
G, |
+ + A
I ~ .../L . &l G3Gy ~
F > » G > » G > > U
a ! g 1— G3G,H,
H; |=

(b)

+
R G, > Gal3Gy » }i(5)
N I~ GG+ G
Ri(%) GIGEGEGaI ¥Yis)
H:g % —> —>

1 — G3G4H,+GaG3Hy+GGoG1G 4 H;

(c) (d)

FIGURE 2.27 Block diagram reduction of the system of

Fig.2.26
2007F 1%]31F}!
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Signal-flow Graph Modes

V. (s) { G(s) - 0(s)
G(s)
Vi(s) O 0()

FIGURE 2.28 Signal-flow graph of the dc
motor.
2007F 1%]31F}!
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Signal-flow Graph Modes

* Branch:

* Nodes:

e Forward-path gain:
e Loop gain:

* Non-touching:

FIGURE 2.31 Two-path
Interacting system.

2007 15|31} ! 27
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Mason’s signal-flow gain formula:

T = Zk Piinjk B input node

! A output node
Pa

> >

2007 15|31} !
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Example 2.11

I
N
A

L
N
A
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The Simulation of System

Assuming that a mode and the simulation are reliably accurate,computer
simulation has the following advantages:

1. System performance can be observed under all conceivable conditions.

2. Results of field-system performance can be extrapolated with a simulation
model for prediction purposes.

3. Decisions concerning future system presently in a conceptual stage can be
examined.

4.  Trials of system under test can be accomplished in a much-reduceed period
of time.

5. Simulation results can be obtained at lower cost than real experimentation.

6. Study of hypothetical situation can be achieved even when the hypothetical
situation would be unrealizable in actual life at the present time.

7. Computer modeling and simulation is often the only feasible or safe
technique to analyze and evaluate a system.

2007 15|31} ! 30
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Physical Assumptions > Mathematical
system model
4 4 Math Computer
analysis simulation
Model
responses
Augment the l Prediction
system structure
] Expected
Modify the responses of
system parameters physical system
20075 1531} FIGURE 2.34 Analysis and design

using a system model.
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Example 2.12 Electric traction motor control

Pevired - ol B | L s - Vehicle
velocity = e motor velocity
a)(S) ) Sensor |«
Vin (S) (a)
R, T,;(5)
vf R] —
— AN == U Uy = 2e371 (] O K, 1 ~w(s)
Uin R, / i Uip = 1.5 2 ey R,+ L;s + Js +b r Speed
Ry
K, |
v, Ki [
(b)
FIGURE 2.35 Speed control of an electric traction
motor.

2007 15|31} ! 32
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G3(S) G|(S) 62 (S)
Vin = @y(s) = > 540 ? cio 7 r—pmx
<

0.1

\

—~
(
L/ —

cr Control Systems Desion

w(s)

FIGURE 2.35 Speed control of an electric traction motor.
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The simulation of system using Matlab

MYV + by + ky = r(t)

The unforced dynamic response,y(t), of the spring-mass-damper mechanical system is

y(t) = %e‘f"” sin(w, 11— £t +6)

2007 15|31} ! 34
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>>y0=0.15;
>>Wn=sqrt(2); « @y,
>>zeta=1/(2*sqrt(2)); «—
>>1=[0:0.1:10];
>>unforced

unforced.m &
%Compute Unforced Response to an Initial Condition
%

c=(y0/sqrt(1-zetar2)); <« y(0)/ V1 — 2
y=c*exp(-zeta*wn*t).*sin(wn*sqrt(1-zeta’\2)*t+acos(zeta));
%

bu=c*exp(-zeta*wn*t);bl=-bu; < e~ ¢ envelope
%

plot(t,y,t,bu,'--",t,bl,"--"), grid

xlabel('Time (sec)'), ylabel('y(t) (meters)’)
legend([\omega_n=',num2str(wn)," \zeta=',num2str(zeta)])

FIGURE 2.40 Script to analyze the spring-mass-
20074 15|31 ! damper. 35
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0.20

0.15

0.10

0.05

y(t) (meters)
o

—0.05

—0.10

—0.15

— w, = 14142, { = 0.3535

—=0.20
0

2007 15| 31F!

Time (sec)

10

FIGURE 2.41 Spring-mass-damper unforced response.
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Exercises

E2.8 E2.9

20074 1] 31F !
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J

CHAPTER 4
Feedback Control System Characteristics

 Open and Closed-Loop Control.

« Sensitivity of Control System to Parameter Variations.
e Control of the Transient Response of Control system.
« Disturbance Signals in a Feedback Control system.

o Steady-state Error.

e The cost of Feedback

2007 15|31} ! 1



NULLEE  Control Systems Desian

M Open-Loop and Closed-Loop Control Systems

e Open-loop
R(s) C(s)
G(s)
Transfer function: G(s) = C(s)
R(S)

Error signal: E(s)=R(s)—-C(s)

Output: C(s) =G(S)E(s) =G(s)[R(s)-C(s)]

2007 15|31} !
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Controller Process
Output
Comparison Measurement

FIGURE 4.1

A closed-loop system.

2007 1£]31F! 3
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e Closed-loop

R(s) o E(s) G(s) C(s)

F

H(s)

B(s)

Error signal: E(s) =R(s)—B(s)
Feedback signal: B(s) = H(s)C(s)
Output: C(s)=G(S)E(s) =G(s)[R(s)—B(s)]

Transfer function: T(s) = Eg T+ GCES?'I (s)
EGs)_ 1

Error transfer function: =
R(s) 1£G(s)H(s)

2007 15|31} !
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Sensitivity of Control Systems to Parameter variations

Definite: System sensitivity is the ratio of the change in the system transfer
function to the change of a process transfer function( or parameter) for a
small incremental change

JT(S) _AT(s)/T(s)  AT(s) y G(s)
Gs)  AG(S)/G(s) AG(s) T(s)
_lim AT (S) y G(s) _ aT (s) y G(s)
A0 AG(S) T(s) 90G(s) T(s)
_aIn(T(s))
~ 0In(G(s))

_ T(s)  £T(s) pG(s)
The chain rule: j =j J
a a

G(s)

2007 15|31} ! 5
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e Open-loop

Transfer function: T(s) = RE ; G(s)

J-T<S> dT (s) G(s) 1
cs)  0G(s) T(s)

e Closed-loop

C(s)_  G(s)

Transfer function: T(s) = =
5) R(s) 1+G(s)H(s)

J-T(S>_8T(s) G(s) _ 1
o) 0G(S) T(s) 1+G(s)H(s)

2007 15|31} !
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|

>/
I ]

I T

> v

Homework T
Answer the questions:

1. The necessary assumptions, such that the transfer function of the inverse amplifier can
be obtained as follows: V,(s) _ R

Vin(s)_ Ri,
2. The largest ratio of the g and g _, why?

.
3. Sh

4. Sq

2007 15|31} ! 7
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i i
/’ J

Control of then Transient Response of Control System

e Open-loop
R(S) el (G(S) ey Y(5)
Transfer function: T =28 _ b
R(S) >+a FIGURE 4.18

Open-loop control system (without feedback).

G(s)=—2—, R(s)=2
S+a S
b A
Output: Y(5)=G(s)-R(s) =
YO =LY ©F=220-e "), viz0
Time constant: £=7 Settling time: 5z

2007 15|31} !
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Error signal: E(s) = R(s)—Y (s) = As;ii;fb)
e(t) = L{E(s)} = a‘aAb ; Aa‘(:‘ AD) -a

Rise time: t =t, -t

y(t) |, = 0.9-Cy(0)

—t, =~ 21n(0.1)
a

c(t) |y="0.1- y(e0)

=1t = —lln(O.Q)
a

t =—2In(0.1) + 1 1n(0.9)
a a

2007 15|31} !
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i i
/’ J

e Closed-loop (H(s)=1)

+  E)
R(s) > CON w2
Transfer function: T(s):C(S): b —
R(s) s+(a+bh)
Output: b A
utpu Y(S)=T(s).R(s):S+(a+b).§ H(s) |4

y(t) = LHY ()} = aA—i(l—e*“b”), V20

Time constant: 7 = i

a+b
Error signal:
E(s) = R(s)—Y (s) =S+ Aa
s(s+a+h)
e(t) = LYE(s)}= 22 4 AP o
a+b a+b

2007 15|31} ! 10
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Disturbance Signal in a Feedback Control System

e Open-loop
d

R(s) + l +  Y(s)
— G(s) —O—>

Output due to R(s): Yg ) (8) |4-o=G(s)-R(s)
Outputdueto d: Y, (S)|s_o=1-d(S)

Total output: Y (s) =Yg (S) + Yy (S)
=G(s)-R(s)+d(s)

2007 15|31} !
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e Closed-loop

T, (s)

y
R(S) +©—>» 5e) . HY(S)

T——— H(s) K

Output due to R(S): Yge () |, o=

G(s)

11 GE)H() 1

1
Output due to Ty(s): Y, (S) [reo= 1+ G(S)H(s) ‘T4 (9)

Total output: Y (s) =Y,(s) +Y; (s)

U N O p LATO
1+ G(s)H (s) 1+ G(s)H (s)

2007 15|31} !
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Homework #5 1)
R(S) 4 8 %*<:%> Y(Si
—1 55 ]
Fig. H5a
3
r(t)
0
1
ty (1)
y(t)

20074 15|31} !
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R(s) 4

Y (s)

9 —
»

_|_
Fig. H5b - <T>|‘\1 (s)

d

3

r(t)

Ny (t)

y(t)

2007F 1£]31F!
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Steady-state Error

R(s) B b » G(s) > V(s)
ess - e(t) |t—>oo: e(oo) -
- !cl—[g e(t) - Isl—r;g S E(S) H(S) [

e Open-loop
Error signal: E(s)=R(s)-Y(s) = (1-G(s))R(s)
Steady-state error: if R(s)= A
S

e, =lim(1-G())R(S) = A(L-G(0))

e Closed-loop
Errorsignal: E(s)= 1+ G(SH () R(S)
Steady-state error: jf R(s) _A when H(s)=1 e =lim
5 50 14 G(s)
: A
% = IMEEE) = G 0H©)

2007 15|31} ! 15
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The Cost of Feedback System

1. Lossof gain
2. Increased number of components and complexity

3. Possibility of instability

2007 1£]31F!
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|
J

Lab #1
2> Introduction to Matlab and Simulink

3¢ Simulation (Lab #3,4,5,6)

N\

How can the Simulink be applied to measure the angular
velocity and angular displacement in which an incremental

encoder are used in control systems?

