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Enter all answers in the boxes provided.

During the exam you may:

e read any paper that you want to

e use a calculator
You may not

e use a computer, phone or music player
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OOP (12 points)

The following definitions have been entered into a Python shell:

class Account:
chargeRate = 0.01
def __init__(self, start):
self.value = start
def debit(self, amount):
debitAmt = min(amount, self.value)
self.value = self.value - debitAmt
returntaggiiﬁmtp:;
def deposit(self, amount):
self.value += amount
def fee(self, baseAmt):
self.debit(baseAmt * self.chargeRate)
def withdraw(self, amount):
if self.value >= 10000.0: Wf‘”'-”‘ Tt bﬁ,!a‘/(@
self.fee(amoun{/2.0) Bk d
else:
self.fee(amount)
return self.debit (amount)

class Checking(Account):
chargeRate = 0.05
def deposit(self, amount):
if self.value <= 1: i!-"
Account.deposit (self, (1-self.chargeRate) * amcunt)
else:
Account.deposit(self, amount)

Assume that the following expressions have been evaluated:

Eric = Checking(3000.0)
Ellen = Account(3000.0)
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Write the values of the following expressions. Write None when there is no value; write Error
when an error results and explain briefly why it’s an error. Assume that these expressions are
evaluated one after another (all of the left column first, then right column).

Eric.witEdraw(?GO0.0) Ellen.withd;ﬁyﬁ????tg)
flooke (7000 J1C 2000 ) fe “
Eric.value Ellen.value

) N 950 )

’ ELWIH' Eric.withdraw(1000.0) Ellen.withdraw(1000.0)
fe 7 it

ot ([ BSS U910 it &0
gus

Eric.value Ellen.value
0. )
Eric.deposit(4000.0) Ellen.deposit (4000.0) y
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Eric.value Ellen.value
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So who kicks b*** (16 points)

Here are some class definitions, meant to represent a league of football teams.

class Team:
def __init__(self, name, wins, losses, pointsFor, pointsAgainst):
self.name = name
self.wins = wins
self.losses = losses
self.pointsFor = pointsFor
self.pointsAgainst = pointsAgainst

class League:

def __init__(self)s. ||| ot 08
self.teams = {} .
def addTeam(self am) :

self.teams[team.name] = team
def updateGame(self, teamName, ptsFor, ptsAgin):
# to be filled in
def computeStat(self, proc, filt):
return [proc(team) for team in self.teams.values() if filt(team)]

¥,

Imagine instantiating these classes by:

aw W L Pl aqdmls
Pats = Team(’géts’, %, 1, QSO, 100)
Ravens = Team(’Ravens’, 4, 2, 80, 30)
Colts = Team(’Colts’, 1, 4, 100, 200)

NFL = League()
NFL.addTeam(Pats)
NFL.addTeam(Ravens)
NFL.addTeam(Colts)

We would like to be able to update our information by adding in new game data. For example, if
the Pats beat the Colts, by a score of 30 to 15, the record for the Pats should include another win,
and an updated record of points for and points against; similarly for the Colts. We would do this
by calling

NFL.updateGame(’Pats’, 30, 15)
S —
NFL.updateGame (’Colts, 15, 30)
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Write a Python procedure that will complete the definition of updateGame. You may assume that
all teams exist in the instance of the league, and that there are 10 ties, énly wins and losses. Please
make sure that the indentation of your written solution is cleat:

d?{ Uf*oJa%E GGW' (f'%"ff 'f?ammq‘w {9 fer/ /O’f /jm;] ,r:
L_f( PlLSFor 7 ‘? Agmr Htiv
o bty 1<

|

{ # } J 47 no ?':ﬂc
L/ n_.f5€ froe -,[mmg q loses += 4
! ) LIP { ”"M )\ hﬁ"“”) IDQMI L[ijs f)* ﬁ,,ﬁw.__.____-___J
Ly Self, ‘L-‘?’*““?t ff”fﬂzﬁﬂ“‘f“j poats Aqaat += phs /43;(/;

e taly
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Assume that the NFL has been defined as above, but with more teams. Write an expression using
computeStat, to be evaluated by the Python interpreter, that will return a list of each team’s
name and its wins, for all teams in the NFL. (It is okay to define and use helper functions.) For

the example instance defined above, your expression should return the list: f”ut:;é really s

(ﬂ,7 [[’Pats’, 5], [’Ravens’, 4], [’Colts, 1]1] how [

L] by
r S S A2

T Wit G {Ceads s =)
NFL, compte S—f-fj;f({@md& X! [X'Mﬁ.{/ X, ,,J'%J/@
ot

b

|
J

Write an expression using computeStat, to be evaluated by the Python interpreter, that will
return a list of the pointsFor for the Pats and the Ravens. (It is okay to define and use helper
functions.) For the example instance defined above, your expression should return the list:

[150, 80]

Y
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Will it or won’t it? (16 Points)

For each difference equation below, say whether, for a unit sample input signal:

e the output of the system it describes will diverge or not as n approaches infinity, assuming

that x[n],ym] =0 forn < 0, 00U 0(

e the output of the system it describes (a) will always be positive, (b) will alternate between
positive and negative, or (c) will have a different pattern of oscillation

Part 1:

3yml+4ym —1] =xn—13]

diverge? Yes or No [ Ve

—

see ¢

F:fl C ";'\
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Grow, baby, grow (21 Points)

You and your colleague in the Biology Department are growing cells. In each time period, every
cell in the bioreactor divides to yield itself and one new daughter cell. However, due to aging,
one quarter of the cells die after reproducing (don’t worry about the details of how accurately this
models real cell division).

We can describe this system with the following difference equation. We let P, denote the number
of cells at each time step.

Then
Po[n] = 2Pyn —1] —0.25P,[n — 2]

Suppose that P, [0] = 10 and Po[n] = 0 if n < 0. What are the first few values for the number of

cells (note that while not physically realistic, our model might provide fractional answers)?
g e el e sidua ——

P.[0] = 10
Polll = 20

it i R S P

Your goal is to create a constant population of cells, that is, to keep P, constant at some desired
level Py4. You are to design @o_g_qrtional controllef'that can add or remove cells as a function
of the difference between the actual and desired number of cells. Assume that any additions or
deletions at time n are based on the measured number of cells at time n — 1. Denote the number of
cells added or removed at each step Pyy,;,. Derive the difference equations that govern this closed
loop system. L. hat Wl e dld

: F: ’) \{D“\Luhk.-‘\'\‘ Ve~ (\w'l' | [Ok/t f‘”{‘ M '}1’)7
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Draw a block diagram that represents this system, using delays, adders/subtractors and gains.
3 e ~

[

4 Po[h] ZP[ l]-zﬁpo. 2] fk( Po(:ﬂ*ﬂ)

(L( (f‘?! ’,9{_\{?;;5 b
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Predicting Growth (20 Points)

10

N5

The following Python classes differ only in the boxed regions.

class (SM) :

startState = (0,0)

def getNextValues(self,state,input):

(s0,s1) = state
output = | input + s0 + 2%s1
newState = | (s1,output)

return (newState,output)

class (SM) :

startState = (0,0)
def getNextValues(self,state,input):
(s0,s1) = state

input + 2*s0 + si
(s1,output)

output =
newState =

return (newState,output)

class [Growenc|(sM):

startState = (0,0)

def getNextValues(self,state,input):

(s0,s1) = state
output = | input + sO + 2*s1
newState = | (si,input)

return (newState,output)

éﬁ 5}

Staie ( yfﬁ ~] \, R ,v -1 |

class |GrowthD|(SM) :

startState = (0,0)
def getNextValues(self,state,input):

(s0,s1) = state
output = | input + 2*s0 + sl
newState = | (s1,input)

return (newState,output)

\

‘. £, 3 |
$.48 0 {X i
{ \ j

Lh-Lf J

Part a. Determine which (1f any) of GrowthA, GrowthB, GrowthC, and GrowthD generate state
machines whose output y[n] at time n is given by

ym] =xMn] +xm—1] + 2x[n = 2]

for times n > 0, when the input x[n] = 0 for n < 0.

Circle all of the classes that satify this relation, or circle none if none satisfy it.

.«‘/:_h-
Gi‘owt@ none

GrowthA GrowthB GrowthC
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Part b. Determine which (if any) of GrowthA, GrowthB, GrowthC, and GrowthD generate state
machines whose input-output relation can be expressed as the following block diagram.

Q@ Y ool b
[t K,
‘H | < )
Hy - @]
1
Circle all of the classes that satify this relation, or circle none if none satisfy it. ] ¥ } (“ /}) : ’il"/’\—

P
GrowthA GrowthB GrowthC %}% none (

|- /(fffl} I:_{?

e

X (,w(m{@ e Ll ;;f,fﬁ;,;fl,

Partc. Let Ha, Hp, Hc, and Hp represent the system functions associated with the state machines  ©
generated by GrowthA, GrowthB, GrowthC, and GrowthD, respectively. Fill in the following

table to indicate the number and locations of the poles of Ha, Hg, He, and Hp. Pole locations

can be listed in any order. Leave unnecessary entries blank.

system # of poles pole 1 location|pole 2 location|pole 3 location
Hy Tt)7 =y
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I need a caffeine jolt (15 Points)

Taking exams is hard work, and it would be nice if there were a caffeine dispenser next to every
student’s desk. You are to create a state machine that dispenses caffeine jolts (unfortunately these
are expensive, and cost 4 dollars each!). This machine accepts dollar bills in different denomina-
tions, but does not make change. Hence, your machine should have the following behavior:

The inputs to the machine are positive integers (representing different denominations of dol-
lars);

If the input plus the current amount of money deposited in the machine is greater than 4, the

machine outputs the current input; | - o/ lale  Rxtel  f Ay

If the input plus the current amount of money depom\ed in the machine is exactly 4, the ma-
chine outputs a jolt and resets its internal state;

If the input plus the current amount of money deposited in the machine is less than 4, the
machine adjusts its state, outputs None and waits for the next input.

Here are some examples:

>>>v = Vending()
>>>v.transduce([1,1,1,1])
[None, None, None, ’jolt’]

>>>v.transduce([1,3])
[None, ?jolt’]

>>>v.transduce([5,1,6,3])
[5, None, #, ’jolt’] '

Feel free to change the startState if it simplifies your sclution. Here is an outline of our state
machine:

class Vending(sm.SM):

startState = None
def getNextValues(self, state, inp):

Cosi = (]
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Complete the definition of getNextValues

13
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(( (ﬁ‘hﬁe + (ﬂ ) = Cos f f \/OH‘
Cetun (O, ')m”r‘)'
ele (st + l '
( fei ait f P) { (Jﬁﬁ' f #f 6{((@! ﬂ
“ly ( szfﬁ 4 {/sp Nﬁr.( }
el :
(stde + ) 7 Cost )

ff’?(w;e f”’? 4. (ﬁ. '
el . ( F)

J
(thu el

ﬂ (!‘?fw"\ mf)fl@?’

AP

/T2
D

v




Midterm 1 Solutions — Fall 10 1

6.01 Midterm 1 Solutions: Fall 2010

Name: Section:

Enter all answers in the boxes provided.

