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Chapter 3 Characteristic of System
Lecture 5 Block Diagram and Steady State Error

* maesuszuuluzl Block Diagram
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* Computer Simulation (Matlab/Simulink)



Applications

What the transfer function of the closed-loop system shown 7

controller actuator process
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Applications

The position control system for a spacecraft platform is governed by the
following equations:

CFL(;) 4 de_(t) + 4p(t) = 6(t) r(t): desired position
dt dt p(t): current position
vi(t) = r(t) — p(t) vi(t): amplifier input voltage
do(t) v2(t): amplifier output voltage
dt 0.5v5(t) A(t): motor shaft position

va(t) = 8vi(t)

How can we represent the system using a block diagram 7



Block diagrams

— Represent the relationship of a system variables graphically.

— Example: The relation between the input voltage and and the position of a
DC motor

Vin() - o(s)
s(Js+b)(Ls+R)

.
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inputs H ( S) outputs
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Basic building elements

Transfer function

Gain

Sum




Block diagram of a DC motor

— Electric circuit characteristics

— Back electromagnetic force voltage

V(s) — Vi(s)
R+ Ls

V(s) = (R + Ls)I(s) + w(s)km — I(s) =



Block diagram of a DC motor

— Mechanical characteristics

— Torque constant

: I(s)ki — T4 I(s)ki — T4
T(s) = (Js* + bs)d Ts — 8(s) = » w(s) =
(s) = (Js"+ bs)(s) + Ta = 6(s) = =35 ()=~ 55




Block diagram of a DC motor

V(s)— Vs
() = e

T(s)—T,(s
w(s) = [ L—bﬂl[ )

T(s) = kil(s)

Vin(s) = kmw(s)




Block diagram of a DC motor
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Simulation with Matlab - Simulink

w |

Evaluate the step response of the motor



Basic operations

Combining blocks in cascade
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Moving a pickoff point ahead of a block
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Basic operations

Moving a summing point ahead a block

A (E | HE) S 40_1*”.
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Moving a summing point behind of a block
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Eliminating a feedback loop
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Eliminating a feedback loop
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Example 1

Find the open-loop transfer function of the closed-loop system shown.

controller actuator Process
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Example 2 - DC motor
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If T =0, what is the transfer function #(s)/V(s) ?
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Example 2 - DC motor

Ta(s)
boad
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G(s) = V(s) s[(Ls+ R)(Js + b) + kikm]

Sometimes the armature time constant 7, = L/R is negligible, thus

- N 9(5) B k; - k,/(Rb+ K,'Km)
% V) "SRG T B Rk s(rs+ 1)

RJ

where 7 = e

(1)



Exercise 23

Find the transfer function Y(s)/R(s) of the system shown.
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Procedure:

— Simply the block diagram

H(s)

Hy(s)

— Calculate the closed-loop transfer function



Exercise 23 - continued
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Exercise 23 - continued
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Exercise 23 - continued
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Exercise 23 - continued
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Exercise 24

An active suspension system can be controlled by a sensor that looks ahead at

the road conditions. An example that can accommodate road bumps is shown
in the figure. Find the gain k; so that the vehicle does not bounce when the

desired deflection is R(s) = 0 and the disturbance is T(s).
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Procedure:
— Find the transfer function from T(s) toe R(s)
— Set the bounce to zero (Y(s) = 0)

— Calculate ki1

bwnice



Exercise 24 - continued
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Exercise 25

The position control system for a spacecraft platform is governed by the

following equations:

2
d P{;} N Edﬂl:f] +4p(t) = 6(t) r(t): desired position
dt dt p(t): current position
vi(t) = r(t) — p(t) vi(t): amplifier input voltage
do(t) v2(t): amplifier output voltage
dr 0.5v2(t) @(t): motor shaft position

va(t) = 8wi(t)

To do:

— Sketch a block diagram of the system

— Find the transfer function P(s)/R(s)



Exercise 25 - continued ,
d"p(t) ,dp(t)

e, + ET + 4p[i‘] = ﬁ'{t}
vi(t) = r(t) — p(t)
diﬂ — 0.5w(t)

va(t) = Bwi(t)



Exercise 25 - continued
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Exercise 26

Compute the transfer function Yi(s)/R2(s). Hint: Using the principle of
superposition, set Ri(s) = 0.