Exercises:;
E4.1 EA.3E4.6 E4.7 P4.4 P4.14 AP4.6 AP4.7

2007 15|31} !
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J

CHAPTER 5

The Performance of Feedback
Control Systems

e Introduction

o Test Input Signal
» Performance of a Second-order System
* The S-Plane Root Location and The Transient Response

o The Steady-state Error of Feedback Control System
* Performance Indices

2007 15|31} !
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Introduction

Performance Performance
measure, M, measure, M,

I :
/ | ‘ .
0 ' : 5 —d
0 1 2 Pmin 3 4 5
Parameter, p

FIGURE 5.1

Two performance measures versus parameter p.
2007 15|31} ! 2
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Test Input Signal

e Step-function

u(t):{oA ig or u(t)=A-ut) ot

U(s)=L{u(t)}= A

S
e Ramp-function

r(t) — {(’)A\t : i (O) or r(t) = At- U, (t) r(t)

R(s)=L{r(t)}= SAZ

2007 1£|31F!
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e Parabolic-function

1
p(t) = { AL 120 or p(t) _ LA -u,(t)
0 t<0 2 p(t)

P(9) = PO} = J
t

<@ General Form

() = A. ﬂ 0.(t) = R(s)= 2

n+1

2007 17|31 !
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Performance of a Second-order System

2
Y(S): G(S) R(S):ZLR(S): 5 On | + E(s) G _ |
1+G(s) s+ ps+K s*+2&w.s R(s) ’_Q (s) = Gt ——> V(5)
With a unit step input, we obtain
2
a
Y(s)= 2 - 2
s(s* +2lw, s+ W) FIGURE 5.4

Closed-loop control system (with feedback).

@, 1s held constant while the damping ratio ¢ is varied
& ¢>1:Overdamped =S, =
&5 ¢ =1 Critically damped =5, =-,
& 0<{'<l:Underdamped =S5, =
& ¢ =0:Undamped =5 ,=%jo,

& ¢ <0 :Negatively damped =S, , =
2007 15| 31F!

—Cw, T w,\C

o, * jo,1-¢
o, £ jo,1-¢
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Performance of a Second-order System

) 1
, _£?
Y(S)_s(sz+2§cons+conz) p e
when 0<¢&<1 ;
y(t)=1—%e‘5“’"‘sin(a)nﬂt+¢9) B= 12
0]0] >’
I S A TS ._._._._._._._._._._.i ______________

&=2%or 5%

AR —> t(sec
Oitdit t (sec)

A _ :
: /—L =t
Typical ﬂlnit-step response of a control system

2007 15| 31F! 6
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dy(t) @ ot 2
= n_ e sinw +/1-&E°t=0
dt ,1_62 n §
e =0 =tow

sinw A1-£%t=0 = o 1-Et=nx
t=— % p=1ot=t,

@, 1_52
Lo T

@, 1_52

M =1+e /¢
p

Ymax — Yin
yfin

PO = «100% = e~V 10

Settling Time:

#e“f“’n‘s <0.02

1- &2

; In(0.0241- &%) ~ -2

o, Sw,

t,=— , for e <0.02

2007 17|31 !

Voltage
v(t)

[ 3

[~
~

» Time

< 2(7/f,)

Damping Factor: o =¢w,
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100 5.00
20
- 90 |-\— I 1 - - i 1 i 4.80
1.8 £=0. _
- 2 80 — Percent i i = 1 i 4.60
1.6 - S
02 ﬁ Z0 | \ overshoot 4.40
14 2]
04 S 60 i 4.20
1.2 i g mnTp
0.7 g 501} - i 4.00 »,T,
¥n 1.0 10 5
038 & 40 3.80
=
06 29 % 30 3.60
| _ | I £ 50 _ . _ | | _ 3.40
0.4 |
' ' 10 - - 3.20
. . [ [ | . . 0 , 3.00
Yo 5 7 6 3 10 12 14 0.0 0.1 0.2 03 04 0.5 0.6 0.7 0.8 09 1.0
Ol Damping ratio, £

2007 1£]31F! 8
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The S-plane Root Location and the Transient Response

Jjw
M) \! T < R joNT=2
K
0=cos™!¢ :
AR N A
_2&:‘ _éwn 0
[
|
o, =0J1- T T o |
D _jwnm

2007 1£]31F!
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S-plane
P Second-order step response

System A

-

Draw the step responses of the system B and

C,. respectively
2007 15|31} ! 10
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@B
\& s

constant m,

a, <o, <0 jo

a, >0

constant
2007F 15| 31F!

$:>86,>¢ . & e
¢,
£, 6 =0
O
constant ¢
Wy, > Wy, J@
Wy,
Wy
O

constant a,
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jo
A
S-T T
—x—xT—>
0
§>1
jo
A
S-T T
X< » @
0
=1
jo
S- T A
X
0<¢<l
» w
0
X

2007 15|31} !

jo
C(AE) S- + C(AE)
1 =0 o 1
0 p L x 0 Zt
c(t) sorp 30 c(t)
A A
X
| NN
» w
0 1
0 ot Cl<¢<o X 0 / \V/ \\/ \7“
c(t) s.a ¢ c(t)
A A
AN A /
—X—X—>»
V4 0 o j
0 >t 0 >t

Step response

13
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Amplitude

w, = 10rad/s

0 1 2 3 4 5 6 T 8 9 10
Time (seconds)

FIGURE 5.10

The step response for { = 0.2 for w,, = 1 and w,, = 10.

2007 1£]31F!

Amplitude

1.2

1.0

0.8 |

0.6

0.4

0.2

=0.7 £=1

w, = 5radls

0.5 1.0 I.5 2.0 2.5 3.0
Time (seconds)

FIGURE 5.11

The step response for w, = 5 with{ = 0.7 and { = 1.

14
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The Steady-state Error of Feedback Control System

o Type of Control Systems

RO L EOT ¢ CE)

Loop transfer function: - E
H (s)

G(S)H(s):%

m m-1
b.s"+b ,s" +---+bs+Db,

= n n-1 n-2
as +a S +a ,S “+---+asS+a,

Kf[l(s+zj)

A

" Tl (s +p)

The loop transfer function as s approaches zero depends on the
number of integrations N.

® The number of integrations is often indicated by labeling a
system with a type number that simply is equal to N.

2007 15|31} ! 15
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Error function: E(s) = :
1+G(s)H(s)
Steady-state error: e_ = Iirr01 s-E(s)
If H(s)=1
= Step-function input
: 1 A
e, =lims- -—
>0 1+G(s) s
B A
1+ Iing G(s)
Define the position error constant as:

—ap

2007 15|31} !

A

eSS =
1+ Kp

R(s)

K, =limG(s)

s—0

16
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% Ramp-function input

: A A
e, =lims- — =
50 1+G(s) s limsG(s)
s—0
Define the velocity error constant as: K, =limsG(s)
s—0
— _A
SS KV
= Parabolic-function input
: A A
e, =lims- S AT
s—0 ]_—|—G(S) S lims G(S)
s—0
Define the acceleration error constant as: K, = lim 52(3(3)
s—0
— _A
SS K

2007 15|31} ! 17
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Summary of steady-state errors (unit feedback)

Type of | Error Constant Steady-state error €
system =
K IK,|K A A A
N p \' a _
1+K, | K, K.
0 K1 0| 0 | Constant 00 e
1 o | K]0 0 Constant 00
5 -l ol K 0 0 Constant
3 00 00 o0 0 0 0

18
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Performance indices “

. . r(t)
A performance index is a

quantitative measure of the N
performance of a system and is A

b

C

chosen so that emphasis is given to 30
the important system specifications.

(

A system is consider an optimum © .

control system when the system o

N
D

<

parameters are adjusted so that the
Index reaches an extreme value, @
commonly a minimum value.

0

(

The Integral of the Square of the Error: ©)

[ ar

o s

]
ISE = j e’dt
0

2007 15| 31F!
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ITSE/10

NW R YN

00.0 0.2 04 06 08 10 1.2 14 1.6 1.8 20
4

FIGURE 5.27

Three performance criteria for a second-order system.

20
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CHAPTER 6

The Stability of Linear Feedback Systems

» The Concept of Stability
* The Routh-Hurwitz Stability Criterion
*The Relative Stability of Feedback Control Systems

2007 15|31} ! 1
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The Concept of Stability

o Stability c——mp " Absolute stability
= Relative stability

e The methods for the determination of stability J@ S-plane
of linear continuous-time systems:
= Routh-Hurwitz criterion
= Nyquist criterion stable unstable
= Bode diagram
stable unstable

A stable system is a dynamic system with a
bounded response to a bounded input

2007 15|31} !
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2007 15|31 !

(ay Stable

(b)) Neufral

FIGURE 6.1

The staljility of a cone.

(¢) Unstable
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Stable Neutral Unstable

_—_

FIGURE 6.2
Stability in the s-plane.

2007 1£]31F!
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e Bounded-input bounded-output (BIBO) stability:

u(t)

5(t)

y(®) = [u(t-7)-h(z)dr

y(©)= [ut-o)-h(z)dz

System

y(t)

h(t)

= |y()|< [Ju(t=7)|- h(x)dz

If u(t) is bounded, u(t) <M = |y(t) <M IOTh(T)‘dT

Thus, if y(t) is to be bounded, or |y(t)|< N <o

=M [h(r)dr <N <

N joTh(f)\dr <Q <o

M, N and Q are finite positive number

2007 15|31} !
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M The Routh-Hurwitz Stability Criterion
Consider the characteristic equation of a linear SISO system

Q(S):a‘n(s_rl)(s_rZ) """ (S_rn):O
=a,s"—a (hL+r+.+ rn)s”‘1 +a,(nr, + 1, +..)s"°

+a, (L +nnr+..)s"> +...+a,(-1)"rr,...=0

q(s)=s"+mtgt . A
a,

Sy —Zall roots

f2 — Z products of the roots taken two at a time

a
s+—2=0
a, a

n n

=2 = —Z products of the roots taken three at a time

2> = (=1)" products of the roots
2007 15|31} !
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The necessary condition to guarantee that all roots of q(s)=0 with

negative real part are:
+ All the coefficients of the equation have the the same sign.
+ None of the coefficients vanishes.

Necessary but not sufficient!

q(s)=as"+a, _,s"" +...+as+a,=0

4+ s" |a'L 2" ,a"t ,a"t... - 1902 _ gngn-3 L _aataa
_|_ Sn—1 a.n‘—l an—3 a.n— a.n—7 a a, 2 a,
NG 4
4 g bl/)\‘b2 b, ; _ba"*-a"",
= % =
N Sn—S c bl
- 1

AN
T

_ The Routh-Hurwitz criterion states that the number of roots of q(s)
s | with positive real parts is equal to the number of changes in sign
T of the first column of the Routh array

2007 15|31} ! 8
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Casel:No element in the first column is zero

Second-order system Third-order system

q(s)=a,s’* +a,s+a, =0

q(s)=a,s* +a,s° +a,s+a, =0

s> | a, a, s°| a, a,
st | a 0 s?| a, a,
0 a,a,—-a,0 1|a,a, —a5a,
S =R TR g =22t %% 0
by . 0 k5 2
s%| a,

The system is stable if all the coefficients .
have the same sign. S€

The system is stable if a,a > aa,

2007 15|31} ! 9
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Case 2: Zeros in the first column while some other elements of the row containing a
zero in the first column are nonzero.

q(s) =5’ +2s* +2s° +4s° +11s+10=0

>0 412 12
+ s 1| 2 1 G = a0
LSt 2/ 4 10 ||le - 10
+ s° 0 6 0 d, © 720 o6

C
52 C, 10 0O '
¢ |ld| o o
+ g0 10 0 0

P N
| F(8) . =4+25+25+45+115+10 I
| =L (1+2x +2x" +4x7 +11x" +10x%) |
| = 1.F(x) |
-\ ...................................... —

2007 15|31} ! 10
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Case 3: Zeros in the first column, and the other element of the row containing the
zero are also zero.