This solution is not correct for people who took the make-up exam
on Wednesday morning starting at SAM.

During the exam you may:

e read any paper that you want to

e use a calculator
You may not

e use a computer, phone or music player

For staff use:

1 /12
2. /16
3. /16
4. /21
5 /20
6. /15
total: /100
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OOP (12 points)

The following definitions have been entered into a Python shell:

class Account:
chargeRate = 0.01
def __init__(self, start):
self.value = start
def debit(self, amount):
debitAmt = min(amount, self.value)
self.value = self.value - debitAmt
return debitAmt
def deposit(self, amount):
self.value += amount
def fee(self, baseAmt):
self .debit(baseAmt * self.chargeRate)
def withdraw(self, amount):
if self.value >= 10000.0:
self.fee(amount/2.0)
else:
self.fee(amount)
return self.debit(amount)

class Checking(Account):
chargeRate = 0.05
def deposit(self, amount):
if self.value <= 1:
Account.deposit(self, (1-self.chargeRate) * amount)
else:
Account.deposit(self, amount)

Assume that the following expressions have been evaluated:

Eric = Checking(4000.0)
Ellen = Account(4000.0)
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Write the values of the following expressions. Write None when there is no value; write Error
when an error results and explain briefly why it’s an error. Assume that these expressions are
evaluated one after another (all of the left column first, then right column).

Eric.withdraw(3000.0) Ellen.withdraw(3000.0)

[ 3000.0 } [ 3000.0 ]
Eric.value Ellen.value

( 850.0 ] [ 970.0 ]
Eric.withdraw(1000.0) Ellen.withdraw(1000.0)

[ 800.0 ] { 960.0 ]
Eric.value Ellen.value

{ 0 ] [ 0.0 ]
Eric.deposit(5000.0) Ellen.deposit(5000.0)

( None } [ None ]
Eric.value Ellen.value

[ 4750.0 J [ 5000.0 ]
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So who kicks b*** (16 points)

Here are some class definitions, meant to represent a league of football teams.

class Team:
def __init__(self, name, wins, losses, pointsFor, pointsAgainst):
self .name = name
self.wins = wins
self.losses = losses
self.pointsFor = pointsFor
self.pointsAgainst = pointsAgainst

class League:
def __init__(self):
self.teams = {}
def addTeam(self, team):
self .teams[team.name] = team
def updateGame(self, teamName, ptsFor, ptsAgin):
# to be filled in
def computeStat(self, proc, filt):
return [proc(team) for team in self.teams.values() if filt(team)]

Imagine instantiating these classes by:

Pats = Team(’Pats’, 5, 1, 150, 100)
Ravens = Team(’Ravens’, 4, 2, 80, 30)
Colts = Team(’Colts’, 1, 4, 100, 200)

NFL = League()
NFL.addTeam(Pats)
NFL.addTeam(Ravens)
NFL.addTeam(Colts)

We would like to be able to update our information by adding in new game data. For example, if
the Pats beat the Colts, by a score of 30 to 15, the record for the Pats should include another win,
and an updated record of points for and points against; similarly for the Colts. We would do this
by calling

NFL.updateGame (’Pats’, 30, 15)
NFL.updateGame (’Colts, 15, 30)
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Write a Pyithon procedure that will complete the definition of updateGame. You may assume that
all teams exist in the instance of the league, and that there are no ties, only wins and losses. Please

make sure that the indentation of your written solution is clear.
p

=

def updateGame(self, teamName, ptsFor, ptsAgin):
team = self.teams [teamName]
if ptsFor > ptsigin:
team.vins += 1
else:
team.losses += 1
team.pointsFor += ptsFor
team.peintsAgainst += ptsigin
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Assume that the NFL has been defined as above, but with more teams. Write an expression using
computeStat, to be evaluated by the Python interpreter, that will return a list of wins for all teams
in the NFL. (It is okay to define and use helper functions.) For the example instance defined above,
your expression should return the list:

[5, 4, 1]

r =%

NFL.computeStat(lambda y: y.wins, lambda x: True)

; )

Write an expression using computeStat, to be evaluated by the Python interpreter, that will
return a list of the losses for the Pats and the Colts, where each entry includes the name of the
team. (It is okay to define and use helper functions.) For the example instance defined above,
your expression should return the list:

[[’Pats’, 1], [’Colts?, 4]]

s B

NFL.computeStat{lambda y: [y.name, y.losses],
lambda x: x.name == ’Pats’ or x.name == ’Colts’)
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Will it or won't it? (16 Points)

For each difference equation below, say whether, for a unit sample input signal:

e the output of the system it describes will diverge or not as n approaches infinity, assuming
that x[n],yn] =0 forn <0,

e the output of the system it describes (a) will always be positive, (b) will alternate between
positive and negative, or (c) will have a different pattern of oscillation

Part 1:

5ym] 4+ 2yn— 1] =x[n—2]

diverge? Yes or No [ No ]

root’s magnitude less than 1

Why?

positive/alternate/oscillate [ Alternate ]
root’s sign is negative

Why?

Part 2:

yn] =—-2ym —1] —5yn —2] + xn—1]

diverge? Yes or No [ Yes }

largest root’s magnitude greater than 1

Why?

positive/alternate/oscillate [ Oscillates 1

pole is complex

Why?
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Grow, baby, grow (21 Points)

You and your colleague in the Biology Department are growing cells. In each time period, every
cell in the bioreactor divides to yield itself and one new daughter cell. However, due to aging,
half of the cells die after reproducing (don’t worry about the details of how accurately this models
real cell division).

We can describe this system with the following difference equation. We let P, denote the number
of cells at each time step.
Then

Pon] = 2Py — 1] — 0.5P,[n — 2]

Suppose that P,[0] = 10 and P,[n] = 0 if n < 0. What are the first few values for the number of
cells (note that while not physically realistic, our model might provide fractional answers)?

f%@:m |
Pol1] =20
Pol2] =35
Pol3] = 60

iy

Your goal is to create a constant population of cells, that is, to keep P, constant at some desired
level P4. You are to design a proportional controller that can add or remove cells as a function
of the difference between the actual and desired number of cells. Assume that any additions or
deletions at time n are based on the measured number of cells at time n—1. Denote the number of
cells added or removed at each step Pinp,. Derive the difference equations that govern this closed
loop system.

g

Pon] = 2P[n — 1] — 5Ps[n — 2] 4 Pinplnl
Pinpnl = k(Pg[n] — Po[n —1])
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Draw a block diagram that represents this system, using delays, adders/subtractors and gains.
'3 =

P inp[n]

Py[n] —-(J—};)_—- @ T > P,[n]
4 Delayl

v

=n

{Delay <

L A

What is the system function that characterizes %?? Use k to denote the gain in your system.
% N
k
O5RZTH{k—2IR+1
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5 Predicting Growth (20 Points)
The following Python classes differ only in the boxed regions.

class (SM): class (SM):

startState = (0,0) startState = (0,0)

def getNextValues(self,state,input): def getNextValues(self,state,input):
(s0,s1) = state (s0,s1) = state
output = | input + s0 + 2x*s1 output = | input + 2*s0 + si
newState = | (sl1,output) newState = | (sl,output)
return (newState,output) return (newState,output)

class (SM): class (SM):

startState = (0,0) startState = (0,0)

def getNextValues(self,state,input): def getNextValues(self,state,input):
(s0,s1) = state (s0,s1) = state
output = | input + s0 + 2*s1 output = [ input + 2%s0 + sl
newState = | (s1,input) newState = | (sl1,input)
return (newState,output) return (newState,output)

Part a. Determine which (if any) of GrowthA, GrowthB, GrowthC, and GrowthD generate state
machines whose output y[n] at time n is given by

yn] =xn] +xm—1]+ 2xn—2]

for times n = 0, when the input x[n] = 0 forn < 0.

Circle all of the classes that satify this relation, or circle none if none satisfy it.

GrowthA GrowthB GrowthC GrowthD none

GrowthD
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Part b. Determine which (if any) of GrowthA, GrowthB, GrowthC, and GrowthD generate state
machines whose input-output relation can be expressed as the following block diagram.

X —()

Y

v
[Gelay]
i

Circle all of the classes that satify this relation, or circle none if none satisfy it.

GrowthA GrowthB GrowthC GrowthD none
GrowthB

Partc. Let Ha, Hg, Hc, and Hp represent the system functions associated with the state machines
generated by GrowthA, GrowthB, GrowthC, and GrowthD, respectively. Fill in the following
table to indicate the number and locations of the poles of Ha, Hg, H¢, and Hp. Pole locations
can be listed in any order. Leave unnecessary entries blank.

system # of poles pole 1 location|pole 2 location|pole 3 location

2,1+ root(2), 1 - root(2)
2,2,-1

0

0
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I need a caffeine jolt (15 Points)

Taking exams is hard work, and it would be nice if there were a caffeine dispenser next to every
student’s desk. You are to create a state machine that dispenses caffeine jolts (unfortunately these
are expensive, and cost 3 dollars each!). This machine accepts dollar bills in different denomina-
tions, but does not make change. Hence, your machine should have the following behavior:

e The inputs to the machine are positive integers (representing different denominations of dol-
lars);

e If the input plus the current amount of money deposited in the machine is greater than 3, the
machine outputs the current input;

e If the input plus the current amount of money deposited in the machine is exactly 3, the ma-
chine outputs a jolt and resets its internal state;

e If the input plus the current amount of money deposited in the machine is less than 3, the
machine adjusts its state, outputs None and waits for the next input.

Here are some examples:

>>>v = Vending()
>>>v.transduce([1,1,1])
[None, None, ’jolt’]

>>>v.transduce([1,2])
[None, ’jolt’]

>>>v.transduce([5,1,4,2])
[5, None, 4, ’jolt’]

Feel free to change the startState if it simplifies your solution. Here is an outline of our state
machine:

class Vending(sm.SM):
startState = None
def getNextValues(self, state, inp):



Midterm 1 Solutions — Fall 10

Complete the definition of getNextValues
=

class Vending(sm.SH):
startState = 0 # Note the choice of startState
def getNextValues(self, state, inp):
if state + inp > 3:
return (state, inp)
elif state + inp ==
return (None, ’jolt’)
else:
return (state + inp, Noene)
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Outline

e Complex poles
e Designing control systems

Reading: Chapter 6

Midterm exam:

¢ Tonight! 7:30-9:00 PM
e 32-141 or 32-155

¢ Any printed material okay
e No computers or phones

e No software lab today!

From last time

Poles: Summary

* Behavior of a system can be capture by its system function,
which characterizes the relationship between input and output

e System functions can be combined just as PCAP modules can
be combined

¢ Primitives are gains and delays

« Combinations include cascades, positive feedback and negative
feedback

* Behavior of system captured by poles of system

KN4l Jee‘uﬁn choles fo got Syettns

oY vaal

¢ The poles of a system are the roots of the denominator poly-
nomial of the system function in 1/R.
¢ The dominant pole is the pole with the largest magnitude.

