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What do these two have in common?

Tornado Boeing 777

* Highly nonlinear, complicated dynamics!
* Both are capable of transporting goods and people over long distances

BUT

* One is controlled, and the other is not.
» Control is “the hidden technology that you meet every day”
* It heavily relies on the notion of “feedback”

2

MENG366 - Dr. Saeed Asiri @profsaeedasiri 8/14/2024


http://images.google.com/imgres?imgurl=www.aerospace-technology.com/projects/bbj1/images/boeing-business-jet4.jpg&imgrefurl=http://www.aerospace-technology.com/projects/bbj1/bbj14.html&h=480&w=600&prev=/images?q=Boeing+777&svnum=10&hl=en&lr=&ie=UTF-8&oe=UTF-8

asi A met
Basic Concepts of Feedback Control

cow HOT
WATER WATER
SUPPLY SUPPLY
LINE LINE

Flow diagram for shower example.
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Course Overview

D One of the most important and multi-disciplinary
courses you’ll ever take
@ Physics
@ Kinematics
@ Mathematics
@ Time and frequency response analysis
@ Engineering judgment

[> Leveraging previous coursework and preparing for future
coursework

@ Mechanical vibrations
@ Mechanics, electrical, electromechanical

@ Fluid-thermal .—— Remember these?
@ Calculus, differential equations, complex algebra

@ Measurements/instrumentation understanding

D Emphasize combination of theoretical and conceptual
understanding
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Example: Vehicle speed control

Tractlon input, excitation
Inertia force Fr|Ct|(y’] damping

1. mopeL. M @@‘—@‘
Mv+Bv = f (t) Ilnearlzat| n %

Gravitation: disturbance

o0
Desired
2.ANALYSIS: Y Actul increasing grade °P°¢¢
Speed ) t
Gravity/incline
Desired Actual

force
- speed

Vehicle

I

states

3.CONTROL: speed +

Controller
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Basic Concepts

> System

A combination of components acting
together to perform a specific objective

> Modeling

A procedure to obtain a mode! describing
'mportant characteristics of system

> Analysis

Investigation of performance of system, whose
model is known, under specified conditions
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Motivation for MENG366

Explaining Feedback Control
interesting SO ENe Design and
Phenomenon HECIE el Adding Intelligence

7

MENG366 - Dr. Saeed Asiri @profsaeedasiri 8/14/2024



asi A met

Definitions Related to System

D Input A variable that excites a system
° Inputs are not always known beforehand
° Inputs are always responsible for problems in systems

D Output A variable that we observe and consider important
] Measurements/instrumentation
@ Not necessary what we want to know

[> State A variable that is used to describes the internal
system dynamics

° A set of states can be used to fully describe
system’s current situation.
? With two identical sets of initial values of states,

performance of a system is the same
Do you get all the states of system ?
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Interdisciplinary and System Nature of MENG366
Analogous systems

DModeIs are the same regardless of the physical domain of interest

¢ i|-[wm|-[L]-|L

y = Charge y =Transl. displ. Yy =Angular displ. vy =Volume
u = Voltage u = Force u=Torque U = Pressure

u y

" [

We only need to understand how to analyze one model, but the
results are applicable for four seemingly different types of
physical systems!
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[ Physical System }

I
» e
v

Develop Idea

B'g Model

PiCtU fe Modeling
Not Good _
Verify
Model
No
- - Feedback/ Predict
Simulation < i
Study Feedforward Not S Performance Analy3|s
Control Design ot =9 L
great
[ _Yes
+ A 4
Build Actual
Implement on System and
Actual System Verify Design Implementation
Test

Meet No
Performance

Spec.

Meet
Performance
Spec.

No
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Response: Input vs. Output ﬂ
- - - 4 Input command #
Transient — >
5 R Steady-state Steady-stat
ca -state ca -statec
Input and output E s "
(an elevator case)
Elevator response
Time =
 §
Output with
Respense of a general high gain
pesition Mn_uJ system
shewing effect of high and ——
low contreller gain en the Input \/

Response

eutput respense

\ Output with

low gain

Time

= 1
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Two Types of Control Systems

* Closed Loop

* Open Loop
No feedback — Must have feedback
g — Must have sensor on
— Difficult to control output
output with |
accuracy — Almost always negative

feedback

12
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Open-loo osed-loo

»