This condition occurs when the polynomial contains singularities that are symmetrically
located about the origin of the s-plane.

S-plane S-plane S-plane.

~/ ~/
/

2007 15|31} ! 11
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q(s)=s’+2s°+4s+8=0

1 4
s?| 2
sl 0 0
SO
@)

S+2

s?+4| s°+2s*+45+8
° +43
25° +8

25° +8

S

q(s) =(s+2)(s+)2)(s-J2)=0

The system has not any pole on the RHP,
but system is marginally stable.

2007 15|31} !

A(s)=2s°+8=0
=s’+4=0

s=+1j2

(2)

S\

o |Mip| P

12
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Case 4: Repeated roots of the characteristic equation

on the imaginary axis.

q(s)=s’+s*+2s®+2s*+s+1=0

|11 2 1
11 2 1
10 0 O
SZ
dA(s
sl 1 2 1 (5)
ds
s* 2 1
sl 4 4 0
sl1 1 0
/0 0 O

The resulted of Routh array is Falsely

indicated.
2007F 1%]31F}!

A(s)=s*+2s*+1=(s*+1)* =0
S= j’ j’_j’_j

= 43° + 45

1) A(s)=s*+2s°+1=(s*+1)*=0

s=1,1=1-]

s+1

s*+25%+1 | S°+s5*+2s8° +2s% +5+1

s° 4283 +5s

S +2s°  +1

s? +2s%  +1

The system has not any root on the RHP,
but the system is unstable.

Repeated roots on the imaginary axis

13



NLULLEE  Control Sveiems Desien

q(s)=s’+2s°+4s+k =0 q(s) = s® +3ks? + (K +2)s +4 =0
3
s" 11 4 Ans: k>0.528, system is stable.
s? |2 k
¢ |82k
2
s° | k
(1) k>8
(2) k>0
| > o
8
| -
0
Ans: k>8, system is stable.
14
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Track
torque

Right

Steering mm——
B

Power train
and controller

Y(s)

>

Left
—b

Vehicle

l—3 Direction of
travel

Difference in track speed

(a)
Controller Power train and
G.(s) vehicle G(s)
o (s +4a) K
R(s) . - Y(s)
s(s+2)s+ 5 '
Desired  _ Sl \ ; :
direction
of turning
(b)

2007 15| 31F!
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q(s)=s* +8s° +17s* +(k +10)s+ ka =0

st 1 17 ka

s 8 (k+10) O

s° b ka

st c,

s? ka

bl:126—k’ g Cl:bl(k+10)—8ka
8 b,

k <126

ka>0

(k +10)(126 —k) — 64ka > 0

2007 15|31} !

3.0

2.0

1.0

0.6

Stable
— region
Selected K and a
********** 4
|
|
|
! | l l
0 50 70 100 126 150
K
FIGURE 6.9

The stable region.

16
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jw
r ]
3

: 1
I
|
Fz |

/\ | o

— 0oy
I
|

g )
Pa A
I

FIGURE 6.6

Root locations in the s-plane. .
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Exercises and Problems
E6.1,E6.2,E6.6,E6.17
P6.6,P6.12,P6.15,P6.18
AP6.4,DP6.1

2007 15| 31F! 18
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CHAPTER 7
The Root Locus Method

*The Root Locus Concept

The Root Locus Procedure
The Root contour

*The Root Locus Using Matlab

2007 15|31} !
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T Y _ b
R(s)  q(s)

Roots to find out the solution of the characteristic
= R(s) + _ E(s) o)

equation. -
q(s) =1+G(s)H(s) =0 L HE

q(s) =1+ KG,(s)H,(s) =0

1
Gi(s)H,(s) =—1e- -

: q(s) =s’+2s° + Ks+4K =0
IGl(S)Hl(S)|=m =5’ +25° +K(s+4)=0
180+ 2kz, forK >0 141K 2s+4 o
ZG,(s)H,(s) =4 0° + 2k, forK <0 s°(s+2)
where k =0,1,2... s+4
G,(s)H,(s) =
(S)H,(s) Z(s+2)

2007 15|31} !
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R(s) 5 K |l G(5) Y(s)

FIGURE 7.1

Closed-loop control system with a variable parameter K.

2007 15|31} ! 3
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+ 1
R K Y
q(s)=1+G(s)H(s) =1+ K 1 =0
s(s+2)
1 ;
| Gl(S) Hl(S) |s=31 - S(S + 2) s=s, N Q
£Gy(S)Hy(8) |, RN

2007 15|31} ! 4
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g]Kz Jjw
increasing 4
L=
// = ~,
?1/, \\&)n
e A— |~
=1 ¢ 35— E]Ke <l o
increasing
[]= roots of the
closed-loop K
system i & 1
- X = poles of the |——
open-loop _ |
system [l:le
FIGURE 7.3

Root locus for a second-order system when K, < K| << K5. The locus is shown in color.

2007 15| 31F! 5
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.\'I

1L

e ~N
e . !
5 2 // \\ "“]‘
P ~ I

/// ':\ + 2 . \\{_T" ” i\
X/ v \><

FIGURE 7.4

Evaluation of the angle and gain at s, for gain K = K.

2007 15|31 !
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M The Root Locus Procedure

Step Related equation or Rule

1. Write the characteristic equation so that|F(s) =1+ KG,(s)H,(s)=0
the parameter of interest K appears as a

multiplier.
2. Factor G,(s)H,(s) interms of n poles and ﬁ(sﬂv)

E(S"‘ )

3. Locate the open-loop poles and zeros of(g : poles, O: zeros,
F(s) in the s-plane with selected symbols.|A or [I: roots of characteristic equation
4. Locate the segments of the real axis thatja). Locus begins at a pole and ends at zero.
are root locus. b). Locus lies to left of an odd number of
poles and zeros (K >0).

5. The number of branch on the root loci, p.|#=n, whenn=>m;
N number of finite poles, M: number of finite zeros

6. The root loci are symmetrical with respect
to the horizontal real axis.
7. Intersect of the asymptotes (Centroid) dYp-Dz or D Re(p;)-D_Re(z;)
o=—— o=
n—-m

n—-m
8. Angles of asymptotes of the root loci. 2k+D7 5o
sz n—m , Bl ;k=0’1'2’...,|n_m_
2k , VK <0
n—m

2007 15|31} !
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Q. Breaka\_/vay points (saddle points) on the Roots of iGl(s)Hl(s)zo or iK 0
root loci. ds ds

10. Intersection of root loci with imaginary|Routh-Hurwitz criterion.
axis.

11. Angles of departure and angles of arrival
of the root loci.

(2k+l)z VK>0
{OHL(5) { 2kz VK <0

at s=p;, Or s=z,.

k=012,

12. Calculation of K at a specific root s,. n
iljl‘(s'*‘pi)‘

_lrl][‘(s+zj)‘
j=1 —

s=§;

2007 15|31} !
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G(s)
+ 1
R(s) K 2 P Y(s) <
(a) (b)
FIGURE 7.5

(a) Single-loop system. (b) Root locus as a function of the parameter a.

2007 15| 31F! 9
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Step 4: The root locus on the real axis always lies in a section of the
real axis to the left of an odd number of poles and zeros.

sy + 2] |s1]
Root locus
Zero

K O ZAN O—1d
_4'\_2 /' —4 -2 0 §) -2 510

—4
Polés [‘_ |Sl + 4‘|_b

(a) (b) (©

segments Roots
0, Ty
'/' ‘\ K K
N O ).( > x < )'( _D NS F N |
0

Odd segments

Step 5: Determine the number of separate loci,SL.The number
of separate loci Is equal to the number of poles

2007 15|31} ! 10
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Step 6: The root loci must be symmetrical with respect to the horizontal real
axis.

Step 7: The linear asymptotes are centered at a point on the real axis given
by , _2poles-2 ros The angle of the asymptotes with respect to the

n—-m
real axisis , _ 24+ jqq n=am=14=29"D 180 g=012,n-m-1
" n-m 4-1

- j6

Asymyj tote —__ J4

i2

Root loci sections 2

T o

/—4 —2 —1 0 —4/ L 0
Double pole —j2
— _J6

(a) (b)

2007 15|31} ! 11
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Step 8:The actual point at which the root locus crosses the imaginary axis is
readily evaluated by utilizing the Routh-Hurwitz criterion.

Step 9: Determine the breakaway point ‘;—fzo

the tangents to the loci at the breakaway point are equally over 360’

Breakaway
S point

p— >

—4 -3 -2 0

1+ KG,(s)=1+K L =0
(s+2)(s+4)

(a) (b)
2007 15|31} ! 12
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p(s)
K=—(s+2)(s+4)
K (2s16)=0,5=-3 L
ds
0.75
ar
9]
dK
_____________________ ds
_______________________________________________ 15
S
_________________________________ )
20074 1%|31[ | 13
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Step 10:Determine the angle of departure of the locus from a pole and the
angle of arrival of the locus at a zero,using the phase angle criterion.

o, +jw +jw
‘g/?_!_ Crossover  { jq \MX P —1j4
P point y /
. \_ - ] /
Rl i3 - J3
% A

K =126

Departure ™
vector - —j4
(a)
2007+ 17|31} ! 14

’ B L \
24 L3N -2 \~1 0 -6 4
o ~
/// o M Break.awayﬁ —j
o N Ppoint
/ ~
// \\ 5
// \\ — —_j2
A
S
\A ' ~
o)
//G\X Pi
(b)
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M Examples

1
1 F(s)=1+K
FO) =LK () =1+ K 65 2)5+3)

Effects adding poles to G,(s)H,(s)

2007 15| 31F! 15
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1
F(s)=1+K
S(s+2)(s+3)(s+4)
2 \\\
\\

Effects adding poles to G,(s)H,(s)

2007 1£]31F!

s+4
F(s)=1+K
s(s+2)(s+3)

Effects adding zeros to G,(s)H,(s)

16
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1 1

F(s)=1+K

11257 +64s7+32s O TR 254 2)

. . . . T T T T T T T
| N
N
| N -
| N .
N .
| N -
4 X | B N 2
N P
| N P
N P
2+ N 7
| N .
| ~ Y,
N -
2 | 4 N /
N \
! 1r N P -
| N .
| N
(%) . N s
X ! ~ 4
J N
: <
i SN
IS | s N
|
|

N
N
N
N
N
N
N
N
N
N
N
~
N
N
~
I I

AL — T

Imag A
N o
T
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
Imag Axis
. .
N L o
T T
N
N
N
L N
3
AN
A
\
N
L N f
AY
N
N
N
AY
F AN
N

Rea_lexis ' ° ' ’ ° i ' i éealeii i ' i
Effects adding poles to G,(s)H,(s) -oo<K<oo
Lab #3

Written a M-file to plot the root loci step by step. (rlocfind)
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q(s)=s’+s°+fs+a=0

'ms_Desien

——
$°+s°+a=0
(04
1+— =
s°(s+1)
a;
@)
;?2 ;*1 _/1\ /
Double
a;
pole

2007 1£]31F!

a

N

<

o
<

(b)
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B(e) + C -+ k, A (2)
O s(s+2) g

A

k,S

Specifications:
1.  Steady-state error for a ramp input < 35%

2. Damping ratio of dominant roots >0.707 Sec.

3. Settling time to within 2 % of the final value <3 sec.

1+GH(s)=s*+2s+ fs+a =0
B =Kk, a=k

2007 15|31} !

