Introduction to
modeling and control




What is a control system?

* In humans, the body temperature is controlled by
the thermoregulatory center in the hypothalamus
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Regulation of Body Temperature

Exposure to cold

e Shivering
e Decreased blood
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Regulation of Body Temperature

Exposure to cold

e Shivering
e Decreased blood
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flow to skin

e Goose bumps

e Behavioral changes
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Regulation of Body Temperature

Exposure to heat

e Blood vessels dilate

e Sweating
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Negative feedback in body temperature
regulation

Stimulus/Perturbation
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Negative feedback in body temperature
regulation

Set Poin
37°C
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Stimulus/Perturbation
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Negative feedback in body temperature
regulation

Stimulus/Perturbation
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- smooth muscles in
vessels
- skeletal muscles

Set Point ,( \ | -+ - arrector pill muscles
37°C j - sweat glands

- adrenal and thyroid
glands
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Negative feedback in body temperature
reglﬂati()n Stimulus/Perturbation

- smooth muscles in
. P vessels
. : - skeletal muscles
Set Point ™\
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Hypothalamus/Skin
Thermoreceptors
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- adrenal and thyroid
glands
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Negative feedback in body temperature
reglﬂati()n Stimulus/Perturbation

Body
Temperature

- smooth muscles in
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Set Point ™\

O
-
o+
C
o
o
(%)
(%)
Q
O
O
| -
(a

Hypothalamus/Skin
Thermoreceptors

. > » - arrector pill muscles
37°C \X - sweat glands
- adrenal and thyroid
glands
Body
Temperature
A

Set Point

7 N S Negative feedback counteracts

the change and brings the system
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Negative feedback

- Insulin - Body cells take up glucose.
o
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¢ Beta cells in pancreas Liver takes up
release insulin into the blood. glucose and
stores it as
glycogen.
STIMULUS: blood
glucose level rises. .
Homeostasis || Blood glucose
(glucose levels 90mg/ 4'11 00mL) level declines.
2 Set Point

STIMULUS: blood
glucose level falls.

Alpha cells in pancreas
release glucagon.

Blood glucose
level rises.

Liver breaks

down glycogen
and releases
glucose.

C Glucagon jr—

biologycorner.com
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Negative feedback in glucose level regulation

Stimulus/Perturbation
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Set Point
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- Pancreas

» - Liver
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Negative feedback

Stimulus/Noise
(environment)

Controller System l
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Set Point
Output

Blood pressure

- Blood sugar level
- 02 levels

- Body temperature
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Negative feedback in tracking a trajectory

Stimulus/Noise/perturbations
(environment)
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Controller l
Trajectory: dystem

Esplanade ->
GCD386

-

Output:

Following the desired
trajectory despite the
perturbations (obstacles,
passers-by)

L
Actuator/Effector
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s PACE { /// PAYLOAD SEPARATION

Example: Falcon 9 rocket —===== 8

7
Z// FLIPMANEUVER [T 1T EE LS LR EEEE R L] | ant®e? - iwi
Goldlna= tnractar=tilipHREIREEN SRR
flrstistage HisHiRHHSEIRHSEIRSERENS S el e
/// STAGESEPARATION == /77 BOOSTBACK BURN /// GRID FINS DEPLOY

First stage has left
Earth’'s atmosphere

Engines light to bring in
trajectory toward landing site

/77 ENTRY BURN

Engines light again to
slow down first stage

//7 ASCENT

/77 AERODYNAMIC GUIDANCE

Grid fins steer lift produced
by first stage

/77 LAUNCH /77 VERTICAL LANDING
! Engines light one final time bringing
|

first stage to precision landing

E L}
& /// “JUST READ THE INSTRUCTIONS” = =

Autonomous Spaceport Drone Ship




Example: Space X Falcon 9 rocket
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Example: Space X Falcon 9 rocket

17



Example: Space X Falcon 9 rocket

T+ 00:0817

STAGE 2 TELEMETRY
 SPEED \ ALTITUDE

‘&\17436 \ 228
N Kkm/I ’5\\5 Km

STAGE 1 LANDING

THE FIRST STAGE OF FALCON 9IS
ATTEMPTING AN EXPERIMENTAL
LANDING ON THE AUTONOMOUS
SPACEPORT DRONE SHIP

LAUNCH: CRS-8 -

ENGINE CHILL FALCON INTERNAL POWER STARTUP MAX-Q S2STARTUP EXPERIMENTAL LANDING
' ' ' ' )

= —_— ® o
) ' L] L ' |

DRAGON INTERNAL POWER STRONGBACK LIFTOFF MECO BOOSTBACK BURN

Process Control
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Negative feedback