Corredion

Dependence on pole magnitude

Dependence on pole type

Response to a bounded input signal, if the dominant pole has

magnitude
* > 1: output signal may be unbounded
e < 1: output signal will be bounded
if the input is transient, output signal will converge to 0.
« 1! output signal may be bounded
—_—

A systen is stable if the dominant pole has magnitude less than 1,
i.e. if all the poles are inside the unit circle.

e, awndator

Response to a transient input signal, if the dominant pole is

e real and positive: output signal will, after finitely many steps,
begin to increase or decrease monotonically.

+ real and negative: output signal will, after finitely many steps,
begin to alternate signs.

« complex: output signal will, after finitely many steps, begin to
be periodic, with a period of 27/, where Q is the 'angle’ of the
pole in the complex plane.
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Complex Roots

Complex Poles

.
What if a root has a non-zero imaginary part? /{, or

Factor theorem: express a polynomial as a product of factors, with
one factor associated with each root of the polynomial.

Fundamental theorem of algebra: a polynomial of order n has n
roots. The roots can have imaginary parts.

Y by + bR+ 5RE4 bR+

X T+aR+ R+ agR3+---
Factor denominator:

Y _ by + 01 R+ baR2 4+ bR +- -

X (1-poR)(1 - R)(1 —p2R)(1 — paR) -
Partial fractions:

AV TEPONL P

X 1-pR 1-ppR 1-mR

coo Do+ DIR+ DaRE 4 -

How does a mode from a complex root behave?

Difference equations that represent physical systems (e.g., popula-
tion growth, bank accounts, etc.) have real-valued coefficients.

Bank account with interest:
y[n] = (14 r)yln — 1) + z[n]
Wall Finder:
doln] = do[n — 1) + KTdo[n — 2] — KTd;[n — 1)

Difference equations with real-valued coefficients generate real-
valued outputs from real-valued inputs.

But they might still have complex poles.

(dn wile a5 fador (1= )1~ )

Representing complex numbers

Complex Poles

e Start with p=a+jb

» Convert to polar coordinates r,Q fddf 6’“’\
r=va?+b%;  Q=tan")(b/a) :

e Euler's definition of complex exponents:

rejn=r(1+jﬂ+(j?i!)2+ug)3+i‘%2!)—d s e
2 of o s A 40ims
:T{“"§T+F_"')+-{£Q—§?+E_"') 60% pu{’
=r(cos + jsinQ) §i 5]
e e
= (s + I —=—3)
a* + b a* + b
=a-+jb

This representation makes exponentiation easy:
(rejn)n. = 7,.r:e_‘inﬂ

Complex-valued poles produce complex-valued modes.
Because modes are geometric series with ratio pR,

1 2,52 non
— =] R
) +pR+p* R+ +p +
it is convenient to express the base p of a complex-valued mode in
polar form. Let p=rei®. Then

1 in 2 2052
m:l+ﬂ:J RA4red* ' RE - .-

Complex Poles

Convergence and Divergence

1

14 1R 2R .
g = 1+ +ree +

» Magnitude of samples is geometric sequence with ratio r = |p|. (In
other words, magnitude “multiplies” on each time step.)

* Phase angle of samples grows linearly with time, slope = Q2. (In
other words, angles "adds" on each time step.)

* Period of signal is 27/Q.

m(!@ﬂ H—Ag, [ 5 dam}ncﬁ{fﬂg

s
. %
. .
L * .'
™ . 2
. = = L
o
P - .
=5 LR T —
LIS @ .
.
2 . .

p=0.85¢77/8 = 0.785+0.3255 p=1.1657/8 2 1,016 + 0.421
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Complex Roots

Complex Roots

An isolated complex root can result only from a difference equation
with complex-valued coefficients.

Example:
¥l 2
X 1-ref'R

Corresponding difference equation:

y[n] = re’y[n — 1) = z[n)

If p is a root of a polynomial with constant real-valued coefficients,
then its complex conjugate p* is also a root.

Proof. Let D(z) represent a polynomial in z with constant real-
valued coefficients.

If p is a root of D(z) then D(p) =

Since all of the coefficients are real-valued,
D(p*) = (D(p))" =0" = 0.

Thus p* is also a root.

Need  odd i of foms

Complex Roots

Complex modes, Real results

If we pair the factors corresponding to complex-conjugate roots, the
resulting polynomial has real-valued coefficients.
Y | 1 _ 1
X (1-redMR)(1-reiR)  1-2rcosQR +r2R2
Note that
(1 - " R)(1 — e TR) = 1 — (& + e IR + r2R2
Recall that Mv p 0

&% = cosz + jsinz

and that
z) = —sin(z)

sin(— 0s(—z) = cos(z)

So
(&% + e = 200502

p = 0.85¢7"/% = 0.785 + 0.3255

=)= 0.85¢77/8 ~ 0.785 - 0.325; \20’1/33#( a,(g.g 5 g Qu%

: o | s th‘.)‘} {[,fpt’q(
. . CLCFOS; (‘ed
= W
(L . .
C'J(y G
Y o &

5:‘,
& -

Complex modes, Real results

Check Yourself

(0.85)"ed7/8) 1. (0.85)"e~I(n7/8)
= (0.85)"[e/("T/8) . g=ilnm/8))
=2+ (0.85)" * cosnm/8

uf m‘[

PN =

Cdac k
ot

as

a3

Output of a system with poles at z = reti?,

L0

a———

o ohef
farrly cloe 6 1

zQ—th

-

\
Which of the following are true? PEFNA
¢ r<05and Q=05
@ 05<r<1and Q=05
r < 0.5 and @ =~ 0.08
e 05<r<land2=~008(
* none of the above

— J

I
=2

3

"d&nd-« 5.5,'01'1 ﬁmcf:q ls [/g
Ol/JrP‘)f 04 ﬁd{ Ced| — qucg Coreg n

’OM’S
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Designing a Control System

Wall Finder

Exploring different system designs: we can sometimes pick
e delays

s gains

e time constants

d; = desiredFront

# dy = distanceFront

do

What causes these different types of responses?
Is there a systematic way to optimize K7

a0

0rsC +

what o fb bot gala b wse

Wall Finder with instant sensor

Wall Finder with instant sensor

w5, |

T
—————— d; = desiredFront

+ d, = distanceFront

proportional controller: vln] = Ke[n) = K (d;[n] — dy[n])
locomotion: dg[n] = do[n — 1] — Twn — 1)

sensor with no delay: dsn) = dg[n)

The difference equations provide a concise description of behavior.
do[n] = do[n — 1] = Tv[n — 1] = dy[n — 1] = TK (d;[n — 1] — do[n — 1))

However it provides little insight into how to choose the gain K.

Llad to (o what kP s5e

We can represent the entire system with a single system function.

Replace accumulator with equivalent block diagram.

oD

W=-WTiE
-KTR '
-G+ kDR[| - P E: Dl' D"
Modular! But we still need a way to choose K. DQ:K(W{' 09)
v

D,

Equivalent system with a single block:

D; —»

= R(~VIEr
= Q (LD

)

Wall Finder with instant sensor

Wall Finder with instant sensor

>R, =Lk

The system function contains a single pole at z =1+ KT.
D,  —-KTR —

D;  1-(1+KT)R

The numerator is just a gain and a delay.

The whole system is equivalent to the following:

Do

where p, = 1+ KT. Here is the unit sample response for KT = —0.2;
\
hln] 5{M}~g Jet,”wbxg

0.2:} 990 5
n
0

We are often interested in the step response of a control system.

s

—» d; = desiredFront
= d, = distanceFront

Start the output D, at zero while the input is held constant at one.

Said another way, we are often interested in the system response
when the input is turned on and held steady at some value.

Do fW
[D;)—Oo)

(i -
ME‘ = Lu‘l/ Jcm \’\‘
cl|0 ot

Ml{ﬁl

4
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A (m|afor

a‘:p[ 2

Step Response

Wall Finder with instant sensor

}mlwib(‘

The response of a system (represented by H) to the unit step signal
is equal to the accumulated responses to the unit sample signal.

uln]
zln] = §[n] —»(F) vi[n) = sln)
} ‘.
9
z[n] = 8[n] i

Q= wh =i

win] = y2[n] because these systems are commutative (provided each
starts at rest).

Thus, if we know the unit sample response of our system, we can
just accumulate (or integrate) to get unit step response!

System step response slow because unit sample response slow.
Dy _ -KTR _(=po)R po=1+KT

D 1-(+KDR _ 1-poR '
Initial response is 1 — p,, each subsequent response scaled by p,.

hin]

T ETTTUO
0
s[n]

£ hald fe
51' 6}14\ 0q
("“f‘/o 0

f\av qd&lr U‘u it onp % fo

ystom

Wall Finder with instant sensor

Wall Finder with instant sensor

Step response faster if KT = —0.8 (i.e., pg =0.2).
Initial response is 1 — p,, each subsequent response scaled by p,.
h[n]
; ' r
0.8 b\ bt gg( 1
99
m@mMe .

8 " 1[6(,:,711/ (0"%%

The poles of the system function provide insight for choosing K.

"Dy -KTR (1-p)R

—_— = = . =1+ K

D I+ EDR - 1—pR @ M=1+ET

Imz Imz Imz
1 Rez 1 Rez 1 Rez

0<pp<1 -1<pp<0 po < -1
-1<KT<0 -2< KT < -1 KT < -2

monotonic alternating alternating

converging converging diverging

Check Yourself

Wall Finder with instant sensor

[ Find KT for fastest convergence of unit sample response. J

Do -KTR
D; 1-(1+KT)R
1. KT =-2
2)KT =-1
3. KT =0
4. KT =1
5 KT=2

0. none of the above

The optimum gain K moves robot to desired position in one step.
—

L0l

T
——— > d; = desiredFront=1m

# dp = distanceFront=2m

KT =-1
1 1
K== — =
T~ 1710

v[n] = K (di[n] - do[n]) = —10(1 — 2) =10 m/s

-10

exactly the right speed to get there in one step!
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Wall Finder with instant sensor

Analysis of Wall Finder System: Adding Sensory Delay

The optimum gain K moves robot to desired position in one step.

o

T
—— > d; = desiredFront

— d, = distanceFront

Adding delay tends to destabilize control systems.

[dl

T
———— d; = desiredFront

# d, = distanceFront

i 59%0{" hub cl_e_

> position
o] v=10 proportional controller: v[n] = Ke[n] = K (d;[n] — ds[n])
g z z g locomotion: do[n| = do[n — 1] — T'v[n — 1]
(@] v=0 sensor(@ith delay: ds[n] = d
o v=0 @
(0] v=0
| o v=0
time \ 1 | 4yt O
(6 ﬁ\ s (ecﬂ- lstic i
~dMomeatum

/

Analysis of Wall Finder System: Adding Sensory Delay

-—

Analysis of Wall Finder System: Adding Sensory Delay

Adding delay tends to destabilize control systems. afémi.h,

al

| 085 n b}
Crdsh

T
———— (; = desiredFront

# , = distanceFront

» position
(e}
o v =10
o] v=0
o] v=-10
O v=-10
@] v=_0
o bk w| Gemer Jgh,

time

i vl osglele

Adding delay tends to destabilize control systems.