19



NUILEE  Control Sveiems Desien

(a) (b)
FIGURE 7.21

Root loci as a function of (a) @ and (b) .

2007 15|31 ! 20
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Cl18=120
1 1,
T M I
»> ™ 8= 5

> DE>—iR
—4 —3 —2 | —1 0
" Roots for a varying a=6
I . -

[] Roots for 8 varying \
' : : : h | — [ \T — 20,

FIGURE 7.22

Two-parameter root locus. The loci for « varying are in color.

2007 15|31 ! 21
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s+1

—, -0
s°(s+a)

1+G,(s)H,(s)=1+K

RRRRRR

wwwwwww

mmmmmm

2007 1£]31F!

mmmmmm

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

\\\\\\\
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r = complex root locations _
K = gain vector L+ KG(s) =0
| !
[r,K]=rlocus(sys)

FIGURE 7.37

The rlocus function.

2007 1£]31F!
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L TI———
]
—

—

6 T T T T
4 L
Zeroats = —1
©w 2= ’
>
< pd N P ya
d, 0 N A L A
©
LA
Polesats = 0, —2, —3
4l \
A
-6 1 1 1 1
-6 -4 -2 0 2 4 6

>>p=[1 1]; g=[1 5 6 0]; sys=tf(p,q); rlocus(sys)

Root locus: common method

>>p=[1 1]; g=[1 5 6 0]; sys=tf(p,q); [r.K]=rlocus(sys); plot(r,'x")

Root locus: alternate method

FIGURE 7.38

The root locus for the characteristic equation (7.122).

2007 15| 31F! 24
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>>K=20.5775; num=K*[1 4 3]; den=[1 5 6+K K O]

>>[r,p,k]=residue(num,den)

r=

FIGURE 7.40

Partial fraction expansion of Eq. (7.124).

num
¥(s) =
-1.3786 + 1.7010i den
-1.3786 - 1.7010i
-0.2429
3.0000 v
_ () r(2) r(3) r(4)

- YO = 5=pm T5=p@ T5mp® T s-p@ T KO

-2.0505 - 4.3228i
-2.0505 + 4.3228i
-0.8989

0

k=

[]

F

Y

r = residues

p = poles
k = direct term

2007 1£]31F!
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r = residues
p = pole locations
k = direct term

Y(s) =T(s)U(s) =

num
den

T

[r,p,K]=residue(num,den)

D) r2)
YO =5—00 T 5= p@

Eoofe s

r(n)

= + k(s)

FIGURE 7.41

The residue function.

2007 1£]31F!
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CHAPTER 8

Frequency Response Methods

= Introduction

=lFrequency Response Plots
* Polar Plot
* Bode Plot
* | .og Magnitude and Phase Plot
=lFrequency Response Measurements
=Performance Specifications in The Frequency Domain

2007 15|31} ! 1
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M Introduction
r(t) o) c(t)
R(s) C(s)

Output: C(s) =T(s)R(s)
If r(t) =Asin(w-t) = c(t) =Csin(w-t+¢)

For sinusoidal steady-state analysis, we replace s by jo, and
output c(t) becomes

C(jw)=T(jo) R(jo)=|C(jo)£C(jw)=|C(jw)e**1
For a closed-loop system

N _ G(jw)
T2 =Tl =1, 6 imH (o)
=T(jo) LT (jo)

or R(w) + JX (w)

2007 15|31} !
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where

1 e(je)
T(jw) =
T = 5 GoRio)

T(jo)=£LG(jw) - £1+G(jo)H(jo)

and
R(@) = Re[T (jo)] T(jo)=Re[T(jo)]+ jIm[C(jw)]
X(w)=1m[T(jo)] AR(@) + jX (@)
T(jw)|=+R*(@)+ X* (o)
/T(jw)=tan" ﬁ((a“))))

2007 1£]31F!
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The Laplace transform pair

C(s) = Lic(t)} =] c(t)e dt

c(t)=LC(s)}= Ziﬂjjjij(s)estds

The Fourier transform pair

C(jo)=Fict)}= c(t)e dt

and
c(t) = FCjw)}= - [“Clin)e"do
27w T
The Fourier transform exists for f(t) when

[~ le(t)dt <o

2007 15|31} !
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MFrequency Response Plots
+ Polar plot

A plot of the magnitude versus phase in the polar coordinates as w is
varied from 0 — oo.

= Find T(jo): | T(jo)|, ~ T(jo), R (jw) and X(j).

= To Determine the behavior of the magnitude and phase of T(jw) at
w—0 and o—»co.

- lim £T (jo)

lim/T (joo)
lim[T (jo)

W—>0

; IlImZT(jo)

= To Determine the the intersection
R(a))\w:wi =0= X (cf))\w:wi =p
X(w) =0=R(),  =a

= To Determine the the asymptotic line
IirrgT(ja)) = Iirr(l)[R(a)) + jX(w)]=a+ jb

2007 15|31} !
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* Case 1: Integral and derivative factor g*!

@ —> ©

w—>0Y
: 1
A).T(Jo)=-~—
jo

* Case 2: First-order factor T (s)=(1+ Ts)il

w—>0
@ —> © 1
W = .
: 1
A).T(jo)=—
1+ Jor

2007 15|31} !

@ —> 0O A

o —0

B).T(jw)=Jo

@ —> ©

w—>0

- >

B).T(jw)=1+ jor



Control ¢

NGEEE

* Case 3: Quadratic factor

0)2

A).T(s)= :
)-T() s°+2w S+ w}
1
1232+2§1s+1
w w

n n

1

1+2£ (22)+ (1)
1

1-(2 F +j2¢(2)

T(Jo)=

s°+2Lw, S+ w}
2
n

B).T(s)=

2007 15| 31F!
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* Bode plot

The Bode plot of the function T(jw) is composed of two plots:
= The amplitude of T(jw) in decibels (dB) versus w or log,, @.
>X The phase of T(jw) in degree versus w or log,, ®.

T(jo)=[T(jo)e """
Logarithmic gain = 20-log,, T (jw)

10

50| —

0

A

-5

-10

-5

-10 o

Phase (deg); Magnitude (dB)

-15

-
\
~

-20

25 R St

-30

107 10" 10 10" 10°
Frequency (rad/sec)

2007 1£]31F! 8
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= Constant factor: K
K|, =20-log/K]|

and

B 0° for K>0
- |+180° for K <O

14.5

14

13.5(

131

12.5

200

Phase (deg); Magnitude (dB)

1001

10" 10 10 10°

Frequency (rad/sec)

2007 15|31 ! 9
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T(jo)|,, =20-log(je)*

=+20p-log(w)

[+20p-log(w)] =+20p dB/decade
d(logw)

and 20

100~

Z(jo)™? =+px90°

Phase (deg); Magnitude (dB)

I Il
10" 10 10 10

Frequency (rad/sec)

2007 15| 31F! 10
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= Simple zero: 1+s7

T(jw)|, =20-logT(jw) =20-logy1+(ewr)’
a)r<<1:>\T(ja))\dB ~20-log(l)=0
w7 >>1=[T(jo)|,, =20-log./(wr)* =20-log(w7)

and

25,

20r

/T (jo) =tan*(w7) o

wzlj{\T<Jw>\dB=zo-logﬁ;3

T | LT (jo)=tan"(1) =45°

Phase (deg); Magnitude (dB)

10’ 10 10

Frequency (rad/sec)

2007 15|31} ! 11
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= Simple pole:

l1+st

w7 <<1=T(jo)|, =20-log(1) =0
o >>1= [T (jo)|, =~20-log(wr)

and

LT (jo) =—-tan(w7)

o1 {\T(ja))\dB =-20-log~2 = -3

T LT (jw)=—tan"(1) = —45°

Phase (deg); Magnitude (dB)
N

-100
10 10 10

Frequency (rad/sec)

2007 15|31} ! 12
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2
a)n

s°+2lw S+ o}

T(j®)|, =20-log /Jll—wzf*[” it

= Quadratic poles:

2 «<1=T(jw)|, =20-log(1) =0

@y,

25515 [T(jo)|, = -20-log(2 f =-40-log(2)
0

n

and

2£(2) }
1-(2)

2 <1 LT (jw)=0°

n

Y1 /T (jow)=-180°
)

T (jw) = —tan{

n

2007 15|31} !
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w=0,=T(jo), =-20-log(2s)
ow=0,=/T(jo)=-90°

20

0 e

-20-

-4

0,

-50-

Phase (deg); Magnitude (dB)

-100-

-150-

-200 !
10 10 100

Frequency (rad/sec)

+ Log Magnitude and Phase Plot

2007 15| 31F! 14
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MPerformance Specifications in The Frequency Domain

* Resonant peak: M,
The resonant peak is the maximum value of |T(jw)|.
Resonant frequency: @,
The resonant frequency is the frequency at which the peak resonant occur.
Bandwidth: BW (ay)
The bandwidth is the frequency at which T(jw) drops to 70.7% of, or 3 dB
down from, its zero-frequency value.
Cutoff rate
The cutoff rate is the slop of log-magnitude curve near the cutoff frequency.

L 2

2

2

M

po

1
0.707 |-———mmtem> :

2007 15|31} ! 15
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Im(G) = X(w)

Re(G) = R(w)

FIGURE 8.1

The polar plane.

2007 15| 31F! 16
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- O NN \/ % O
R
Vi(s) C V,(s)
O % O
FIGURE 8.2
An RC filter.

2007 15|31} !
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Negative
//,r'“‘\\\\\
/ \
/ \
/ \
[ \
0= -0 I \ I
| R(w)
Va\YZis \
o= 0 [ir= 0
¢
\ FIGURE 8.3
0=
Posttive o Polar plot for RC filter.
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Im[G]

) = 00
\‘ Rel[G]

’a

Increasing w g~

e
i~ o
e X % | 435

-

Positive w

1
Y ==
27T

w—=>0

+—

FIGURE 8.4

Polar plot for G( jw) = K/jw( jwoT + 1). Note that w = ¢ at the origin.

2007 15|31 ! 19
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jw
A W = W
(Jw; + p) i
Jw
e K o
§ = —? = =
FIGURE 8.5

Two vectors on the s-plane to evaluate G( jwq).
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0 —_—
m \
3
T 10
=53
= = 15
(o ]
—20
(a)
00
g
50
S —50° - ,
3
=
—100°
o1 i 10
T T T
w, rad/sec
(b)
FIGURE 8.6

Bode diagram for G( jw) =
2007 15|31} !

1/( joT + 1): (a) magnitude plot and (b) phase plot.
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20 log|Gl, dB
Lo
] ()

1 ' 10
107 T T
w

FIGURE 8.7

Asymptotic curve for ( joT + 1) 1

2007 15|31 ! 2



NUILEE  Control Sveiems Desien

2007 15|31 !