His)

1) ) L .
| Gils) ] O Gals) (O Gats) -
‘ ' Yiis]

{-.r-l— | 5 _| |'_-.JI:.; l: .ﬂ] i {-.r-l;,l_ 5 :|

|rill::-|..".'] ) J }|I: ."il
—_— rrl|l.ﬁ] f:-.l'='l * .

Gels) ———

ffgfﬁ]




Exercise 27

Compute the transfer function Y2(s)/Ri(s). Hint: Using the principle of
superposition, set Ra(s) = 0.
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Exercise 28

Compute the transfer function Y(s)/R(s) for the idle-speed control system for
a fuel-injected engine as shown in the block diagram.
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Exercise 29

Compute the transfer function Y(s)/U(s) for the block diagram shown.




msmia Steady state error ua
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e Understand concept of error and disturbance signals

* Calculate the steady state error of a system
* Analyze the influence of control loop gain



Applications

When the steel bars engage in the rolls of the rolling mill, the load on the rolls
increases immediately. How can the speed of the rollers be controlled to
minimize this disturbance?

steel bar — . rolls




Applications

Automated control of the laser position during eye surgery enables the
ophthalmologist to indicate to the controller where lesions should be inserted.

How can we design a controller that minimizes the transient response of the
positioning system if the retina moves during the surgery?
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Closed-loop control

Desired state/input

R(s)

_—

Error, E(s) = R(s) — Y(s)

(

COIMpPAarison ;

controller ——| process

output

measurement

=

=

Y(s)

Current state



Open-loop control

In the absence of a controller and without feedback, the disturbance T(s)
directly influences the output Y/(s).

An open-loop system operates without feedback and directly generates the
output in response to an input signal.

T(s)

R(s) Y (s)

L o) Gs) —




Closed-loop control

R(s)

C(s) ——

((s)

Y(s)

N

A closed-loop system compares the output Y(s) with a desired value R(s).

The error signal E(s) is used by the controller to adjust the actuator.

R(s)

E(s) C(s)

1'(s)
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Y (s)
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Advantages of closed-loop control

R(s) ~E(s) Y (s)

()

N(s)

His)

®* Decrease sensitivity to variations in the parameters of the process (G(s))
®* |Improve rejection of the disturbances ( T(s))

* |Improve noise attenuation (N(s))

* Reduce the steady-state error (E(s))

® Allows for control of the transient response



Disturbance

Disturbance i1s a change in the values of the nominal parameters of a control
system due to external sources.

T(s)

R(s) El(s)

His)

For H(s) = 1, the response due to disturbance is

G(s)
+ C(s)G(s)

Yo(s) = 7 T(s)

For R(s) =0 and N(s) = 0.



Disturbance

Fis) Fls)

For H(s) =1, T(s) = 0; and N(s) = 0, the output due to R(s) is

C(s)G(s)

Yr(s) = T e@)6(s)

R(s)

For H(s) =1, T(s) =0, and R(s) = 0, the response to noise is

C(s)G(s)

Yu(s) = 1T c(5)6(s)

N(s)



Disturbance and superposition

The principle of superposition gives the total response as

F{S] = VH{E] + VNI::E] + FTI:E]

C(s)G(s)
1+ C(s)G(s)

G(s)
1+ C(s)G(s)

___C(s)6(s)
1+ C(s)G(s)

Y(s) = R(s) +

T(s) N(s)



Disturbance and superposition
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Defining the error as E(s) = R(s) — ¥Y(s) gives

C(s)G(s) G(s)
)= T e@eE ) ~ 15960

E(s) — (1_ : E{EE{SL}) R(s) - —C6) 105+ _CEIGE)
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Poles and zeros