[dl

T
——— d; = desiredFront
# d, = distanceFront

proportional controller: wv[n] = Ke[n] = K (d;[n] — dy[n])

locomotion: do[n] = dg[n — 1] — Tw[n — 1]

senso@ ds[n] = %@

The difference equations provide a concise description of behavior.
do[n] = do[n — 1] = Tv[n — 1] = do[n — 1] = TK (di[n — 1] — defn — 2

However it provides little insight into how to choose the gain K.

Analysis of Wall Finder System: Block Diagram

Analyzing wallFinder: Poles

Incorporating sensor delay in block diagram.

[dl

T
—— d; = desiredFront

» d, = distanceFront

proportional controller: w[n] = Ke[n] = K (d;[n] — ds[n])
locomotion: dy[n] = do[n — 1] — Tw[n — 1)

sensor with delay: dg[n] = do[n — 1]

Substitute R—’% in the system function to find the poles.

D, -KTR -KT! _ —KT: .é,rnc[, Pak

E=1—R—KTR2:1—§—KT;12 22—z KT

The poles are then the roots of the denominator.

2
1 1
z—§i (5) + KT

“new poley
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Feedback and Control: Poles P Feedback and Control: Poles
If KT is small, the poles are at z a0 and z=1. ’g As KT becomes more negative, the poles move toward each other

; ‘ and collide at z =} when KT = -1.
=32+ KT+ /(1) =01 : . .

V(2 S s= i) k=42 - =1
KT =0 iz z-plane Imz
1 z-plane

P NP

Pole near O generates fast response.
Pole near 1 generates slow response.

Slow mode (pole near 1) dominates the response.
S T B (B ) \F 0]

Qbisse‘f magaHule = half it You Con da

Persistent responses decay The system is stable.

Feedback and Control: Poles Same oscillation we saw earlier!

Adding delay tends to destabilize control systems.

9 }> nﬂdtfbﬁ _@ T

If KT < -1/4, the poles are complex.

/() + KT =} +j/-kT - (})°
Im

——— d; = desiredFront

==t el » dy = distanceFront
/ (Om ‘{'Dw/m = » position
& - Rez o v=10
K JIMp \ff ,‘0 g 32210
L] & = —
Unt circle O et
o]
Complex poles — oscillations. "
Wt @l do el
Mo (=7 Ton o
Obf;l( 11
Check Yourself Check Yourself
f —
I
KT =-1 o z-plane Tz z-plane
*3 [~ closed-loop poles
; | R /- \ 1 132
—‘-f-f T iy Rez S (5) + KT
Y
3 ] 1
Uhat is the period of the oscillation? 7;’”’ gf—eps }M [ Find KT for fastest response. ]
1.1 2, 2 3.3 i+ > bdua o F 4 3. -}
3 4, -1 5. —x 0. none of above
4. 4 @ 6 0. none of above a[‘pu
L gl ) __ /bad-
{ ﬂsmﬂ&o

7 vart ECadest po%tbfé (espansp

Magq fde of Jominglt el as M as possible
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Destabilizing Effect of Delay Magnitude of pole versus kt: no sensor delay

Adding delay in the feedback loop makes it more difficult to stabilize. ——
Ideal sensor: dg[n] = dy[n] 20

More realistic sensor (with delay): ds[n] = do[n — 1]
Im:z Imz

AR
ol e o

§@nsor 5050/

Fastest response without delay: single pole at z =0.

. 1
Fastest response with delay: double pole at z = much slower!

5
37 (G ) 7
T fer pyflon o fo do Bk
Magnitude of dominant pole versus kt: with sensor delay Destabilizing Effect of Delay
magDomPole Adding more delay in the feedback loop is even worse. 5‘ ( /
sk More realistic sensor (with delay): ds[n] = do|n — 1] 0 rF
Even more delay: dg[n] = do[nf2 ) em é
Imz Imz 5 QLE \
L A
| 7
ke
o A Rez Rez
05 Tk —1

B =

1 \ z
— Fastest response with delay: double pole at 2z =
R T AL Q(omwil'ﬁ f’on F y 5
5 Fastest response with more delay: double pole at z = 0.682.

"WL CoA l{_ Qe+ ll’ — even slower

ndterdesy of inpol

Designing Control Systems: Summary Check Yourself

..) System Functions provide a convenient summary of information that

it 4 ’ ‘—-._________.___——
is important for designing control Systems. X —(1) Y

The {ong-term)response of a system is determined by its dominant
pole — i.€., the pole with the largest magnitude.

A system is unstable if the magnitude of its dominant pole is > 1. [ How many of the following statements are true? (’{ J

A system is stable if the magnitude of its dominant pole is < 1.

1 LY
o This system has 3 poles. dgm 4 C(/}afc \
J) Unit sample response is the sum of 3 geometric sequences.c i Le MH.,

Delays tend to decrease the stability of a feedback system.

9 Unit-sample response is y[n] : 0,0,0,1,0,0,1,0,0,1,0,0,1. .. q% Pqu»
¥. Unit-sample response is y[n]:1,0,0,1,0,0,1,0,0,1,0,0,1... '
uln) pe 3 linar
@ One of the poles is at z=1. * ho R 0,1 h_ {tﬂ"‘vj
botter—
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Design Lab é6:
Sizable Following

Introduction

This lab should be done with a partner. Each partnership should have
e alab laptop
e arobot.

Do athrun 6.01 update to get the files for this lab, which will be in
Desktop/6.01/1lab6/designLab/.

The relevant files in the distribution are:
e delayPlusPropBrainSkeleton.py: A brain with a place for you to write the delay-plus-
proportional controller.

e anglePlusPropBrainSkeleton.py: A brain with a place for you to write the angle-plus-
proportional controller.

e wallTestWorld.py: A world with a wall for the robot to follow. (This file is in the worlds
subdirectory.)

e dl6Work.py: A file with appropriate imports for making system functions and for optimiza-
tion.

Be sure to mail all of your code and plots to your partner. Each of you will need to bring
copies with you to your first interview.

Last week, you wrote a proportional controller to move the robot parallel to
a wall while trying to maintain a constant, desired distance from the wall.
The forward velocity V was set to a constant (0.1 m/s) and the angular veloc-
ity w[n| was proportional to the error signal e[n], which was the difference
between the desired distance d;[n] and current distance d,[n].

fn—1]

It is important to note that the distances d;, d, and d; are all distances from
the center of the robot to the wall on its right.

_desired

d;[n) =0.4m

A

Unfortunately, no value of the proportionality constant k gave good perfor-
mance. Large values of k gave fast oscillations and small values of k gave
large errors, especially when the initial angle of the robot was not parallel to the wall. In this lab,
we will develop two new types of controllers to achieve better performance.

A4

wall
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Step 1.
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The steps in this lab are: —
e Make a controller that depends on the previous distance to the wal@g’as the current one:
— Build a model of the delay-plus-proportional controtter-plant-sensor system, using the Sys-
temFunction class.
— Use the model to find the best gains.

— Build a corresponding controller for the robot.

— Test it in simulation for the various gains.
— Test it on a real robot.

e Make a controller that depends on the current angle to the wall, as well as the current distance:
— Build a model of the angle-plus—propa-o—n_al controller-plant-sensor system, using the Sys-

s O
temFunction class. L S N JQ{‘-Y
o to do

— Use the model to find the best gains.

— Build a corresponding controller for the robot.
— Test it in simulation for the various gains.

— Test it on a real robot.

Remembrance of Things Past

We can make a better wall-following controller by processing the error signal E in a more sophis-
ticated way than we did in the previous lab. For example, we could adjust the angular velocity
using some combination of, the present and previous values of the error,

Use
winl = el Higein > 9ef0/€
- T <lror
We refer to this controller as “delay plus proportional.” Notice that the system has the same form
as the one from last week.

Y

E Q
D; —P@—> controller plant 1 = > plant 2 > D,

T

The subsystems that represent robot locomotion (e.g. plant 1 and plant 2) and the sensor are the
same. Only the controller has changed.

Model

Use the Python SystemFunction class to model and analyze the behavior of whole system when
the robot has a delay-plus-proportional controller, as follows.
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e Open the file d16Work.py (which imports sf) in Idle and use it to do the work in this part of
the lab.

e Write a Python procedure delayPlusPropModel, that takes gains k1 and k2 as input and re-
turns a SystemFunction that describes the behavior of the system when the robot has a delay-
plus-proportional controller. You can assume that T = 0.1 seconds and V = 0.1m/s.

Notice that we have added new combinators: sf . Feedf orwardAdd and sf . FeedforwardSubtract.
You may also use the other sf combinators listed in the Software Documentation section of
the Reference Material from the course web page.

You may find your answer to last week’s problem Wk.5.3.3 helpful.

[ Wk.6.1.1. Part 1 Enter your delayPlusPropModel code into the tutor. J

2.2 Picking gains

We want to pick the values of k1 and k2 to get the best stable behavior. As we saw in lecture,
behavior is improved by reducing the ‘magnitude of the dominant pole. Let’s consider the case
of a single gain first, the system you modeled last week. You c‘%uld construct a function f(k) that

computes the magnitude of the system’s dominant pole. Now, you want to find the value of k
s s . ¢ (]
that produces the minimum value of this function. U/a ﬁ\dkblj A+ 6 9 Campl [ X

b ( 4 Given a function f(x), how can we find a value x* such that f(x*) < f(x) for all x? If f is differ-
AR ﬂ.é/ . . . . . & o o .

g entiable, then we can do this relatively easily by taking the derivative, setting it to 0 and solving

MM for x. This gets tricky when the function f is complicated, when there may be multiple minima,

and/or when we wish to extend to functions with multiple arguments. For functions that aren’t

differentiable (such as those involving max or abs), there is no straightforward mathematical ap-

proach at all. In one dimension, if we know a range of values of x that is likely to contain the

minimum, we can plausibly sample different values of x in that range, evaluate f at each of them,

and return the sampled x for which f(x) is’_n_illir‘nized. cess ¥ CL&,L — Lhat T'j: sz o / 5/4 pl’l

The function optimize.optOverLine does this. It is caf ed’as follows:

optimize.optOverLine(objective, xmin, xmax, numXsteps, compare)

e objective: a procedure that takes a single numeric argument and returns a numeric value,
e xmin, xmax: arange of values for the argument,
e numXsteps: how many points to test within the range,

e compare: an optional comparison function that defaults to be operator.1t, which is the less
than, <, operator in Python. This means that if you don’t specify the compare argument, the
procedure will return the value that minimizes the objective.
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This function returns a tuple (bestObjValue, bestX) consisting of the best value of the objec-
. 5 —
tive and the x value that corresponds to it.

Consider four different values of k1: 10, 30, 100, and 300. For each value of k1, use opti-
mize.optOverLine to determine the value of k2 that minimizes the magnitude of the least stable
pole.

Be sure to test both positive and negative values of k2, be sure that you have tested a large enough
range, and be sure that, ultimately, you have sampled at a granularity of at least 0. 1. Rather than
setting up one long minimization run with a wide range and a small granularity, it’s better to start
with a coarse granularity to find the right rough value, and then search more finely around that.
Hint: the magnitude of k2 should not be bigger than that of k1.