180 , (jw)Z
2 90 (Jo)
&0
S 0 (jeo)”
3
® -9 (joo) ™!
—180 : : (jw)—Z
0.1 1 10 100
w
FIGURE 8.8
Bode diagram for ( jw)iN :
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L ee——
——
10
0 ,
= Asymptotic
Exact
—10 | | curve
curve
—20
(a)
0
Exact
§ ]
= Linear
s 45 approximation |
=
<
—90
0.1 1 L
T T T
@
(b)
FIGURE 8.9
Bode diagram for (1 + jwt) 1
24
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20
&= 0.05
0.10
0.15
1 0.20
0.25
0
> 0.3
= 04 o
-] 10
= 0'608
o 10
—20
=3
—40
0.1 0.2 0.3 04 05006 08 1.0 2 3 4 5 6 8
i el e Frequency ratio
(a)
0
—20
—40
—
S _sg0
= —100
2 —120
— 140
— 160
— 130
0.1 0.2 03 04 0506 08 1.0 2 3 4 5 6 8
T wrfeer, Frequency ratio
(b)

2007 15| 31F!

FIGURE 8.10

Bode diagram for G( jw) = [1 + (2£/w,,) jor + (jcoiwn}lz]_ I
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3.25

3.0

0.90

275

‘\ 1]

0.80

o0

0.60

» \\ ]
225\

1.75

2.0

P

[ 11111 \ 0.50
0.40

1.5

N

\ 0.30

1.25

1.0

HERS

EEiSEERSEE

Tl Jo.10

\ 0.20

0.20

2007 1£]31F!

Ly i V. N b | SR i S R [

0.30

0.40 0.50 0.60

¢

FIGURE 8.11

0.70

awnrd e wes o s e

w,/w,
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81—

: (Jjow — .5'],}: . __j(-u

(j(r) = ‘.ll )

Jo

P jwy

(c) (d)

FIGURE 8.12

Vector evaluation of the frequency response for selected values of w.
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R R
A AN
+ O——¢ C 2C —= C —O0 +
\| \ |
/| /|
Yin Yo
R/?2
FIGURE 8.14

2007 15| 31F!

Twin-T network.
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(\mmrm‘

ne Nacion

—_— W

JjoTt 1
sT - plane '
o G
! 1 | e 0
-2-V3 -2 -2+V3 &
? —jl 90°
d(w) 0°
—GP o=l
(a) (b)
FIGURE 8.15

2007 15|31} !

Twin-T network.
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Jw

(a) (b)

FIGURE 8.16

Pole—zero patterns giving the same amplitude response
and different phase characteristics.
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180°

Nonminimum phase
90°

Minimum
phase

00 ! T

FIGURE 8.17

The phase characteristics for the minimum phase and
nonminimum phase transfer function.

20074 15|31} !
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(b)
1
IG|
0 &
00
R
+ o ‘\) NN (= o + H(w)
C C S —180°
Uin L I iy
R
— o - NN - o — —360°
(c)

FIGURE 8.18

The all-pass network (a) pole—zero pattern,
and (b) frequency response, and (c) a lattice network.
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O,

20 log |G|, dB
o
/
" 4

0.1 0.2 1

FIGURE 8.19

Magnitude asymptotes of poles and zeros used in the example.
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—20 dB/dec

20 \

- —40 dB/dec

/ Exact curve

A

Approximate curve

=30

40

—-50
0.1 1 w 10 100

FIGURE 8.20
Magnitude characteristic.
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90
60

30
¢

—

0
—30
—60
—90

~=T

—

W

Zero at w = 10

Complex poles

—120
—150
—180
—210
—240

—270

Pole at origin

T——

Approximate ¢(w)

0.1

0.2 1

.0 2.0 w

FIGURE 8.21

Phase characteristic.
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Max. mag = 33.96906 dB
Max. phase = —92.35844 deg Min. mag = —112.0231 dB
The gain is 2500 Min. phase = —268.7353 deg
dB —==_ o
and (— 0 dB - s
phase \ Mag: ——
— — 180 deg AWy
\
\
\
- M~
[ I [ A I I I s =
0.1 1 10 100 1000
Frequency, rad/s
FIGURE 8.22
The Bode plot of the G(jw) of Eq. (8.42).
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w = 20,000
J’I/

100,000
(a)
o w = 20,000
1
I
60 :
40 S——— e
-
g 20
=
2 o
o
£ 20
[~
—40 | ] I
Ll e :
—_ 1
60 : ]
I 1
10 100 7 L0000 10,000 100,000
w = 300 w w = 2450
(b)

FIGURE 8.23

A Bode diagram for a system with an unidentified transfer function.
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2
+ i

s(s + 2{w,)

R(s)

Y(s)

FIGURE 8.24

A second-order closed-loop system.
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20 log M,,

0
—3

20 log |7, dB

FIGURE 8.25

Magnitude characteristic of the second-order system.
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1.6
1.9
1.4
13

1.2
®p
w, 1.1} — /
Linear approximation
1| @B
s=— 1190 1L.85
w
0.9 L
0.8
0.7
0.6
0.1 02 03 04 05 06 07 08 09 1
4
FIGURE 8.26

Normalized bandwidth, w g/w,,, versus { for a second-order system (Eq. 8.46). The
linear approximation w g/w, = —1.19¢ + 1.85 is accurate for 0.3 = { = 0.8.
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20 log |GH|, dB
=

|
)

_20....

-30

FIGURE 8.27

—40
=270 225 —180 —135 —90

Log-magnitude—phase curve for GH{ ( jw).

Phase, degrees
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bode(sys)
T Transfer function model
sys = tf(num,den)
State-space model
l sys = ss(A, B, C, D)
bode(sys)

FIGURE 8.36

The bode function with a state variable model.
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3.5 1
3 0.8
8 25 06
= 2 3 04
15 0.2
o0 02 04 06 08 %0 02 04 06 08
e '

(a)

zeta=[0.15:0.01:0.7]; =
wr_over_wn=sqrt(1-2*zeta.”2);
Mp=(2*zeta .* sqrt(1-zeta.”2)).N-1);
Y%

subplot(211),plot(zeta,Mp),grid
xlabel('\zeta'), ylabel('M_{p\omega}')+ Generate plots
subplot(212),plot(zeta,wr_over_wn),grid
xlabel('\zeta'), ylabel('\omega_r/\omega_n")

zeta ranges from 0.15 to 0.70

(b)
FIGURE 8.37

(a) The relationship between (M Dy w,.) and ({, w,,) for
a second-order system. (b) MATLAB script.
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engravel.m

num=[K]; den=[1 3 2 K]; = Closed-loop transfer function
sys=tf{(num,den);
w=logspace(-1,1,400);
[mag,phase,w]=bode(sys,w); < Closed-loop Bode diagram
[mp,|lJ=max(mag);wr=w(l};
mp,wr

>>K=2; engrave1

- manual step Determine e, and £ from Fig. 8.11

> m— using M, and w,.

>>

>>zeta=0.29; wn=0.88; engrave2

ts= l
15.6740

po =

4 38.5979

engrave2.m

- ts=4/zeta/wn
po=100*exp(-zeta*pi/sgrt(1-zeta"2))

Check specs and iterate, if necessary.

FIGURE 8.39

Script for the design of an engraving machine.
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CHAPTER 9
Stability in the Frequency Domain

Introduction

Mapping Contours in the s-Plane

The Nyquist Criterion

Relative Stability and the Nyquist Criterion

Time-Domain performance Criteria Specified in

the Frequency Domain
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M Introduction

¢ Time-domain
= Routh-Hurwitz criterion
= Root-Locus
by locating the roots of characteristic equation in the s-plane.

* Frequency domain
= Nyquist stability criterion
based on the theorem of complex variables due to Cauchy,
commonly known as principle of argument.
H. Nyquist 1932
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NULLEE  Control Sveems Desion

F(s)=2s+1

- F(s)-plane

g

—2 2
<
Enclose
(a) _ _ (b)
AF(S)|oy, = 25+1=2+2]+1=3+2] Clockwise and eyes right
B:F(S)|j=25+1=3-2]
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Table 9.1 Values of F(s)

Point A Point B Point C Point D
s=o+jw 1+j1 1 1—;1 — 1 —1—jl 4 —1+j1 jl
e 4472 1 4 —2j 1'—2j _ » N 1 +2;
FEl=aTiy 10 3 10 5 ) J 5
A A A
D 11 AF (s) = e | _Ip].
rF %
A
@ » o > I
7 —1 0 1 —1 0 -
I, I
i

(a)

B

(b)

Cauchy’s Theorem:If a contour I, in the s-plane encircles Z zeros and P poles of
F(s) and does not pass through any poles or zeros of F(s) and the traversal is in the
clockwise direction along the contour, the corresponding contour [ in the F(s)-plane
encircles the origin of the F(s)-plane N=Z-P time in the clockwise direction

2007+ 17|31} !
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[1]
Y

7
/

=

ju
A

> i

\e

s+0.5

> o

O
0

(b)

(a)
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jw

Sl

A

I'; contour
&,

P N

P2 0 Pi

¢22

%)

I'z: contour

.

» U
0/)

F(s) = F(sY¥2F(s) = [s+27ls+7,] (Ls+2,+25+2,— /s+ p, OVs+p,)

¢F =¢z _¢p

2007 15| 31F!
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(a) (b)

P=17Z=3 N=Z-P=3-1=2
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* Nyquist contour (Nyquist path)
Since the Nyquist contour must not pass through any poles and zeros
of F(s), the small semicircles shown along the jw-axis are used to
indicate that the path should go around these poles and zeros if they

fall on the jw-axis.

jo
A j(X)
d
c
ja)1>
b
2 e
o~ >0
i
. h
— Jo,
g
f ]
—JCD
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Path ab:

s=jo; 0<w<w,
Path bc:

s=jaw,+e€1% &0 and -90 ° <4<90°
Path cd:

SSjo; o<w<owo

Path def:

s=Rel%; R—ooand 90 ° <6<-90°
Path fg:

SSjw; -o<w<-a,
Path gh:

s=-jo,+c€1% ¢—0and -90 ° <H<90°
Path hi:

sSjo; -o< w<0
Path ija:

s=¢el? &0 and -90 ° <f<90°
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NGEEE

Jjv
—o—4
Radius = oo
w= = o
NS s
—Al 77| @ = +oo i
K3
C &
w =0+
_ i 3. w:0o~-0,5=Re”, R—0,¢:90~-90
1:0" —0%,¢:-90~ 90,5 = sl N R
GH(s)|. . .= lim— : =—-e'% ~0e7*,-180 ~ +180
G(s) = lim——— e 90° ~ —90° T rReM(rRel 4l R
=0 g8 (71 +1) ’
4. w:—0—>0

2. w:0" >0,5= jo
K The portion of the polar plot from 4 =_o t0 »=0
Is symmetrical to the polar plot from 4 =010 , - 1o

GH(s) =——+ =—————,w—>»,|GH(jo) |~ 0,4 ~-180°
jo(jor+l) -0+ jo

10
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Jjv

A  Negative frequency
—w = —0.76
=450 ¥ T T e =
e S GH(s)-plane
‘/ \\
Te=732 %05 %
f = Q0 w = O
—1\ /w \
1 1 | ! > u
w =10 25 50 75 100
a=32% "\
I Nyquist Positive
I contour -1 —j50 frequency
; I w = 0.76
(a) (b)
100
G(s) =
(s+1)(S45+D)

2007 15| 31F! 11
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* Nyquist criterion and the GH(s) plot

2007 15|31} !