-
-

op vs. Cl op

Disturbance 1

Disturbance 2

Output
[nput Input Process
or —™ d —1 Controller Plant
Reference | ranscucet or Flan Contlollcd
Summing Summing variable
junction junction
(a)
Error
or Disturbance 1 Disturbance 2
Actuating
Input signal Output
or —m Input Controller Process — - or
Reference transducer X or Plant Controlled
. Summing Summing variable
Sl.]mmmg junction junction
junction
Output
transducer |-
or Sensor
(b)
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Open-Loop vs Closed-Loop

' -

* Closed-Loop (Feedback) Control

The control input u(t) (or U(s)) is synthesized based on the a priori knowledge ofthe
system (plant), the reference input r(t) (or R(s)) and the measurement of the acfual
output y(t) (or Y(s)). For example the temperature control of this classroom:

desired temperature Disturbance D(s) Room
(Reference input) ..o J \ Temperature
N @, Control algorithm > —_—
actual ) ¥ Y(s)
temperature Actuator Plant or System
thermometer [¢
Temp. y(t
desired o _ _ __ _ _ _ _ _
e >0, turn on heater temp.
* .
e <0, turn off heater ~ °N-Off controller: | ~time (1)

14
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Open-loop control

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

A common example of an open-loop control system is an electric
| toaster in the kitchen.

ﬁﬂ= 15
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Open-loop control

Battery e ~ Speed

| | Rotating disk

Speed
o/, ‘ D
setting C DC motor
amplifier
(a)
Controller Actuator Process

Desired _ 7
et Kmylifier DC Rot.atlng Actual
, motor disk speed
(voltage)

(b)
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Closed-loop control

A closed-loop control system uses a measurement of the output
and feedback of this signal to compare it with the desired output.

17
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Battery A~ Speed
I| | Rotating disk
Speed +
setting D C DC motor
amplifier

(a)
Controller Actuator Process
Desired
+ Error DC Rotating Actual
speed Amplifier  p=——>  ——— R S Clygd
(voltage) motor disk speed
oltage’ —

Measured speed

(voltage) Sensor

Tachometer |«

(b)
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Desired
course

of travel

Closed-loop control

Driver

Steering

L4 .
mechanism

4 T Error

Actual

\ 4

Automobile

Measurement,

visual and tactile

(a)

e

Actual
direction
of travel

(b)

Desired
direction
of travel

P course

of travel

Response—direction of travel

Desired direction of travel

Actual direction of [ra\/'—-
[_\

—

Time, 1

A person steering an automobile by looking at the auto’s location on the road and
making the appropriate adjustments.
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Closed- Control = Sensing + Computation + Actuation

Ioop In Feedback “Loop”
control
Actuate Sense
Gas Pedal Vehicle Speed
Compute |
Control “Law” |
* @Goals

— Stability: system maintains desired operating point (hold steady speed)
— Performance: system responds rapidly to changes (accelerate to 65 mph)
— Robustness: system tolerates perturbations in dynamics (mass, drag, etc)

20
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Manual control system

Fluid input

Fluid output

Figure: 01-08

Copyright © 2008 Pearson Prentice Hall, Inc.

Goal: Regulate the level of fluid by adjusting the output valve.

The input is areference level of fluid and is memorized by operator.

The power amplifier is the operator.

The sensor is visual.

Operator compares the actual level with the desired level and opens or closes the valve (
actuator)

21
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The level of fluid

L

Fluid input
Fluid output
Figure: 01-08
Copyright © 2008 Pearson Prentice Hall, Inc.
Controller Process
Desired Error * luld
sire —O—p = % Flui
fluid ¥- Valve Tank output
output *
Measurement
Visual Indicatlon
of fluld output *
Meter
* = pperator functions
@profsaeedasiri 8/14/2024
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Error
Desired = —> — — 2 ¢ >
. Actual
outpul  ==———p| Comparison [~ Controller | Actuator | Process ¢ o,
response oy (E— — N . > utpt
A A

<

Sensor |«

<

Measurement output Feedback

Figure: 01-04
Copyright © 2008 Pearson Prentice Hall, Inc.
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y-axis motor
A three-axis control system for inspecting individual semiconductor wafers with
a highly sensitive camera.
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Multiv