We encourage you to define and use the bestk2 procedure stub that is included in d16Work.py
for this purpose.

( R

ki k2 magnitude of dominant pole

10

30

100

300

WKk.6.1.1 Part2 Enter the values of k2 and the magnitude of the associated dominant pole
that you found for each of the values of k1 above.

Brain

Implement the delay plus proportional controller by editing the WallFollower state machine
class in delayPlusPropBrainSkeleton.py. Think very carefully about what you want to out-

ut in the first ime step. i
=== ¢ $am A bcﬁfe ‘

As before, the brain has two parts connected in cascade. The first part is an instance of the Sensor
class, which implements a state machine whose input is a sequence of instances of SensorInputs

and whose output is the perpendicular di e to the wall. The perpendicular distance is calcu-
lated by getDistanceRight in the sofxDi st module by using triangulation (assuming the wall
(
(

59460/“

k“/q.u 6’] ['gwg/
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is locally straight). If sensors 6 and 7 both hit the wall, then the value is fairly accurate. If only
one of them hits it, then it’s less accurate. If neither sensor hits the wall, then it returng1 S The

code for the Sensor class is provided. « wh 7(:
[417]

The second part of the brain is an instance of the WallFollower class. You should provide code
so that the WallFollower class implements a state machine whose input is the perpendicular
distance to the wall and whose output is an instance of the class i0.Action. Think carefully about
what you are going to store in the state of the machine, and how you will initialize startState.

The brain is set up so that whenever you click Stop, a plot will be displayed, showing how the
perpendicular distance to the right wall changes as a function of time. To save this plot, take a
screen shot, as described on our web page. This plot will disappear once you reload the brain.

Run your brain in the world wallTestWorld.py (in the worlds directory). Determine how the
behavior of the system is affected by the controller gains k1,k2. Use only the gains that you
determined in the previous step. Pay attention to the distance values being printed out by the
brain. Save plots to illustrate the performance of each of your optimized gain pairs k1, k2.
Choose names for these files so that you can remember the parameters that were used to generate
each one. Keep the files for your oral interview.

Don’t change your controller to try to make it work better! Instead, try to understand the different
kinds of failures that can happen and how they depend on the choice of gain or initial condition.

Check Yourself 1. Which of the four gain pairs work best in simulation?
k1l = k2 =

Which gains cause bad behavior?

L5 J

Go to the edge of the room or out to the hallway to find a long (at least two bubble-wrapped
boards) wall to work with.

Run your brain on a real robot. Get a measuring stick and be sure to start the robot at the same
initial conditions (0.5 meters from the wall and rotated 7t/8 radians to the left) as in the simulator.
Pay attention to the distance values being printed out by the brain. Save a plot for each of your
calculated gain pairs. Keep the files for your oral interview.

ts



6.01 DL6: Sizable Following — Fall 2010

Check Yourself 2. Which of the four gain pairs work best on a robot?

k1l = k2 =

Are the best gains the same as in simulation?
Which gains cause bad behavior?

Checkoff 1.

Show a staff member plots for the simulated and real robot runs, and dis-
cuss their relationship. How is the robot’s behavior related to the magni-
tude of the dominant pole, for each of the gain pairs?
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3 If we are facing in the right direction, all we have to do is keep on
walking

Why does the delay-plus-proportional controller from the previous section behave better than the
proportional controller from last week? The only difference is access to e[n — 1]. So why should
old information be helpful? A related issue is why the best values of k, were just a bit larger than
those for —k;.

A better way to think about the delay-plus-proportional controller is as proportional-plus-
derivative, where the derivative here is the first difference. As we will see below, if we
re-parameterize the gains in terms of differences instead of delays, then the relation between the

gains (k2 = —k1 + €) is no longer mysterious.
'>Fo? this particular problem, the difference e[n] —e[n—1] can be interpreted

‘u// 44ne  graphically in terms of the angle 6[n— 1] (see right figure). Thus the delay-
! i, plus-proportional controller can base the next angular velocity (its output)
I\ﬁ mk on both the position AND angle of the robot. Notice however that the
" fPMj information about position is for time n while the information about angle

0(@' is for timen — 1. 8‘;

Our robot has more than just one sensor — it actually has eight sonars ‘;‘7:; § d;[n] = 0.4m
arranged at slightly different angles — so we can measure the angle di- ©r< ¥
rectly. How well could a control system work if it had up-to-date infor-
mation about both position and angle? We can answer this question by
analyzing an angle-plus-proportional controller:

wn] = kS(M‘l‘kél(ed —06[nl).
where 64 =0 represerEs the desired angle (as measured relative to the wall), so that

wn] = kzen] — ks0[n]
as shown in the following block diagram. é‘ Y 1

IL plant 2 W » D,

Notice that this controller has a feedback loop to control the angle © that is inside a second feed-
back loop to control the distance Dy.

wall
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Model

In d16Work. py, write a Python procedure anglePlusPropModel that takes gains k3 and k4 as
input and returns a SystemFunction that describes the system with angle-plus-proportional con-
trol. Assume that T = 0.1 secondsand V = 0.1m/s.

{ Wk.6.1.3 Part1 Enter your anglePlusPropModel code into the tutor.

For k3 equal to 1, 3, 10, and 30, determine values of k4 that minimize the magnitude of the least
stable pole of the angle-plus-proportional system.

k3 k4 magnitude of dominant pole

1

3

10

30
LS /

Wk.6.1.3 Part 2  Enter the values of k4 and the magnitude of the associated dominant pole
that you found for each of the values of k3 above.

\ /
Brain

Implement the proportional plus angle controller by editing the WallFollower state machine
class in anglePlusPropBrainSkeleton.py.

As before, the brain has two parts connected in cascade. The first part is an instance of the Sensor
class, which implements a state machine whose input is a sequence of instances of SensorInputs
and whose output is a sequence of pairs of the perpendicular distance to the wall on the right
and the angle to the wall.



Step 9.

Step 10.
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The second part of the brain is an instance of the WallFollower class. You should provide code
so that the WallFollower class implements a state machine whose input is a pair of the per-
pendicular distance to the wall on the right and the angle to the wall and whose output is an
instance of the class io.Action.

Notice that if sonar 6 or 7 is out of range, then we cannot calculate the angle, and the second
component of the output of the Sensor machine will be None. When that happens, your brain
should set the angular velocity to 0.

Test that your brain works in the soar simulator with the wallTestWorld.py world. Save a plot
for each of your calculated gain pairs. Keep the files for your oral interview.

Check Yourself 3. Which of the four gain pairs work best in simulation?

k3 = kd =

Which gains cause bad behavior?

-

Go to the edge of the room or out to the hallway to find a long (at least two bubble-wrapped
boards) wall to work with.

Run your brain on a real robot. Get a measuring stick and be sure to start the robot at the same
initial conditions (0.5 meters from the wall and rotated 7t/8 radians to the left) as in the simulator.
Pay attention to the distance values being printed out by the brain. Save a plot for each of your
calculated gain pairs. Keep the files for your oral interview.

Check Yourself 4. Which of the four gain pairs work best on a robot?
k3 = k4 =

Are the best gains the same as in simulation?
Which gains cause bad behavior?

Checkoff 2. Show a staff member plots for the simulated and real robot runs, and dis-
cuss their relationship. How is the robot’s behavior related to the magni-
tude of the dominant pole, for each of the gain pairs?

Which controller (delay-plus-proportional or angle-plus-proportional) per-
forms better? Explain why.
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Homework 2: Keeping Warm

To get a work file that imports a set of useful packages, download the hw2. zip file from the web,
unpack hw2work. py from it, and put hw2work.py in your 1ab6/designLab directory.

Please turn in a single, printed, stapled, clearly readable document with all your answers,
including any code, plots, system diagrams or mathematical derivations that support your
arguments. Hand it in to 34-501, before the beginning of your nano-quiz on October 28.

Introduction

In this problem, we are going to try to understand a system involving a furnace (which itself has
a simple control system) and a human who is adjusting the temperature-setting knob on the front
of the furnace.

We are going to ask you to make some claims and prove them true, either theoretically or empiri-

cally:

e Theoretical tools that you have available are analyzing particular systems through determin-
ing their poles, and finding optimal gains by analytically calculating optima of functions.

e Empirical tools that you have available are generating plots of the behavior of particular sys-
tems given initial conditions, and finding good gains by systematically sampling a set of can-
didate gains, evaluating them, and returning the best one.

Demonstrate the correctness of each of your answers below, either empirically or theoretically.
Include any code, output, graphs, or mathematical derivations that are necessary to prove your
points.

The furnace alone

Assume that:

e Input to the furnace is a desired temperature, or ‘set point’.

e The controller in the furnace is a simple proportional controller, based on the difference be-
tween the set point and the sensed temperature.

e The temperature sensor introduces a one-step delay.
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Step 2.

Step 3.

Step 4.

Step 5.
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e The behavior of the furnace and the room are such that the temperature is changed by an
amount equal to the product of the length of time between system updates and the command
generated by the controller in the previous time step.

e Throughout this problem, you can just let the length of time between commands be 1.

Write the difference or operator equations and the system function for the system very clearly.
Think about what constitutes the input and output to the system, in order to determine what

© system function you are deriving.

Draw the system diagram for the system. Be sure that it matches your derived system function
elements.

Find the gain of the controller that makes the furnace react as quickly as possible to set-point
changes while causing the temperature to converge to the desired set point without oscillation.
Explain. Remember that you can use the function we employed in lab to optimize an objective
function.

Plot the response of the furnace with your chosen gain to a unit step input. This will model the
behavior of the system when the room starts at a temperature 0 and the furnace’s set-point rises,
at time 0, to a constant value of 1. Here is a handy procedure that takes a system function as
input and generates a plot of the behavior resulting from the system starting at rest (all inputs
and outputs before time 0 have value 0) with a step signal as input.

def plotOutput(sfModel):
smModel = sfModel.differenceEquation().stateMachine()
outSig = ts.TransducedSignal(sig.StepSignal(), smModel)
outSig.plot ()

Human in the loop

Now, imagine an impatient human. The human has a desired temperature, X, and has purchased
a furnace with a controller of the type we designed in the previous section. But the human is
impatient, and is not content to set the knob on the thermostat to X. Instead, the human contin-
uously adjusts the thermostat, moving the thermostat knob by an increment that is proportional
to the difference between X and the sensed temperature of the room. Assume the human has a
one-step delay in sensing the temperature of the room, but that his actions have an immediate
effect on the knob.

So, if the human thinks the room is too cold—that is, that the sensed temperature, S, is less than
X—then he will adjust the set-point up by an amount proportional to X — S. Remember to think
of the actual knob on the thermostat as an accumulator: its output value is the sum of the adjust-
ments that the human has made to it over time.

Write the difference or operator equations and system function for the combined human-furnace
system very clearly.
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Draw the system diagram for the system.

To be sure your system is appropriately formulated, plot the response of the combined system for
some values of the gains (remember you have a gain for the human and a gain for the furnace) to a
unit step input. This will model the behavior of the system when the room starts at a temperature
of 0 and the human’s desired temperature rises, at time 0, to a constant value of 1. Be sure the
output values make sense.