Stimulus/Noise

(environment) 2
5
O
System 3
o
Controller . % &
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Yet Another Example
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Artificial limb control



https://mediaspace.epfl.ch/playlist/dedicated/30106/0_iqbbue3u/0_qtpjfqlm

Negative feedback in artificial limb control

Stimulus/Noise/perturbations
(environment)
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Negative feedback in artificial limb control

Stimulus/Noise/perturbations
(environment)

O
-
o+
C
o
o
(%)
(%)
Q
O
O
| -
(a

System J

Controller

|

M “fi“ Sl 83

Output

J ] & &

y
Actuator/Effector
Sensors/Receptors




Temperature regulation of a room
with feedback controller

Wr

hot water
Heater >

—_ (o]
Feedback T’”ef =21°C T
controller Ixt
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D

uel oil

Tout

Feedback controller will correct all perturbations in the system




Scheme of a control system
with feedback controller
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Temperature regulation of a room

with feedforward controller
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Scheme of a control system

with feedforward controller
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Scheme of a control system

with feedback and feedforward controller
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Temperature regulation of a room
B

—_ (o]
Feedback Tref =z21°C T
controller Ixt

O
| -
e
C
o
o
(%)
(%)
Q
O
O
| -
(a

'
[~

Fuel oil

Tout

WE
hot water
Heater >




Temperature regulation of a tank

mixer

Disturbance

Control Controlled

input output
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Possible control systems

Negative feedback Disturbance rejection (anticipation)

Disturbance

Control Controlled

Disturbance
input output Feedforward
inpu
controller Te
u4>-—>Ta nk
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Why “Automatic” control?

Inputs

\4

steering wheel
throttle
brakes

Outputs

Manipulated variables

Hands, legs

Controller

Eyes

position
speed

Controlled variables
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Summary: elements of a control loop

Disturbance

T, _
Feedforward | S
controller | S
A 4 (@)
Tank Effects of &
disturbance
Set point Error Fontrol l Controlled
(reference) Feedback | ++  MPUt 1 1 Effects of + output
»() b —() b trol O b
T T- controller p contro T




Positive feedback
g

Nerve impulses from Brain stimulates
cervix transmitted pituitary gland to
to brain secrete oxytocin
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Oxytocin carried
in bloodstream
to uterus

Head of baby {,
pushes against
Cervix

Oxytocin stimulates
uterine contractions
and pushes baby
towards cervix
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Positive feedback



Stimulus/Noise

Positive feedback o
environment)

Controller System
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Output

Actuator/Effector
Sensors/Receptors

e Other examples: blood clotting, menstrual cycle, ...
e Less common in nature (and control systems) than negative feedback




System and system variables

e Physical -> our complete body, rocket, blood glucose regulation

e Abstract -> economy of a country, information systems
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Disturbance variables
(perturbations)

\ 4

Controlled variables

System/Process - (outputs)

Manipulated variables

(control inputs) ‘




System and system variables

Disturbance variables

(perturbations)
/ If w cannot be manipulated
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Static and dynamic systems

e Static systems

- y(t) at t depends only on the input u(t) at the time t
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- Mathematically: y(t) = f (u(t)), e.g., y(t)=2u(t)

- Memoryless systems

System

Input u(t) Output y(t)
—> states x(t) —




Static and dynamic systems

e Dynamic systems

- y(t) depends on the input u(t) at the time t and at other times
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- Systems with memory

System

Input u(t) Output y(t)
— —




Static and dynamic systems

e Dynamic systems

- y(t) depends on the input u(t) at the time t and at other times
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- Systems with memory

- Memory quantified through state variables (or “states”)

System




Static and dynamic systems

e Dynamic systems are often represented as ODEs (ordinary differential

equations)
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- A general description:

Lo ()., x(to) = x;
e.g., % = —x(t) + 2u(t)

y(t) = g(x(t),u(t), t)
e.g., y(t)=2x(t)




Static and dynamic systems

e Static or dynamic? if needed test for different values of t:
y(t) = u(t) —u(t—1)
y(t) = u?(t)
y(t) = u(t?)

y(t) = tu(t)
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Types of systems studied in this course

e Dynamic / Static

e Deterministic / Stochastic
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Types of systems studied in this course

e Dynamic

e Deterministic
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e Deterministic — knowing the current state of the system, x(t), the

future outputs y(t) can be exactly predicted from u(t).

e Stochastic — random events/variables affect the output




Types of systems studied in this course

e Dynamic / Static

e Deterministic / Stochastic
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e Single input — single output / Multivariable

Inputs u(t)
Input u(t) —>
m=) | System |==) mm) | System :
Output y(t) = Outputs y(t)