Since the open-loop transfer function GH(s) is generally known, it
would be simpler to construct the GH(s) plot that corresponds to the
Nyquist path, and the same stability conditions of the closed-loop
system can be obtained by observing the number of encirclements of
the (-1,jO) point in the GH(s)-plane.

F(s)=1+GH(s) & GH(s)=1-F(s)
jo jv

T A

s-plane (-1,730)

\4

qQ

12
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+ Stability requirements

= For the closed-loop system to be stable, there should be no zeros
of F(s) in right half s-plane; i.e.,
Z=0
this condition is met if
N=Z-P=0-P=-P
= The special case of P=0, means open-loop stable system, the
closed-loop system is stable if
N=Z-P=0

Open—loop:GH(s) =%

N(s) _ D(s)+N(s)

closed —loop : F(s) =1+GH(s) =1+ D(s) D(s)

2007 15|31} ! 13
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K
GH(s) =
s(z,s+1)(7,5+1) .
: Ju
lw:0" 50", s=e" ¢-50,¢:-90~90 A
. K - i
GH (s) = lim— : : =o0e ) |GH(S) |= 0,4 :90 ~ —90
() =1} e (ree’” +1)(r,e8" +1) GHS) g
—K7 1 \
TRED \ GH(s)-plane
2. w:0" 5> 0,5= jo, \ \
K - ' > u
GH(s)=— . [
jo(jrio+1)(jr,0+1) . /
~K(5+2,) - K(}))1-o"nz,) f
= =Re+JIm
1+’ (7f +12) + o't s
Let Im=0 w-—1_
VU7 w= 0+
The magnitude of the real part,Re of the GH(jw) at this frequency is
—K(z,+71,) 1
R — 1 2 , —
° 1+ (e} +12) + o'l 7] “ NS _
| Ke, 3. w:+0o—-m0, s=re’ r—ow,¢:90~-90
_Rnh K |
n+r GH =i - - - ~0e /¥
L (=)= re’(rre’ +1)(rr,e +1) °
2007 17|31F! 14
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N LS T LT T LS T |
A |
AR [ \ GH-plane GH-plane GH-plane
' . 1k \ o Lk - s -
i X \
—Knn l \ \ \
w e | ' 2 05F b 1 8 U5 4 205 (=1,0) .
\J | 5 1,0) " 5 N (=1,0) N
e g 2k : P il
:14 J' s 0 ' = = 0 = s | U/\\. l P
/ & &h - 5y '
® = )
wt / ook K=l 1 E-asp A K4 4 E-osp k=3 §
y stable marginally unstable
e L system 1 4t stable system i (b system i
w= 0+
-15 Ll | £ L1 ! g I |
K =2-15-1-05 0 05 1 =2-15-1-05 0 05 | =2-15-1-05 0 05 1
GH (S) = Real axis Real axis Real axis
s(s+1)(s+1)
K =4 (o) K%
bl K=2
sta unstab

2007 15| 31F! 15
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System with a pole in the right-hand s-plane

1

k() O——C

OHE) =y Ke=0

2007 15|31} ! 16



N EE Control |

ms Desien

1w:0 >0, s=g ¢:-90~90

—_ i K I [ 2 _ _
GH(s)—!glir(}éeW(éeM_l)_ e =0/ ~180— ¢

2W:0" —> 0,5 = Jw

GH (W)=~ =/ ~90° ~tan ()
WOW=1) s w2y
K

=———— Z90+tan (w)
(W* +w?)2

3.W:0 — —o,s=re’ $:90 ~ —90

Table 9.3 Values of GH(s)

s j0~ jot jl
IGH|/K, o = V2
/GH —90° +90° +135°

+joo

+180°

2007 15|31} !

w=0" Jjv
A
| GH(s)-plane
[
[
|
[
[
[
1 : =+
—jon I
j I
[
0 : K>
—180° I
I
w=0"

17
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> ><>
closed —loop
Y(s) _ K,

Q2 ’F(S):SZ+K1K25_S+K1:0
R(s) s°+(K,K,-1)s+K,

K,(1+K,s) _0
s(s—=1)

F(s)=1+

2007 15|31 !
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System with a zero in the right-hand s-plane / N, =1
N, =1

K (S - 2) Positive w

GH(s) = (511

Z,=LN,=1=PF,=0
P,=R,=1LN,=1=>272,6=2
. Closed-loop system is unstable

Imaginary axis

Negative @

-2 —-1.5 —1 —=0.5 0 0.5
Real axis

2007 1£]31F! 19
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MRelative Stability and the Nyquist Criterion

The Nyquist stability criterion is defined in term of (-1,j0) points on the
polar plot or the 0 dB, -180 ° point on the Bode diagram or Log-magnitude-
phase diagram. Clearly, the proximity of L(jw) locus to this stability point is
a measure of the relative stability of the system.

+ Definition
= Phase Crossover
A phase crossover on the L(jw) plot
IS a point at which the plot intersects
the negative real axis. @

= Phase Crossover Frequency: «,
The phase crossover frequency is the s
frequency at the phase crossover, or | / ?
where !

A(je,)=+ 180°

2007 15|31} !
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= Gain Crossover

The gain crossover is a point on L(jw) plot at which the
magnitude of L(jw) is equal to 1.
= Gain Crossover Frequency: o,
The gain crossover frequency is the frequency of L(jw) at the
gain crossover, or where
IL(Gapl=1

\ 4

2007 15|31} !
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¢ Gain Margin: (GM)
= The gain margin is the increase in the system gain when phase = - 180 °

that will result a marginally stable system with intersection of (-1,j0)
point on the Nyquist plot.

= Gain margin is the amount of gain in decibels (dB) that can be added to
the loop before the closed-loop system become unstable.

GM =20log{l - |L(jo,)}
= -20log{L(jo,)}

gZOIog# 1

w=aw

}

(-1, jo)

—>‘L(ja)p)<—

2007 15|31} ! 22
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= Bode plot

Gm=15.563 dB (at 2.2361 rad/sec), Pm=43.21 deg. (at 0.77934 rad/sec)
50 —————ry ————r ;
0
2 501 .
Q
]
2 -100- 3
c
(@]
@
2 15 1 1 1
o -50 ————y —————— ,
Z
3 -100F .
s
e
o -150+ PM -
-200- .
-250- .
-30 . P | . P N | . A |
10° 100 @w=w 9 @=@m 10 1¢
g p

Frequency (rad/sec)
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K; > K, > K,

\\ GH(s)-plane

i

|

A

|

1
\ - = \l
|

> U

P u

GH(jw)

—
—

K

CH(S)= s(z,S+1)(r,5+1)
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1/

-8

-10 {

-12 ‘
-280 -260 -240 -220 -200 -180 -160 -140 -120 -100 -80
degree

Log-magnitude-phase curve
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0.8

Damping ratio, {
o o
~ o)

<
bo

0.0
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;= 0'01¢PM

Control ¢

Linear approximation — | _ -~
{=0.01¢,, 1-

-~
-

FIGURE 9.21

Damping ratio versus phase margin for a second-order system.
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NGEEE

Y(JW) =T(jW) — G(JW) =M (W)ej¢(W)
R(jw) 1+GH (jw)
G(jw)=u+ jv

ew) | [ uriv | | urev? |%

46w [1+u+jv| |@+u)?+v2
1+G(jw)| | @+

1I-MHu*+(1-M*NV*-2M?u=M?
oM [ M2 M2 M2 Y
u®+v?— -+ = |= = |+ >
1-M2 |1-M 1-M 1-M

M2 Y M Y
u— | +vi= 5
1-M 1-M

é=/T(jw) = Z(U+ jv)/Ad+u+ jv) = tan‘l(%j - tan‘l(

let N=tang
U2 +v2 HU— =0
N

2 1y 10 1
(u+0.5) +(v—m) _4(1+ j
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.G
Phase of 7_‘7* -

1+ G ' 0dB
1 \\\\QJQdB |

Loop gain G, in decibels

—6dB

——— versus G

2ilzltl- — 180 —150 — 120
Loop phase, £ (G), in degre&

2007 1£]31F!

' 3 L —12dB
_12 { - =
i = IS dB
—18 E——
- 1 l.nopgam phased.l.a.gmm
- —24 dB
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MTime-Domain performance Criteria Specified in
the Frequency Domain

Nichols Charts

40

30

o M,,=8dB
m

Z

c  10F

'@

O

g o

o

-

c

L  -10r

O -3dB

-20F

-30+

-40 L L L | L ! L ! |
-280 -260 -240 -220 -200 -180 -160 -140 -120 -100 -80

Open-Loop Phase (deg)
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Table 9.6 Transfer Function Plots for Typical Transfer Functions -
-
~ >
K - ! 3 \‘,
1. 5 | w= 1
sty +1 i 0w=0
+w
jw
A
M
Phase ) )
margin S— Stable; gain margin = =
0 dB : p = oot locus ; R
~180°  —9(P 0 i & o
7
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Table 9.6 Transfer Function Plots for Typical Transfer Functions

-
iy — 0°
P ‘\‘4\
2 i -1 L\ w= % \1[0:0 ¢ M  Phase margin
: 1 !
(s7: +1)(s7,+1) * o | L
0dB 1 b} log o
7 7
7 —40 dB/dec
ase 0]
Phase je
[11_LII'L!I_'I!1 w
M|/ s
. rl
| Elementary regulator; stable; gain
0 dB | ) & X » margin = %
~180° —90° 0° B 1 o
7 75
"2
W =>
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Table 9.6 Transfer Function Plots for Typical Transfer Functions

¢ M | Gain margin
. 4 ) , ™\ —40dB/dec
(st +1D)(sm,+1)(sT3+ 1) —180° == i N s
T T
P s s e o N ey N
Phase
margin —60 dB/dec
M w Y
Phase ‘/ i /EI/'
margin i |
T - ..
\ e ; . , | >( Regulator with additional energy-
‘y _f/”amn e 3¢ ol " storage component; unstable, but can
0dB . L— ¢ | | \ o be made stable by reducing gain
180°  —90° 0° L e
Ta T:
/ &
W > o
33
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Table 9.6 Transfer Function Plots for Typical Transfer Functions

| w=0
A=~ R
| s K —90
| b
— | b M
A 1\ Ti)ha:«u margin = 90°
4 = = ; 180° .
& ,:. y 0B log w
+tw ‘,’ w=K
Alk 7 —20 dB/dec
Jjw
A
M lw
Phase
_ margin Ideal integrator; stable
0dB [~ F < -
» ﬁt’ o L
— 1807 —90° o
A4
W= %
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Table 9.6 Transfer Function Plots for Typical Transfer Functions

@=0 L1=0s
Y
B \ —-90°
\\ qb Mo e e e s
Phase margin
5 K -1 s * ase margi
+1 . —180° >
. (S i ) ,l 0dB log w
'
,P
+w ra
X
@ Y- -—<- ~40 dB/dec
Phase j“:’
margin
/e :
I

Elementary instrument servo; inher-
ently stable; gain margin = =

Sy

0 dB ,

|
N N
g
|
. |
L
~o
i
|
_-w_
=
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Table 9.6 Transfer Function Plots for Typical Transfer Functions

w0 e )
S —90 Phase margin
\ b M -2 Gain margin
: /f'rq
. K ~1 > ¥ ~180° : = >
. i 0dB L log w
s(st+ 1)(sm,+ 1) ,' . ‘
! TS s i i s A s e
+w ;’
’
- —60 dB/dec
w-0 | _ e >
Jw

Phase ‘L/
M | margin Jw
_L r[f( Instrument servo with field control

motor or power servo with elemen-
L : tary Wark-Leonard drive: stable as
Gain— 4 _ _‘_”‘P/ —0 T | x{: . shown, but may become unstable with

1
margin / _?] 7 increased gain
I

w—x \

I

s
1
!