Consider what happens when you combine the furnace and controller system (using the best gain
you found from part 1) with a human who has gain 1. In general, we’ll say the human has gain
k if he or she moves the knob an amount equal to k times the difference between the desired
temperature and the sensed temperature. Show a simulation and explain.

If the furnace company knew that it would be delivering furnaces to humans who operated with
a gain of 1, would it be able to change the gain in its controller so that the combined human + fur-
nace + controller system operates stably? What gain should the furnace use? Explain. (Remember
that you can use either theoretical or empirical tools to help answer these questions).

If the furnace company knew that it would be delivering furnaces to humans who operated with
a gain of 0.5, would it be able to change the gain in its controller so that the combined human +
furnace + controller system operates stably? What gain should the furnace use? Explain.

Is there any gain for the human that causes the furnace (with the gain you found in part 1) to
reach its set-point faster, using such a proportional knob-adjustment rule? What gain should the
human use? Explain.

What is the best pairing of human and furnace controller? What gain should the human use and
what gain should be set in the furnace? Does this combination do better or worse than just using
the furnace on its own? (Note, to find the answer to this question, you may find it useful to
optimize a function of two variables. Just as optimize.optOverLine takes a procedure of one
arguments, a minimum value and maximum value for that argument, and a number of samples
within that range, and returns the optimal value, and the argument that yields it, the function
optimize.optOverGrid applies to a function of two arguments, and takes a mininum value,
maximum value and number of steps for each argument, and returns the optimal value and the
arguments that yield it.)



DO\M HW A%]fen 2 [0//@
NQ {Td\’w L\w H‘f~9 W(’,@U:

g@ Jﬂus |t$ A S}M\O{E r"“’W”W (bﬂwiﬁf mt des Lab &
E /

Q @[W (oﬂe COW

Do

M JE= D, - Uo[h“‘j
4* kK E ‘B T e

o Cﬂq% ‘M

Pland

Cﬂ:_(_ W D(f ]‘Z fﬁA@\ m
Sengor

‘-————/

D““[”'l ] & Do (‘L



J ‘gt for Slrsp

Bl

0,
MUH(PL[ for Cﬂécdzdt

g4 kX
=

hd  blacks - Food back  shbteack

\ (4 SN

EEL

Vo (m{'flﬂflfiwl’t ClWLJ o Dhic lah X

wheh T made clean dlagmq

— A

- m2+(-'14 "P)ﬂ t T



WOV '\qﬂ({ ‘Tle b@d‘ @Oj(n

e for poles (Q'“‘;L?.
ie) A
k(S (kDE] -2

._k VL
Kx k-2 v 27 tﬁf‘“‘“

®a

0 )
C

L) TR AT
2*]

kel 2 e e <0
2




v
Sy -0
2
+/ No  goldwns  Puigh

Y

7oy

s vabe of K cuses domntte e b b 0
(Wsiag A fonclpn Convegt 0,
T‘Cﬁ ‘Ln Py-'blM
T(‘l all e frms we "y,
Logt duisde plolis) 5
~wh,
T AT ding modg] g
o Pa;’l‘L 1
M}F}L = 1,9"{@“[5:0

Qot - m oy wit <0




i E
‘L:f QL P 00400000000
0 00 09000090

LJl\d/‘l A I m&fse({ %% Controller System
" B k=4

@\ Juninate ;Jot(e =69
What vas Thoe P{otoﬁce feds”
(RIS IRY
3= AT, -TI
-1 ( ?[HU Jr?MT“K Tp- Ti/f:)
T = 17 By -1 T
T I-g-2]= 0,
What s i ‘MM t oA pd  of Systom




E<D, -T[H]

L/\'\W} Jaeﬁ Contaalle Q/%f,ﬂ/c

1 &OM (/c|00‘¢}7
dngder Vglogily

] %Bdfﬂ@(‘ ;(V‘?ALQ\E#Y Or V.eflJ»
‘EOLL W Md;l-q,j Mol Slae  pw

S plat

( 4
Injr trgi ‘7 /r\;— T[ ij

TEI\JJ -+ ';];o T%

ﬂc;chanqtd (-0 % Al a dobe,

| i
J/m(emwf: ( 'F(b"‘l ’-go{v/g /imLtj



ol - L]
Dy s I R[Di’wﬁ
T< 2 -5
T=-10

Was
Wt gy b Dem&

open veal 10 nolo

¢ Joer—Emill dogn,
T- b
pT(a3 =20 T+t -
[’”’)) T[I’\J 45 | gt P(W E@*TL]
N4

Tlrt]< T
(1 2-)
G Th [0, T
|7 LL[D[ 7‘& 23> Cd(/;ﬂ fhé;

diﬂ
/FL( N’ CMG) ,\ g& Ud;‘;k {‘gf
7



WE
{
bl 0: R
:s}:}?{e D ot (}%MP(e K‘;}L‘;e&//é{ L @/W%
el osten J(L : fe Same
< DR W[ Of-BUDo) | e -ty
0() - 0 ’ L forpt A ~blob wot (o °n
_DT Dy = Ds A - AU‘ ILKDO/Q Wil T s wﬁefé’clc/
*—-\LU ﬂ& QB:LQ wWhia 2
Do (l -R - ) 0oy poar !
c[cs {a[agtfz d?e) ”’
Do _ V&{LAR bt [} shald o)
9 R Ch”fu’oﬁ%”

— S as T had defore i Jagaum ¥ cody
-d at 6/ Ho/l | |
\“l({'ég(\e_,l I«\:i ffﬂb‘”my ‘l‘J Sﬂﬂ‘&Fh'

"y Wraaj
~ (/661 A hle(J/m{ s



G

60 Now 651‘/6 on PJPW

-\1\ |

| a% f\tgh

—| -3 {2? @LAQHW
0=
b=~
(=]

|, -
¢ 'hlb ,,,ddg beﬁ [J( = ﬂ’
iomi-naf ¢ fdﬁ :O

L/Conuequ% fa ﬂ_
well whaer oot sepal s

Rt sags ¥ anc byt o, ceght {

Pt what T e, puabbes e /ol
for Plad



and (\l pa
~e b Sasr d@(w—(

L st whwe T pmossed P

e
o]

(= -|

* ) 194
T
f\/$ =0
AN

4|
|

V\fa lép

7 ol I
Utless  coos T R g anty in plont

Sinct Dy [ 0] -T| )
S4TSR g

frch
dn Wl cae k=Y oad pole (23 }ﬁ:"bﬂﬂv



0

Sha\/ﬂf 9@ as l 3(1 OH
P\fll ’ﬂm ﬂdlf Shov not afCeot ry SF

b W e @ e b SF

g R hal bl ~ glga bebre ©
2 - R
N IR L
4 (%) 2"
f%m!@) rlo2e
M
M2 2
0= |
b -|

C= Kk «oh cotb | (ght £y Ht‘f

W e dd 2 mins siges g
"cuf{ SI‘tjn for v

0 sk W was T sy Luz
| v W, f' ﬂrL



WTF"
will sl i OH
A F e =Y pon seal

Ondic vy arigmal duagan
h
._,)Lpr\ +‘
S b cle oy | o
bt why ot T g B s on pap

Mol = YIMAT 4= w4y fnade eln-1}

Theed fe n_|
eah  what T got

e ((o Jomirglo ?ole on Lc:.(( gd' el el

( ; = ¢ s



2"1 cL:’O

Yl =-|
lL’JZ{ :I’ZS’ el we gp i av(( 50(@ .\
why S T el gt il befoe

Nat me



(b

éO [?‘/;QW l(&ét/@
»(M MQ dgw p: CJGLS\!'/QC{ ‘
€V€.q ﬂlﬂ/j neg({ ‘}b dgﬂzle !,['} ﬂﬂ} CMg;nj W/ f/;?
Takiny ety mafh metdes nvulay b 2
Wl Jd Gy goid  Flguig 9d s
= ‘ad bt(J Ot st Méb'f’?
“wl o [ gaom
"~ bad At that ol (weade fhfmy

L thal t il el break /)laq{' ({W/\ all e wiry
\a”L‘/"‘H{ it wab almot ok

: ';%ow @M T e doe fhaf Cygh
~ds Cor |
Cach  part émm[ ods 1 |@
( oerollQr L4 K

—

l

P(aa{ @

— Kt}

S0/ R

————

|
¢ ({,Ed not fwe

60 C‘On]L(o”e( P(w} & (k & B [&@/ loefo/t

——

- 'ﬁ:[‘(?" —Q #\



"“l*f
) — k. kA ? | _ kb
f _‘RH l"ﬂ
,@ 5 (.L.. /-

one thiag w198 hore
Kf\@ Wo lcam  conaidis Tl ﬂﬂ{(rfﬂ f?uéy-ﬁqu%
AT () (1=t | (0 (1 -4)
C‘G‘f =Wt s ek

@ |-R-kA @
T (/N @J./ﬂl Q/EMM '
-A-%A? £1 @ 442 el
A8 i
— e A
—kRY —kA-Rr | o
Csane 65 T had ! W e0h b

~ bt hov does it add
5 What et reny



L0
I-R kR

-k +L Q-2
Sl ot (L

ﬂiOh T Mtts l«/the ﬂ{ Gensd (S

iﬂ({ y LR ~KQ?
R+ kg2 W/

k

-

/

/\0'}’"&



[7
O NOW Fachr N wt

@{%y;% -

Cant
p '
RO Cacdg ANy
A@LW/LL‘, 0 8 ‘/ID ZL (Nﬁ
o ot o P
nevtr wind gt 4
Si’wu ol
% v Vd((m a‘ﬂh‘l@
e
|
SR A )
R e

e B
LR+ %R lﬁﬂr o wollam a,\pha'@
[-R ¢ WR? — LR

L\OW m\)w-‘( 6\(/“ fl\tf(mj ]\lllﬂ ”“‘5

e A

a4 ke R
S N IV R
[-A + kR

I=a.