Types of systems studied in this course

e Dynamic / Static
e Deterministic / Stochastic
e Single input — single output / Multivariable

e Local parameters / Distributed parameters

q A qﬂ' I

C | Cpe I
A , o (-8 B |
q l A,B,C
- Y e (RS
cm| “
— i=A, B, C c, la i=A, B, C
Homogeneous system, c(t) Spatial and temporal changes, c(z,t)

Local parameters Distributed parameters
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Types of systems studied in this course

e Dynamic

e Deterministic
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e Single input — single output
e Local parameters

e Continuous

Temperature Profit

A A

/_\/

p Time

p Time




Properties of dynamic systems

e Linearity (homogeneity and additivity)
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Properties of dynamic systems

e Linearity (homogeneity and additivity)

A A A
y y y
Y1 FYp b
V2 — 7 V73] E—
................. y yl
Y1 . y 1 u y
u; u; u, U; U, u;+u,

The output of a linear system excited by any linear combination of

inputs u; and u, is equal to the same linear combination of the

corresponding outputs y;andy.: au, + bu, ----> ay,+ by,

inputs system outputs
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Properties of dynamic systems

e Linearity (homogeneity and additivity)
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Most processes are nonlinear
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Properties of dynamic systems

e Time-invariance (stationarity) — system not changing in time, i.e.,

whose parameters are time-invariant
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Time-invariant system
y+3y+ 2y =3u
Time-variant system

j + 3e~ty + 2y = 3u




Properties of dynamic systems

e Causality — an effect cannot occur before its cause

e Here it means that the system response in time (output) cannot
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precede the excitation (input)

X

Cause u(t)

Effect y(t)

R

: » Temps

0
Causal

Cause u(t)

Effect y(t)

A

i > Temps

0
Non Causal




Do not mix correlation and causality!

caused by
falls down
30 stairs

consumption
of high-fructose
1,975 20  corhsyrup

MORE IPHONES MEANS LET’S CHEER ON

MORE PEOPLE DIE FROM THE TEAM, AND

FALLING DOWN STAIRS WE'LL LOSE WEIGHT I
S

40M Deaths 2,000 $25B Per capita 75 LBS 2
O
o
a

(U.s.) (u.s.) 65
20 1,950 15
. 55
10 1,925 10 Spending
on admission
iPhone to spectator
o sales 1,900 c sports(U.S.) 45
2007 ‘08 ‘09 10 2000 02 04 06 08

SOURCE TYLERVIGEN.COM
FROM “BEWARE SPURIOUS CORRELATIONS,” JUNE 2015




Do not mix correlation and causality!

YOURE NOT... THERE ARE 507
MANY PROBLEMS WITH THAT.
- JUST TO BE SAFE, UNTIL
I SEE MCRE DATA TM
e GOING To ASSUME CANCER
CAUVSES CELL PHONES.

ANOHER HUGE STuDY | HuH?

FOUND NO EVIDENCE THAT UNITED STATES:

CELL PHONES CAUSE CANCER. WELL, TAKE | =0}

WHAT WAS THE WHO. THINKINGT |27 A LOOK. TOTAL CANCER
; / 4 INCIDENCE

g

©
| -
e
C
o
o
(%)
(%)
Q
O
O
| -
(a

T THINK THEY JUsT
GOT IT BACKLARD.

o)

e 4
PEE, Iod o : B e
o 1180 19t 200 04




Initial conditions

Relaxed system A system is said to be relaxed if the system is causal and
at the initial time t, the output of the system is zero,

i.e., there is no stored energy in the system.
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AT AN

Relaxed system Perturbed system




[nitially relaxed systems

A dynamic system is initially relaxed if its initial conditions correspond to an
equilibrium point
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y(t) = =2y(t) +u(t) y(0) =y,

Equilibrium point (y=0)
0=-2y+u - y=05u

The equilibrium point depends on u:

* Foru=0,y =0 - systemisrelaxedify, =0

* Foru=2,y=1 —systemisrelaxedify, =1




Systems studied in this course

System Represented by an equation S
Continuous dynamic Differential %
Local parameters Ordinary :
Linear Linear

Time-invariant Constant coefficients

Relaxed Zero initial conditions




Disturbance

Control problems ,
Tan k Effects of
disturbance
Set point Error Control Controlled -
(reference) input Effects of + output c
A | Feedback i O . S
T, - controller p control T é
O
(a8

e —— Controlled
Te —— system

Tracking: variation of T, T(t) follows T,.(t) — tracking of a reference trajectory

Regulation: : variation of T, T(t) follows T,.(t) — disturbance rejection
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