Valve
Feed (‘% [ )
water Y Turbine
/ Actual
//,_,,// Shaft :
VB_IXG — generation
Fuel —- (\)AS) Boiler Generator f———q¢——>
\
%
Valve
Air = (
J Speed <
l governor
Oxygen ‘ 1
measurement
Temperature Pressure
l measurement measurement
¢ <
<
< Computer |«
<« <
A A * A

Desired temperature,
pressure, O,, generation

Coordinated control system for a boiler-generator
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Private business
investment

Desired . .
: + Business National
national Government ) %
. Government production income
income — di
spending
I - Consumer
spending
Measurement Consumers
A
— Tax
. h
collections
+
Figure: 01-13

Copyright © 2008 Pearson Prentice Hall, Inc.
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Figure: 01-09

Copyright © 2008 Pearson Prentice Hall, Inc.

sed-loop control

- -

A robot is a computer-controlled
machine.

Industrial robotics is a particular
field of automation in which the
robot is designed to substitute
for human labor.

The Honda P3 humanoid robot.
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Rotating d

- 4

7
'(, ,
i#

Battery
1]
Speed
setting B
amplifier
(a)
Controller Actuator Process
Desired
ifi ' Actual
speed =—»1 Amplifier o D IR ROt?tlng y Actua
motor disk speed
(voltage)
(b)
Figure: 01-21

Copyright © 2008 Pearson Prentice Hall, Inc.
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Negative feedback coi

Battery
1]
Speed g
setting DC
amplifier
(a)
Controller Actuator Process
Desired
i Error D Betas iy
speed > Amplifier |—] P& f——5] Rotating ctua
motor disk speed
(voltage) =
Measured speed
Sensor
(voltage)
Tachometer [«
(b)
Figure: 01-22

Copyright © 2008 Pearson Prentice Hall, Inc.
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= Blood

ks glucose
=

S

=

)

O

Breakfast Lunch Dinner

Time =—>

Automatic system can be used to regulate blood pressure, blood sugar level, and heart rate.
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Closed-loop Artificial Pancreas

glucose u
setpoint “* " =

1’ Caiheﬁer—’ﬁ’ .

_-.‘{t_ Fat— L »"
r q Insuin— e e e 3

A

An insulin pump
administers insulin
through a catheter in
the abdominal fat to
help control a person’s
blood sugar levels

Insulin pump

adam.com

controller pump patient sensor

measured glucose

Insulin
& Motor, delivery Human A ctual
Amplifier v—b purmp, s body. glucose
and blood, and - level
valve pancreas

Sensor |«

Measured glucose level

_|_

Desired glucose level
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A position open loop control

i
o —— — —

The input is the desired angular position of the missile launcher,
and the control system consists of potentiometer, power

amplifier, motor, gearing between the motor and missile
launcher, and missile launcher.

32
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A position closed loop control

bl 1
.TJ|
4 'l l :
I ! |
| R 2ed tControl signal = . ; I
O 1 | Dh (Terence |_EHOF 1 Power |
, T | e ampliler | amplifier '
-b l . —— ! | |
R ‘ l . } |
| Remote | I
;_JL_:I;UZ . _J Posithon [tillbnl loop é 3 »

Should an error exists, it is amplified and applied to a motor drive
which adjusts the output-shaft position until it agrees with the
iInput-shaft position, and the error is zero.
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Chemical compeosition control

In a chemical process control system, it is valuable to control the chemical
composition of the product. To do so, a measurement of the composition can be
obtained by using an infrared stream analyzer, as shown in FigureP1.3.The
valve on the additive stream may be controlled.

Measurement of
composition

T

i Infrared
Additive = arialyzer Sample
Valve ] J / \\ tube
Main
—_—

stream

= Output

Figure: 01-27-04UNP1.3
Copyright © 2008 Pearson Prentice Hall, Inc.
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Disturbance
Forces

Desired
es.lr.e s Out_p_ut
position | Signal Position
> Actuator
R(S) Controller : U (s)
Reference Control block
Input
Eye
Sensor
Open loop No Feedback

Closed loop  With Feedback
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(('Z')

tudent-teacher learning process

e Construct a feedback model of the learning process and identify each
block of the system.