Consider the following function:
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Disturbance rejection

1 G(s) C(s)G(s)
15 Cc(5)60s) &) T T c(s)66) T T 1T Ce)6(s)

E(s) =

N(s)

To reduce the influence of the disturbance:
— C(s) must be large to minimize the influence of T(s)
— C(s) must be small to minimize the influence of N(s)

How to solve this conflict?

steel bar  — o rolls

— Make C(s) large at low frequencies

— Make C(s) small at high frequencies



Transient and steady-state response

— il =

transient response steady-state
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Steady-state error

If N(s) = T(s) =0, the error is:

1
1+ C(s)G(s)

The steady state error can be obtained using the final value theorem:

E(s) =

R(s)

lim e(t) = lirra sE(s)
t—0C S—

For the closed loop system (step input):

ec(00) = lims (1 = C(S)G(s)) (Z) = (1 + C(O)G(O))

C(0)G(0) is called the "DC gain".




Open-loop vs closed-loop

Open-loop: The error is E(s) = R(s) — Y(s)

Re) % | [k | Y0
T54+1 T1 841
=) (=)

E(s) = R(s) — AlS R(s)

What is the steady-state error?

(75 +1)(ms+ 1)



Open-loop vs closed-loop

Closed-loop: The error is E(s) = R(s) — ¥(s)

R(s) ~E(s)| g K, | Y(s)
s Ta41 1 mis+1
() (=)

KK

E[S] = R{E} B [TS‘|‘ 1}(7-15—|— 1}—|— KK;

R(s)

What is the steady-state error?



Open-loop vs closed-loop

R(s) . 4% . A }:[H]
Ta+1 T15+1
C(s) G(s)
Open-loop: The steady error is
E(s) =1— KK;
Yis)

Bs) NEG) ) K | K.
T Ts41 T1 84
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Closed-loop: The steady error is

1

Els) = T kK



Exercise 30

A robotic arm and camera are used to pick fruit as shown in the figure. The
camera is used to close the feedback loop to a micro-controller, which controls
the arm. The transfer function of the process is

.
(s + 10)?

and the controller is a proportional gain so that C(s) = K. Calculate the
steady-state error of the gripper for a step command A as a function of K.

G(s) =




Exercise 30 - continued

G(s) =

1

o Y

(s + 10)°°

C(s) = K,

0

R(s)




Exercise 30 - continued
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Exercise 31

A hard drive requires a motor to position a read /write head over the tracks of
data on a spinning disk. The motor and head have the transfer function

100
s(0.001s + 1)

The controller is C(s) = K. Calculate K that yields a steady-state error of 0.1
mm for a ramp input of 10 em/s.

G(s) =

Dresared
position

Controller =,

Muagnetic disk Readiwrite
head



Exercise 31 - continued
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Exercise 31 - continued



Exercise 32

A submarine has a depth control system as illustrated.

1 I[-S.:I thisgnrhanee
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(a
(b

) Determine the transfer function F(s) = Y(s)/R(s)

) Determine the steady state error for T(s) = 1/s and R(s) =0
(c) Calculate the response y(t) for R(s) = 1/5s when K = K2 =1 and
1 < K < 10. Select K; for the fastest response.



Exercise 33 - Design problem

The position control system of a laser system for ophthalmologic surgery is
shown in the figure. Select the gain K to ensure an appropriate transient
response to a step change in R(s) and the effect of disturbance is minimized.
The steady-state error must be zero. The system is stable provided that

K < 10. Plot the step response of the system for 1 < K < 15 using Matlab.

2
s{s+1)s44)




Exercise 34 - Design problem

Consider the speed control system shown.

Md(b} > K 1 r-u- ‘ »
_ 5 < ) s+5
<

Determine:

(a) The range of Kj so that the steady state tracking error is e << 1%

(b) KK1 so that the steady state error for T(t) = 2t mrad/s for 0 < t < 5 sec
is less than 0.1 mrad/s.
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