2007 15| 31F! 36



NULLEE  Control Sveems Desion

Table 9.6 Transfer Function Plots for Typical Transfer Functions

w0 Mmah.
N o | ~g20 dBrdec
=10 \\ —90 Phase margin
X ¢ M | N40 |
K(STH g 1) =1 ! Y 180° : s Un 2 >
. e 4 T T Lt
(s7y +1)(s7m,+ 1) y 0odB 1 1 g log @
’ T Ta
+w 5’ —40 dB/dec
w-=0 ,"
<"
Jw

M Jw ,
Phase !
margin % Elementary instrument servo with
0dB A —T 0 phase-lead (derivative) compensator:
—180° —90° L N S stable
T2 Ta T
"
W= x
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Table 9.6 Transfer Function Plots for Typical Transfer Functions

~~¥TTAl . :
« B, b M —40dB/dec  Gain margin = 0
!’ « Phase margin = 0
-
K w > 4 -1 jw=co 1 b
R — —M —180° e e — —
52 \ iy " 0dB log w —»
" ,,
- _‘-—’

Phase
M Ml “]m 0 Double
: pole ry
/ \ Inherently marginally stable; must be
1 3

., 0dB
. compensated
-270° - 180 —9()°

v
qv

17

Y w>x
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Table 9.6 Transfer Function Plots for Typical Transfer Functions

',»-"'"""A\ —40 dB/dec
~
AN M
a 4 ¢ Phase margin
£ y (negative)
4 Pl 5
K I T g —180° | 2
o=
\

\
T N w == ) 4
; o 1 0dB log w
¥ (st + 1) =114 i
> > —270°
/
™ 4 60 dB/dec
o _a”
Jjw
A

"
. UK . /
70° /1 —180°  —90° = » Inherently unstable; must be
] / v compensated
Phase Double
T

A
4

margin pole
(negative)

w—og
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Table 9.6 Transfer Function Plots for Typical Transfer Functions

T oA
-~ - i
" "\ g villaee Phase margin
£ d "6 M .//
; ] —w X - .
| K’(-‘Tﬂ + 1) 1_""f\\ w = ‘I 1800 l k X
5°(8n +1) : <l ! T T ; =%
\ T T
Ta > T > 4 ¢ —20 dB/dec
\‘ "’ —40 dB/dec
\'..., =
— ‘ -
Jw
4
M " s
hase
argi J-rl Double
margin
\ ‘ pole
0dB : - " /
—180°  J-90° & — ¢ {—O0—¥—» Stable for all gains
1 1 o
1"| Ta
£3
(= oo

40
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Table 9.6 Transfer Function Plots for Typical Transfer Functions

¢ M
K
1.3 ~180° .
5 log @
margin = ;9()"
—270° ) o
M Phase
//margin
0dB i N
-270° —180° -90° & Inherently unstable
= oo
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Table 9.6 Transfer Function Plots for Typical Transfer Functions

—60 dB/dec
¢ M Phase
margin (negative)
—180° >

12 M log w
" 3
d —40 dB/dec
~270°
Jjw
M Phasg A
> margin r
I Triple
| |oas Bl \
1 1
—»
—270° —180° —90° ¢ ? l;} > Inherently unstable
i 3
Ta
2
=+ o0
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Table 9.6 Transfer Function Plots for Typical Transfer Functions

'ms_Desien

eaal T T —60 dB/dec
- .
’;' & —90
4 X —40 dB/dec
4 ‘\ ¢' M I pi !
1asc mar<in
i K(st,+ 1)(st,+ 1) 3 Nw== 1 _1s0c |09B . S i
: 3 —1 [ H il \ log w
* 4 Ta b
\ ¥ Gain —20 dB/dec
" 4 ~270° i
w! s margin
2 ___,A’
-

N
Gain
margin § —— Triple
L 0dB \ 1 pole o
_270°  —180° N\ —og° > Conditionally stable; becomes
: 7 unstable if gain is too low
Phase 7_J
margin >0
2007+ 17|31} !
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Table 9.6 Transfer Function Plots for Typical Transfer Functions

—-20 Gain

[~ margin —
/ |

K(st,+ 1)(s7,+1)
% s(sty+1)(s7+ 1)(s73+ 1)(s74 + 1)

« T
Phase P

—-270° .
margin
Jjw
M
/ i E‘\i/
Gain ( > Conditionally stable; stable at low
TR0 4B [N\ . . . , gain, becomes unstable as gain is
- > 5 4 3 : i 5
2700 \1_ ]80% _90° ¢ Py e p raised, again becomes stable as gain
A -1-1-1-1-1-1 @ is further increased, and becomes
Ny T T T, T T > unstable for very high gains
\ Phase Ei
5 ra
- o0 margin &
() \

2007+ 15|31}! 44



NULLEE  Control Sveems Desion

Table 9.6 Transfer Function Plots for Typical Transfer Functions

Phase
margin

&'——4-."‘-
A

K(s7,1+1)
s¥ st + 1)(s7, + 1)

0dB log w

15.

Gain
margin

Phase

[margin

A
]
Conditionally stable; becomes unsta-

: 0dB e
-270° | —180° J —90° @& ble at high gain
Gain L
margin
w=x
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Exrcises
E9.1,E9.7,E9.8,E9.15,E9.21,P9.2,P9.4,P9.17,P9.21,AP9.4,
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CHAPTER 10
The Design of Feedback Control Systems

The Design of Feedback Control System

§ Introduction

§ Time Domain Design
P-Control PI-Control PD-Control PID-Control
Phase-Lead Compensation Design
Phase-Lag Compensation Design

§ Frequency Domain Design
Phase-Lead Design Using Bode Diagram
Phase-Lag Design Using Bode Diagram

§Design for Deadbeat Response
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M Introduction

+ Design procedure
= Determine what the system should do and how to it (design specifications).
= Determine the controller or compenstaor configuration relative to how it is
connected to the controlled plant.
= Determine the parameter values of the controller or compensator to achieve
the design goals.
= Simulation verifications and recheck the specifications.
= Experimental results.
+ Design specification
» Time domain: maximum overshoot, rise time, settling time and steady-state
accuracy
» Frequency domain: gain margin, phase margin, resonant peak, bandwidth

2007 15|31} !
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¢ Controller (Compensator) configuration

= Cascade (series) compensation

= Feedback compensation

= Series-feedback compensation

= Forward compensation with series compensation (two degree of

freedom)

= Feedforward compensation (two degree of freedom)

= State-feedback compensation

r(t
(t) e(t) )

y(t)

Gc (S)'HG p (S)

Figure 1 Cascade

2007 15|31} !

r(t)

e(t)

y(tz

G,(s)

u(t)
4 & > g

Figure 2 Feedback
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y(t)
G ) (S) —>

Figure 3 Series-feedback compensation

r(t) e(t) u(t)
L » G, (s) q >

(t (1
9 G (s) ’?e(t) G D 4G (s) o

Figure 4Forward compensation with series compensation (two degree of freedom)
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» G (9)
r(t) u(t) y(t)
>€T) » G_(s) —» G () -
Figure 5 Feedforward compensation (two degree of freedom)
r(t) t x(t) y(t)
a u(t) » G p (S) > C IR AV

K

Figure 6 State-feedback compensation
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§ Time Domain Design

r(t) e(t) u(t) y(t)
S5{G, (6, 4
PID Controller Design
d
u(t):er(t)+K,J.e(t)+Kdae(t) I
U(s) = (K, +K; s+ K S)E(Ss)
U (s) £(s) ) n +  Us)
G (s)=——=K +Kt+K;s " Kieg
E(s) +
db ‘.
db
20log K,
—20db/ decade
w
p—Controller db —-90°
| —Controller
+20db/ decade
+90° D —Controller
w

2007 15|31} !
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§ Closed-loop control with P-controller

P-control for first order system

r(t)

Y(s) aK,

R(s) s+(aK,+a)

K
t — P 1_ e—a(KP+1)t
y(t) " 1( )

P

2007 15|31} !

R(S) +

PM — o0,GM — «©

GH (jw)— plane

3 Y (s)
Kp > >
S+a
a>0
S — plane
oo<—Kp
\/ DE—
—d
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P-control for second order system

Y(s) _ ak,
R(s) s’+as+aK,

K.>K ., >K

pl p2
j W

2007 15|31} !

p3

R(S) +

; < Y (s)
P 1 s(s+a) .
a>0
GH (jw)— plane A S — plane
LN
j S l—
GM—oo M
w—0"
8
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Pl-control for first order system

1

GC(S):Kp‘}‘Klg R(S)_|_ . K n b Y(51
Y(s)_ a(Ks+K,) _:‘/ P A s+a
R(s) s®+(a+bK,)s+bK,
1 a,b>O
a+bK, o K =
o, =bK,, &= o A=1B=(a+bK,),C=bK, s
B°’—4AC>0,=¢>1
B?-4AC=0,=>¢=1
B?—4AC<0,= <1
GH (jw)— plane A S — plane
A VAR
/\ J bl X
GM—ow v
w—0"
2007F 1%]31F}! 9
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Pl-control for second order system

R(s) + b Y (s)
K,s+K ‘
e AT bK (s+ —»( T K, = e a)
R b(K s+ Ky PO =1+ -
(s) 1, D(Kps+K,) s(s+a) ; ab>0
s’(s+a) > Kig
K <a
A 1
\/ v GH (jw) - plane S — plane

R Wa
I NPANE

2007 15|31} ! 10



NUILEE Control ns Desion

PD-control for second order system

R(S) + b

A
A

A 4

661K, K3 TLOM K PO ol
A
Y(s) _ a(Kys+K,)) — +
R(s) s2+(a+bK,)s+bK, < s a,b>0
D

w0y = oK, =K A_1 B (arbK,),C=bK,

B?-4AC>0,=&>1
B’-4AC=0,=¢=1
B’ -4AC<0,= <1

N /

GH (jw)— plane S - plane

a

4
JA)
WV

/X
G

2007 15|31} ! 11
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PID-control for second order system

R(s) + Y (s)
1 > >
G($)= K, + Ks+K, 2 _'Cﬂ Ky ‘ s(s +a) >
Y(S) b(Kd32+Kps+K,) U a,b>0
R(S) s°+(a+bK,)s? +bK s+bK, i
(a+bK,)ebK >bK,
> K,s
The Optimum Coefficients of T(s) Based on the ITAE
Criterion for a step Input (P.252 Table 5.6)
s +1.75w,5° +2.15w,5 + @°
n GH (jw)— plane S plane
O
N\ Y
e d —
O+—
|
2007+ 15|31}! 12
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Phase-lead Compensation Network

G(s) = Vv (s) R, (RCs+1)

V,(s) R +R,{[RR,/(R +R,)Cs+1}
RR, o _Ri+R,

r=—=2C,a=
R +R, R,

G(s) = (1+7as) o1
all+1s)’

“m=——  z=L p=li<p
T\/; ’ Tl

arT
¢=tan™ awr_af When o=a,
+ (7))« ’
tang, = (a!a - (1/\/7) a-1
1+1 2
sing, = 1 _1+sing,
a+1'" " 1-sing,

2007 15|31} !