36
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Student-teacher learning process
Disturbances
parties, games
Desired : performance
Performance - Tee}chl_ng Students
3\ é[_Redagoglsmjé[ activities
Actuator
R(S) Controller UG) plant
Reference Control block
Input

Homework,

Exams, quizzes,... ]
Sensor

Open loop No Feedback Blindly teaching ?!
Closed loop  With Feedback
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Heater

Furnace
Deswred awitch Actual
temperature position temperature
o————> Thermostat » Furnace -+ Room

T

QUEStiOﬂZ |dentify:

a) the process,

b) the control input variable,
C) the output variable,

d) the controller.

38
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Cruise Control

Desired Actual
speed _ —— speed
o—» Speeﬂlﬁfn’uol | Throttle —| Engine —| 30

Road |
‘ Speedometer |,

111 car transgmission

Question: identify:

a) the process,

b) the control input variable,
C) the output variable,

d) the controller.

39
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) A Q3 -
Blending System
. A -
Wy l % Wy
{Mixture of A and B} v {Pure A}
B
-0
X
—

Notation:

Figure 1.3. Stirred-tank blending system.
*W,, W, and w are mass flow rates

* X1, X, and x are mass fractions of component A

40
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2

Blend

@
()]
o
—=
@
=

y

Assumptions:

1. w,is constant
2. X, =constant =1 (stream 2 is pure A)

3. Perfect mixing in the tank

Control Objective:

Keep x at a desired value (or “set point”) x4,, despite variations in
X,(t). Flow rate w, can be adjusted for this purpose.

Terminology:

« Controlled variable (or “output variable”): x
« Manipulated variable (or “input variable”): w,

* Disturbance variable (or “load variable”): x;

41
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Blendin

g System
Design Question. What value of W5 is required to have X = Xgp ?

Overall balance:

0=W + Wy —W (1-1)

W, X, + W, X, — WX =0 (1-2)

(The overbars denote nominal steady-state design values.)

* At the design conditions, X = Xsp . Substitute Eq. 1-2,
and X, =1 | then solve Eq. 1-2 for W, :

_ _ Xep — X
W, =Wy 1SPX : (1-3)
— Xsp

42
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Blending System

* Equation 1-3is the design equation for the blending
system.

- If our assumptions are correct, then this value of W>
will keep X at Xxgp . But what if conditions change?

Control Question. Suppose that the inlet concentration
X, changes with time. How can we ensure that x remains
at or near the set point Xgp ?

As a specific example, if 1> X and Wo =W, then X > Xgp
Some Possible Control Strategies:
Method 1. Measure x and adjust w..

* Intuitively, if x is too high, we should reduce w.:

43
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Ble Ste

(CD
((Q
@
(77
(CD

ﬂd y \m

« Manual control vs. automatic control

* Proportional feedback control law,
1. where K. is called the controller gain.

2. W,(t) and x(t) denote variables that change with

time t. _
W, (t)—W,,
3. The change in the flow rate, IS

proportional to the deviation from the set point,

Xgp = X(1).
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»

end

@
()

ng

System

Composition
controller

———— Electrical signal |
I
I
I
I

Control
valve

]
I
A |
I
X | X9 =1
I
I
I
I R |
&

Composition
analyzer/transmitter

X

—
w

Figure 1.4. Blending system and Control Method 1.
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Ble ste

Method 2. Measure x, and adjust w,.

ndir

'm

(CD
(CD

@
(P

<
@

* Thus, if x, Is greater than , we would decrease w, so
thak w,;
X W
* One approach: Consider Eq. (1-3) and replace and
with x,(t) and w,(t) to get a control law:

W, () =W, XS: __lep(t) (1-5)

46
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Composition
controller

Composition @ Control
analyzer valve
X1
" N L

Figure 1.5. Blending system and Control Method 2.
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Blending System

 Because E(g. (1-3) applies only at steady state, it is not
| clear how effective the control law in (1-5) will be for
transient conditions.

(CD
(CD

((/[’)
K

Method 3. Measure x; and x, adjust w.,.

* This approach is a combination of Methods 1 and 2.

| Method 4. Use a larger tank.

* If a larger tank is used, fluctuations in x, will tend to be
| damped out due to the larger capacitance of the tank
| contents.

« However, a larger tank means an increased capital cost

. .
ﬁﬂ=_ : 48
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Classification of Control Strategies
Table. 1.1 Control Strategies for the Blending System
Method Measured Manipulated Category
Variable Variable

1 X W, FB?
2 X1 W, FF
3 X, and X W, FF/FB
4 - - Design change

Feedback Control:

 Distinguishing feature: measure the controlled variable

49
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