@Oﬂ ﬂ& /Qf\{ (5// page /JUwL {o,rﬁgl— A)}J
= b\A’ IMLZ i A tlﬂ, ﬂwl’ (&g@lq
T[M] TIn] 4 ALA}
Ty < 1nd] + Al

A[nj D -7
Alno = D[nD TZ"“’?
MD&

and  Joorn oblgabﬂc ‘

Wil wete  clean Copy  pow

Ol oocan male g M fom ¢ S~ o)

bt 7 Human i ooy
"ot Jubt S nyle delay
~ [ile dos [ 6
b T ot hat it pears fhad
[T . Accumdato -
s Cnbllec 4 B[ 3= I, E[”} tl, 2 D_,fj

| m(ﬁlan
ﬂnﬁ (5 Patlom e (eawc( [ ”Lﬂﬁ\""ﬂ
A o aabch dcenpcio



0o
%v& Fosnsr gemt

¢ ON |‘(o] |€/

- %f

o fhat deslab f
hed

2 % w ml/)}%
‘ ﬂ(@ in Tere flgd"'n

foalforward A d¢ G‘ , Cascals( k7, ﬂ))

LQIJLL @Jr .ﬁmw
" hoo dow M\f’

(frob AN (Lagoh

R v o n fop iy lastoe

40
Grdoler

Vel 2WLxR

v okl B
N 1




Plaat Gars Sy sue
—_— R
- R +\ l

(astade contaaller € ‘F(WL"

(] + KIR)R
..R A
Poadback 54 fraot
L& PR




@
ks et
Iy k3 + pr-Rel
Lt Cud pole by haad

—Uge ompiher

a0
95%6 /hu ‘g&‘:/e, e K/&(

Koy pep
6 U438 312 Gl

[ \{QQ G
& ~17 (2 e bother
1
ok
_O( ‘:5 \\u ‘
v d’ﬂagfﬂj T;

(yeeh

£= ﬂ( \n Same
O{{/ é:( - oLiT; [f‘]"ﬁ[ﬂ“']
op7 Tl

{i\ \
0[\ bd,f,{(d,u‘( SAML

bt e
TD , T‘l (elafed “ki:;\ s
Qi



(%)
(chlﬁ humar S5k
SU W m/l
R g A=k A3+ R

M(Azﬁz (ﬂi:”iii;
}]'V*fb/‘ J
bt by
teudlpagl 5\/19)?[ act f/‘%z‘w,:;j i
(UAW@ m ’/)Y T
M &\c (/(4, Q&
klz ((j *kz&z—ﬁﬂ L
Gn(l. (\00}3
(oot of oh c
f[ Can ~ev f{mi ZIL s (ulalc
fly

"2%2 {'\/\1\( PL(.‘,Z :O
Mo C[(/G{Jm“c 6/mu16\

‘3‘66} l/ot/(/c_c, of L"/ (L 7
h /



i (1)
v ol
L T/@,/Eq
T
G Sqfem D Y
Aan (ortal?
s
n Sane | T,
4 6{%4 Wfbﬁ"l

t'fﬁ, fle Plﬂfb{—
gt actel befort ‘




@

Admun

—— Folbade A"

T, 5
o ijﬁ

Ti 4 rl@[ﬂ) ¢ Tolntl]
T wctomvlator
m“ “would be MQJTEDT«Q

_ (&@*73 En“j) gk E”“O
e \/\_//\( f\a{((m,/’q;bf
Ao alidmy O] qipetral>

N foudhode  sblaack

Wm

Nud-
T‘l[@: W (Tn 17 ~To (nl7 ) ¢, [V"D
T ([ -R) ~ ME[@[
T W@

= =



{ 0 (
0 7
/| (4 (f‘(
0

» t%wfith oh humgs 7
g s stpeate

OL\ (DQ/: i o
s 5 (if\ O’P%“m%e 0\/@( Gﬂ(d ‘g/f\,(}hﬂ/l)
I



Contpolle
Lot

SE@LDE ()= T ]n- 1)

flat

e%@nw}n@wmniﬁ

Tg [] To[ UfkT()h ? N[ HZ]
o T 0 < ToR 44T, Q —T54R2
T°O RM) = LTI A

L L
T. IR )

p



Mh] iM) ;—0
' 21)

Iy N




2 7
-4k <0
~qk = -l
he 4 e Btab bt gal,
2 |-

Sensor R

—

Cascade_Contlr_plaak

-_—

(

HgHQ :L\,_/\_L_\__
[-R

~—

Mag Jon Po({ =0

L
R



H, kR
[+H, He fl;ﬂ_/a
kb LR
R
kR
|- R
e
(=R [-R
x Q
[._
T kR-R)
|-/

|




BN Rl Bl R ed TRt o A et Rt

Q

oot

T

0°T

(000ZL T FSZTT LT-0T-0TOZ) 3w snsiaa anjea jeubis 2 |

-

(W !

—_—

uNQQ WIp %

5C

J

—_—

-

)

cs.%x e? .‘
?in\.%



mu/a&\
L/
4(nse
Dhuman 6ea80c

Same 43 Medwaal semsor

‘}W(M“\ 58!"69(

PRy pe
Sawg (A fraghie Seasor A

Toln+l) = To[@
) <ol

JO M

To \,“‘ \j\

T

}\umun




T2 < b (0] i) » Ti o]
A

k_/———i
Mt adjusboeal q qumdlato

\,—XB\_—\;@

"

Co  nhdt e hae s
To

T | c’*/'&ﬁy —
e 2
Wﬂm

Honas—
T: = szTo -To&) TTfR

((-0) = kg (T T l)

1
:L'.__ = k’lﬁﬂ
E | R




. @ Cas«:uie Hyman + § et
e, e C

[-R M{l ,/Qr[
= !‘(1 l)‘? RL

_RM/}_W"ZR a
P odhack bk

A ki AR

ko by -

’____,_.—————-—’-——\"

R ’?\Lzﬂz-ﬂﬂ”

i
0 b A
|+ B Tpne A

-
—_—

VA
o {Q, {/(Q p\ t |
—_— ===

|
| ™)

(RS L\ AE-2R | ot
Mow poud to Elad T f Vs ot qpposed 15
H\)\A’ Caal; S'(AC{ )’\01/ q/\/ﬂtdm ' do y@%

6 U bet ke Seo. Sty 1),
k s don_poly

b, Ko

If
|

(83







i

00T

Lw]

BEE "0

t%}m

"




G

JU'S+ AL I 67(9

Tolt = 2T [n-) ~1.95Ton-27 1 4395 To[n-9)
'{' [6 L{2 TO[f\“’z]

O in QQM\LL 'f'e(ﬂ“’

T, L"\j <77, [n“U ﬁk?, TO[I’\“Z] '""QLDZ T, [V‘ 94

4 padyl B whde Syden

kﬁ)lTo[n—Zj
6% d v hae
TR VY
213700000

—

Jn bOU/}J&i (ny qu
V@(‘f bﬂd ‘l ded

)U.L homan  wodld b -éeﬁ‘;ng e thewmostat

A% })7 JFOD ].']‘tg ,\‘Mmh ( (&/6( i’Z( (,/fnafg
o mis; and 6 decghoot, L1 el neee coneed
(nd e f@mP(d,bfe Oseklaes s\ of  (ontnl,



O e
s

2200~

99LETE

e

.meu Jq

g, 425

5%1




-
©§jrep ¥

_—-—-_-—-_‘-—._

(Chonge pest k1 o best K1 and an best k] ab k2 =1

besk YN = §7 ¢ -l #Y
Jom‘mdle FQ(G . },0-66000 C/

Ju, ()«;79 a/as /
Oul et Kﬁ /$
uwﬁl f.«c(ease \/’;*
\/Q/Y 51&1{5’
ﬁ______a(fmg{' N gd;ﬂ

- st fob hvman contl] by huner
duetly, gt

Bﬂ)’ CH’ {)Oif 0{‘ 1,600000‘{ e & ystem l/ﬂ/u
Nt act 6%4,[)@“7

"f!nC{eand Nnb"}fmc‘iq,”?/ / un)ﬂoumlg(

\«/af,% J/vl/ﬂfl T rdn Aq 0\960:4 T gol oA ‘JW” Wl 6’7[5
Ol P{DLLI Qﬁ‘b(
P e OF 9 ¢ 56 — % o wll /"f’i, Pf’a(u n9 boctver



ISR W W nesm Ak;.mm_ Il swesvpa. @

\W)).w yQQQQQ..N - m?& ies.:\oﬁ
AR

vigl vey  H1Y () X &\@N;%h :g

280°F

i.ﬂ!
(D00SZTTFIVTT LT-01-0107) 2wt srssan anjea eubig 7

¢ %.G <§=DI



'bCﬁl Ko e k) of (5"
&(ﬂ[-‘-‘ ’gﬁZd e -4
hag Jom f)o{e = |

came K] 13 reammaded
That” s qaph dis To cam

BA B wdl  fale forever, haking paople  vperf
Wln b“‘t’h “?d'\,{ ZO -—)6}0‘“(& ah/ldr ﬂﬂ}/ /&‘uf dl)g{aﬂ@

@ Sabdll, & wh fhat
T bol by G kI oofF 25 il e pesgle gl

[{2 - lOY‘, \/\

Mag cl@ﬂ\(w[e = ,8Y9

cwdl he Jhug dnd
JWHJGLI fgnw



il AL
]

0T

— ; (5 1000TBO0ESHTT LT-DT-010Z) 2 snesas anyea eubs 92,

Tz hO000)  qed  wop fwy

o508 =M 0] dogg v}

vyl w9 7



LR

L g e ——
00T 0 W

||i:--|ﬁ,:ali--i!--|!i|.-|--....-;.!--|--i.. ST A TIT T W&ﬂ

L
?%frw&ﬁ%&rﬁ%%@%ﬁ%%ﬁ%ﬁ%

EREE (0000FE SF6FTT LT-0T-0T0Z) 2Wn snsian anjen [eubis 91

]
“ 000" T
|

LA

)
=

| Jay fnd Euant s Eaa e e Ko et hied e Ml B Boe e e el Bes e e R e ion L B B 2 B - e

9.0" W - N«
%wm%g§ w& “p ZYEYA ﬁ\u Q« /] Qﬁ% §§I



1

i

-]

]

L

£

00T
0°Q
1171 TITITIITIT TITHITITIITIT TITITTITI CITVITITTTITTT TN T T ||_‘._
[y ]
]
]
Q
2
.<§%§c¢ =Tk

(0008/9°00:£STT £T-0T-0T0Z) m_“:m snsian anjen |publg 4

-

hl’

anQ_

U mim Sscf



]

y Z\

Yt 2 !
@P&\L pd““flﬂ V”/ Oﬁﬂm;% over @ft&j.
“ [‘( =%

l/\l = X

by don pole = 20 p
Dt Thot st a olor
No\, tlyman iatectess




) O ?
:CAW’Q»/ | /{ |

Worksheet

P
b—,Er }j@ C(//femz(“}

Compale /)

- ) L9 plant 1 HE4 piant 2 =il
=] e |
‘ [ A

it



6.01: Introduction to EECS 1

Week 7 October 19, 2010

6.01: Introduction to EECS I

Circuits &?}

Week 7 October 19, 2010

PCAID = Sag Thefﬂ(?ﬁ dr bcu[&

What is a circuit?

A path that starts at some location, and after traversing other parts
of the sytem, returns to that location.

Typically, traversal of the circuit involves trans-
mission of some entity: .
e vehicles

e electrical “force” ClWWAVf/04+

e blood or other fluids
e information

L [05(’::[ Zoo f)

Circuits: A Very Different PCAP System

The Circuit Abstraction

Circuits provide us with a very different kinds of primitives, compo-
sition, abstraction, and patterns.

Some. o fowes
£/ ows

Constraints, not input/output relationships
T ———

Reading: Sections 7.1 — 7.6.2

COM')'M:AB i

Circuits represent systems as connections of components:

e through which currents (‘through’ variables) flow and
e across which voltages ('across’ variables) develop.

(eagon abot both

-

Sﬁﬂ Cakes WAQIL b""&, JgJ(’cd/k’ c//‘cf/}
or Fime

The Circuit Abstraction

The Circuit Abstraction

Circuits are important for two very different reasons:
e as physical systems
— power (from generators and transformers to power lines)
— electronics (from cell phones to computers)
e as models of complex systems
— neurons
— brain
— cardiovascular system
— hearing

Podel of othw Chm fley g}dem

Circuits are the basis of our enormously successful semiconductor
industry.