20log (|G J/K, ). dB

20 log a

C
\|
/1
+ o AVAYAY o+
R,
Vi(s) Va(s)
Jjw
.” ‘:':
y ’
|
T |
| |
a0°
@)
45°
e
NVzp
w (log scale)
13
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Phase-Lag Compensation Netwol

65— Ve _ R,+(Yc)  RCs+l
A R1+R2+(%s) (R, +R,)Cs+1

—

S

_ 1+ 1s+z (R, +R,)
1+as as+p )

,7=R,C,a =

Z:E, p:i,a>1,a)m :\/5
T ar
2007F 1%]31F}!

—p

20 log |G|, dB

=20 log ay

=20 log a

lw) —45°

14
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— ——
Root Locus Method S — plane
S+1Z7
G.(s) = Z<p
Phase-Lead Compensation Design S+
V /AR
N /

The s-plane root locus method is as follows: —P _7
1. List the system specifications and translate them into a desired root

location for the dominant roots.
2. Sketch the uncompensated root locus, and determine whether the

desired root locations can be realized with an uncompensated system.
3. If a compensator is necessary, place the zero of the phase-lead network

directly below the desired root location (or to the left of the first two

real poles).
4, Determine the pole location so that the total angle at the desired root

location is 180°
5. Evaluate the total system gain at the desired root location and then

calculate the error constant.
6. Repeat the steps if the error constant is not satisfactory.

2007 = 1F|31}! 15




Control

NUEEE

ns Desion

S+7
S+p

G.(s)=K

The specification for the system are
Settling time(2% criterion) T, <4seconds

Percent overshoot for a step input, <35%

Sol:
—72";‘,‘:

PO=e" <0.35= £>0.32,0=cos & =71°

T <t —4=ém 21

n

Select the desired roots location are
nLr, = -1+ j2 6=63.4"= &=0.45

¢=-2(180° —tan"2) +90° = -2(116°) +90° = -142
-180=¢-6,=06, =38’

2007 15|31} !

R(S) +

Y (s
2 (s)
G.(s) > 7 >
a>0
\ S—plane
AN
/7/]_
7’ r2
r1

16
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Q

tan Hp

=tand,,M = ,p=z+m

< Zlo

= =26=>p=1+26=3.6
0.7812

_ 2K(s+1]) 3 3
G.G,(s) _—sz(s+3.6) ,F(s)=1+KG,H,(s)=0

1 |  A*A*B 2232*325
GH,(s), € 2*%2

s+1
$+3.6

4.1

|
K =
|

G.(s)=4.1

2007 15| 31F!

R+ jQ

A
v A
N TAYA)
-p M —Z
. Compensated |

root locus

Desired root

location

e
i
e
-
| L.+ |
: /-‘\
— R [
o il k.
—a T—3 T T —2
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Phase-Lag Compensation Design

The steps necessary for the design of a phase-lag network on the s-plane are as
follows:

1. Obtain the root locus of the uncompensated system.

2. Determine the transient performance specifications for the system and locate
suitable dominant root location on the uncompensated root locus that will
satisfy the specifications.

3. Calculate the loop gain at the desired root location and thus the system error
constant,

4. Compare the uncompensated error constant with the desired error constant,
and calculate the necessary increase that must result from the pole-zero ratio
of the compensator, ¢ .

5. With the known ratio of the pole-zero combination of the compensator,
determine a suitable location of the pole and zero of the compensator so that
the compensated root locus will still pass through the desired root location.
Locate the pole and zero near the origin of the s-plane in comparison to @; .

2007 15|31} !
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R(s) + K Y (s)
GO T SEet0r [ ]

Spec.: £ =0.707,K, =20

K, =20-= IimG(s):%, K = 2000

s—0

If K=2000, the system will be unstable v
£=0.707=s,,=-29%j2.9
< X X
= 5 =236
a
™
z| 2000
=|-=—""=85
p| 236

select z=0.1,p=0.1/9=0.0111

2007 15|31} ! 19
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§ Frequency Domain Design

Phase-Lead Design Using Bode Diagram

1. Determined the system DC-gain such that the error constant can be satisfied.
2. Evaluate the uncompensated system phase margin when the error constant are satisfied

3. Allowing for a small of safety(5~10 degree), determine the necessary additional phase
_sing, +1

— — 0~ 0
lead, ¢, ¢,=¢,-¢,+3"~10° « 1-sing,

4. Evaluate « from Eq.(10.11).

5. Evaluate 10 log, and determined the frequency where the uncompensated magnitude
curve is equal to -10 loga . Because the compensation network provides a gain of
10 log, atw,, ,this frequency is the new 0-dB crossover frequency and simultaneously.

6. Calculate the pole p=w o and z= %

7. Draw the compensated frequency response, check the resulting phase margin, and repeat
the steps if necessary. Finally, for an acceptable design, raise the gain of the amplifier in

order to account for the attenuation( % )

2007 15|31} !
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dB

—10loga

2007 15|31} ! 21
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Example 10.1 R(S) + ((PYs*tz |, _2 Y(Sl
(7)s+p s(s+2)
GC(S)ZKBS-'_Z, Z:i, pzl —
ZS+p ar T
Spec.: K, <5%,& >0.4

The system dc-gain>=20
Phase margigg45°

GH(jwW) =————

Jw(0.5 jw+1)

2 1Y find the new crossover frequency from the bode diagram
0-dB =20log20-20logw—-201log[(0.5wW)" +1] 5
— 2010g20 - 20logw -10log[(0.5w)? +1] 0, =842 p=0, o =144,2 = =48
W, ~6.2 K *(2) = 20*3= 60
¢, =180-90—tan"(0.5w,) =180 -162 =18° z 18
s+4.
_ . 0 _ 0 _ 0 0 0 _ 0 G . (s)=60

¢ =¢,—¢ +3°~10° =45°-18° +3° =30 «(s) <144

a:1+s!n¢m :l+0.5 _3
1-sing, 1-05
—10loga =-4.77dB

2007 15|31} ! 22
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Bode Diagram
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A
Bode Diagram

1
Frequency (rad/sec)

10

41351 - — -

(ap) spniuben (Bap) aseyd
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Phase-lag Design Using the Bode Diagram

1. Obtain the Bode diagram of the uncompensated system with the gain adjusted for
the desired error constant.

2. Determined the phase margin of the uncompensated system and , if it is
insufficient, proceed with the following steps.

3. Determined the frequency where the phase margin requirement would be
satisfied if the magnitude curve crossed the 0-dB line at this frequency. ( allow 5"
phase lag from the phase-lag network when determining the new crossover
frequency.

4. Place the zero of the compensator one decade below the new crossover frequency
and thus ensure only s°of additional phase lag at «_ due to the lag network.

5. Measure the necessary attenuation ate, to ensure that the magnitude curve
crosses at this frequency.

6. Calculate by noting that the attenuation introduced by the phase-lag network is -
20log« at

7. Calculate the poleas @, :%” =o,/a  and the design is completed.

2007 15|31} ! 25
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dB

20 log «

N

z
p:

N~ — >

2007 15|31 !

logw
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R(S) +

Example:

1
T(;‘i‘S) :pS+Z

ZS+p

i+s)

20 K, K,=20/2

GH(JW): . = . 1 Py
jw(jw+2)  jw(j0.5w+1)

Spec. :phase margin=459 the uncompensated system
has a phase margin of 20°

Allowing for the phase-lag compensator, we locate
the frequency » where ¢(w,) =-130° which is to be
our new crossover frequency o, =1.5

The attenuation necessary to cause  to be the new

crossover frequency is equal to 20 dB.

2007 15|31} !

(ﬁ}s+z R 20 R
Z)s+p s(s+2)

20dB =20loga = a =10
2=, =% =12 015 p=w, =2 =0015
a 10 10
Gc(s):i s+0.15
10 5+0.015

27
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Deadbeat response: proceeds rapidly to the desired level and

holds at that level with minimal overshoot.
A deadbeat response has the following characteristics:

1.

2
3.
4

steady-state error=0

Fast response: minimum rise time and settling time

0.1%<= percent overshoot<2%

Percent undershoot<2%

F(s)=s’+aw s+ fo’s + o’

F(s)=s"+am,s’ + po’s’ +yw’s + o

Table 10.2 Coefficients and Response Measures of a Deadbeat System

Percent Percent  90% 100%
- Over- Under- Rise Rise Settling
System Coefficients shoot, shoot, Time, Time, Time,
Order « B v 0 € P.O. P.U. Troo T, T
2nd 1.82 0.10% 0.00% 347 6.58 4.82
3rd 1.90 2.20 1.65% 1.36% 3.48 4.32 4.04
4th 2.20 3.50 2.80 0.89% 0.95% 4.16 5.29 4.81
Sth 270 4.90 5.40 3.40 1.29% 0.37% 4.84 5.13 543
6th 3.15 6.50 8.70 1.55 4.05 1.63% 0.94% 5.49 6.31 6.04
Note: All time is normalized.
ZUU/ = L7 31!
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Spec. :settling time 1.2 sec

R(S) [+ s+2

9 T K222
S+7 S+p

K(s+2)

s(s+2)

Gpo (S) = -
S+p s(s+2) Pre-filter

z GG,(s) 2Kz

T(s)= .3 2
s+21+G.G,(s) s°+(2+p)s”+(2p+2k)s+2kz

sol: o T, =4.04 w, :4'—0423.37
1.2
T(s)=s’+ams’ +pas+w’
a=19 =22
T(S)=$"+6.4s" +24.985+38.27=5"+(2+ p)s* +(2p+2k)s + 2kz
p=4.4,K=28.09,z=2.36

s+2.36
s+4.4

G, (s) =8.09

2007 15|31} !
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j-

Step

L

1

=

—

1

=2

Integrator

Transfar Fon

i

Scope

2.36

=2 36

2.00(s+2 26)
[+

=

1

=

=

Transfer Fon2

2007 15|31} !

Zero-FPole

Integrator!  Transfer Fend

1

=2

1
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0.8

0.6 7

0.4

0.2

N

system step response with deadbeat compensated |

Uncompensated system step response

2007 1£]31F!
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+ = R,
R, ANAN,—eo— —
P +
Uy l’ .

r 7)'0
QO —

PD controller

2007 1£]31F! 33
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Pl controller
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(
\C
|( 2 w
L«/I\:»CI l )
—VVVv—¢
R
+ O @ —_ 2 R3
U : + +
F + U)

PID controller

2007 15|31} ! 35
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EXxercises:

E10.1, E10.2, E10.4, E1.0.8, P10.9 P10.11,
P10.14, P10.21, P10.39 ,AP10.9 AP10.10, DP10.4
DP10.5

20074 15|31} !
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