# of transistors

Dual-Core Itanium 28 1,000,000,000

Itanium 247
Itaniu!'r}- i}
ST S —— / e 100,000,000
Pentium 44" i
Pentium Illg | !
Pentium 116 | - 10,000,000
Pentiums™
804868 1,000,000
| 803868 E
Lo - L C—— - 100,000
| 8086e” 5
Bogg 0 + 10,000
40048 " :
) o | 106
1970 1980 1990 2000 2010
year

LY ufcd'n A progsser wfo
d.‘d‘ratﬁn:, Vedalls
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The Circuit Abstraction

Circuit Theory

Circuits as models of complex systems: myelinated neuron.

Dendritic

Node of

Internode 2
Ranvier

Myelinated fiber

Axonal
tree

Cell body

Model of myelinated nerve fiber

Node of Ranvier

Internode

Internode Node of Ranvier Internode

Convenient to envision circuits as conducting fluid flow

cuit by:
« Conservation laws, governing currents and voltages in general

¢ Constituent equations, describing behavior of individual com-
e ———
ponents

Characterize a ci

We will study only circuits with §tatic behavior

fusl\ in dag sze - oA ohec ¢4l

"\Qeleﬁaa tangton of ifotmation

What is a Circuit?

Rules Governing Flow

Circuits are connections of components

¢ through which currents ('through’ variables) flow and
e across which voltages ("across' variables) develop.

Rule 1: Currents flow in loops.

Example: flow of electrical current through a flashlight

.-L._°/°'—_ L
D N ®

When the switch is closed, electrical current flows through the loop.

The same amount of current flows into the bulb (top path) and out
of the bulb (bottom path).

Cottest presgnd domad [oop

Rules Governing Flow

Rules Governing Flow

Rule 2: Like the flow of water, the flow of electrical current (charged
particles) is incompressible.

Example: flow of water through a branching point

i1 — <
R

B
T
What comes in must go out. N dCGP Wll

Here i =i +i3.
A —

Kirchoff's Current Law: the sum of the currents into a node
is zero.

In electrical circuits, we represent current flow by arrows on lines
representing connections (wires).

i1 11i
73

i] =i +1i3.

The dot represents a “node"” which represents a connection of two
——

or more segments.

dlrectln = Slgned vidahles

-
=

2

2

‘L¢3
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Nodes

What is a Circuit?

Nodes are represented in circuit diagrams by lines that connect circuit
components.

The following circuit has three components, each represented with
a box.

There are two nodes, each indicated by a dot. The net current into
or out of each of these nodes is zero. Therefore iy +ig +ig = 0.
—

No cl@rt Sovve hort

Circuits are connections of components

e through which currents ('through' variables) flow and
e across which voltages ("across’ variables) develop.

L1 =

By analogy, voltages drive current flows.
critical, absolute voltage is not

Difference in voltage is
e R ———epr.

LM

Flow of nafrr L/v +anles

Flow

Rules Governing Voltages

diff iy lig;:ghh ey

Alternative Representation: Node Voltages

Voltages accumulate in loops.

Example: the series combination of two 1.5V batteries supplies 3 V.

+
i-.— " 1.5V 4
1.5V :@—1.5\/ .—:I_—. @-3\/
T - 15V N
[\6-14<0 _

Kirchoff's Voltage Law: the sum of the voltages around a
closed loop is zero.

Node voltages represent the voltage between each node in a circuit
and an arbitrarily selected ground node.

o/ o3

"'IC W

Node voltages and component voltages are different but equivalent
representations of voltage.

e component voltages represent the voltages across components.
e node voltages represent the voltages in a circuit.
———————

A Tops mafber! Creldic ® i

Rules Governing Components: Resistor

Rules Governing Components: Voltage source

Each component is represented by a relationship between the voltage
across the component to the current through the component,

Each component is represented by a relationship between the voltage
across the component to the current through the component.

Vo v

v=W
(regardless of i)

La,ﬂ-m,
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Fwhat vatt b e moof

Rules Governing Components: Current source

Node-Voltage-and-Compopent-Current (NVCC) Method

Each component is represented by a relationship between the voltage
across the component to the current through the component.

4
I(] v

i=-Iy
(regardless of v)

( Kircots Qpruht TUE

Combining KCL, node voltages, and component equations leads to

the NVCC method for solving circuits:

e Assign node voltage variables to every node except ground
(whose voltage is arbitrarily taken as zero). "‘ﬂn(.h./@m:”

e Assign component current variables to every component in
the circuit.

e Write one constitutive relation for each component in terms
of the component current variable and the component voltage,
which is the difference between the node voltages at its terminals.

e Express KCL at each node except ground in terms of the com-
ponent currents.

e Solve the resulting equations.

Analyzing Simple Circuits

Analyzing simple circuits is straightforward.

i
+1V :._“/

T
The voltage source determines the voltage across the resistor, v =

1V, so the current through the resistor is i =v/R = 1/1 = 1A.
”~ —

i

+1A v

The current source determines the current through the resistor, i =
1A, so the voltage across the resistor is v=iR=1x1=1V.

Check Yourself

-

What is the current through the resistor below?

-

I‘/ 1 A Iq*
~ T

Q) 14 )
2
3
4
B

—~—

% 4 wltpge 5o agk pPidig
Qg oltagt,

. cannot determine
. none of the above

et W‘r‘“l;'\g fhet

R l‘ » Lo LFﬂ_.
-4 €A be measued

Common Patterns

Series Combinations

There are a number of common patterns that facilitate design and
analysis:

e series resistances

e parallel resistances

+ voltage dividers

e current dividers

The series combination of two resistors is equivalent to a single
resistor whose yesistance is the sum of the two original resistances.

2 T
mn )
v Rgl”' v g
55 =
v = Ryi+ Roi v = Ryt
V‘OI-hoe d{‘op Rs= Ry + Ry

The resistance of a series combination is always larger than either
of the original resistances.

TR o .
d‘e‘=‘llRl "3\/“(191 "Iz&z

€1-0= iy Ry ::(ﬁ.ml}

1 i

!:l[:‘l
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Parallel Combinations

Check Yourself

The parallel combination of two resistors is equivalent to a single
resistor whose conductance (1/resistance) is the sum of the two
original conductances.

What is the equivalent resistance of the following circuit.

-

Voltage Divider

o_f‘ €1 0_1. 1 1
i + . '-\Q-
v R] Rd :L Fi Rp
= - 2 |
o— o—
[
g 2 gl
 Ra Ity
1 1 1 Ry + Ro : 1 iRy @
—_—=—t—=—— 5 = ———— = = m||R 1. 4 2 3. 0.5 4, 5
Ry R Ry Ry P A+l RitR 1l . ®
1 2 i
The resistance of a parallel combination is alway than either
of the original resistances, N 247 -
P ¥ hic ¥ oy === +1<
ey = S \ [A7A & M’
s == VL) V[
MR L g M} L . r"I'Current Divider

Resistors in series act as voltage dividers.

Resistors in parallel act as current dividers. \/0 , lLa-g&

[33

Wmf b
I
+ I I
bist Wi d‘% ! :
i v " Ry
v
= (% g
R. Rl FR". R2 + V2 Cu{\/eﬂ} 6Q’R‘ [ —
= & V= (Ri]|R2) I .
V=IR - e of that
|4 Ry||Ra 1 RiRs Ra
V L el =
=+ =g ="n RiRi+Fy  Ri+lyl ow
R Vo Ry|Ry 1 iy I
Vi=RiI=—2_V h=—= I=— = I
Ry + Ry R It Ry Ry + R Ry + Ra
R
Yar=chisl= R1+2R2
Check Yourself Loading

[ Find Vj.

+12V

Adding (or changing the value of) a component alters all of the
voltages and currents in a circuit (except in degenerate cases).

Consider identical light bulbs connected in series across a battery.

Because the same current passes through both light bulbs, they are
equally bright.




\___l \
n=gefia

;3=:~{ V:l‘ﬂ
V-¢, ‘-'['ll, V’tl‘ fel‘
€ (=l = *ln
) 0 *['I'q C:%HP
€ =0:7q Sy
AVRIAY
2719
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Check Yourself

Loading

( What happens if we add third light bulb?

#2 :@#3

Closing the switch will make
1. bulb 1 brighter 2. bulb 2 dimmer
@ 1. and 2. 4. bulbs 1, 2, & 3 equally bright
5. none of the above

Loading did not occur in LTI systems.

Example: adding H; has no effect on Y

Y = H1 X regardless of Hs.

See pasn

Loading

Buffering

Q: What's different about a circuit?

i

I
L ~

0

A: A new component generally alters the currents at the nodes to
which it connects.

Charges, Companeats
0 ths

Effects of loading can be diminished or eliminated with a buffer.

An "ideal" buffer is an amplifier that

e senses the voltage at its input without drawing any current, and
¢ sets its output voltage equal to the measured input voltage.

We will discuss how to use op-amps to make buffers in next lecture.

MUN wae dhotragh ¢ gotim

+ voltage source

e current source

Means of Combination:
e wiring

Means of Abstraction:
e equivalent resistances
Common Patterns:

e series resistances
e parallel resistances
e voltage dividers

e current dividers

Summary This Week
Primitives: Software lab: Circuits in simulation and real life
e resistor

Design lab: Designing photo-detector circuit; controlling robot
based on light values
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Software (Actually, Hardware)
Lab 7: Divide et impera

Work with a partner of your own choosing.

e Using a lab laptop or desktop machine: Log in using your Athena user name and pass-
word; in the terminal window, type athrun 6.01 update. Work in the directory Desk-
top/6.01/1lab7/swLab.

e Using your own laptop: Download the zip file for software lab 7 from the Calendar tab of the
course web page, unzip it, and work in the resulting directory.

You will also need:

Proto board Power supply Four clip leads

Multimeter Potentiometer Four 1kQ), one 1000),
and one 10KQ resistor

1kQ = (brown, black, red); 100Q) = (brown, black, brown); 10KQ = (brown, black, orange)



Step 1.
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Getting started

In today’s lab you will build some simple circuits and start learning how to use the 6.01 circuit
simulator CMax.

We will build our circuits on a “proto board” like the one shown below.

fasrassssssassnan
Jpassssns st s rann

The proto boards have holes into which wires and components can be inserted. Each column of 5
holes in the center areas is connected internally, as indicated by two representative vertical boxes
(above). In other words, if you insert one end of one component into one of the holes in a column
of 5, and then insert one end of a separate component into a second hole in the same column of 5,
these two components are now connected by an internal wire that connects the 5 holes together.
Holes in the top row (marked here with a red line, but sometimes indicated with blue instead)
are connected internally (as are those in the second row, bottom row and next-to-bottom row), as
indicated by the long horizontal boxes (above). These rows are convenient for distributing power
(we will typically use +10V) and ground.

Use a single, separate, proto board as shown above for this lab. Do not use the proto boards that
are attached to the power supply!!!

It is conventional to use the top rail (which can be either red or blue) for positive supply voltages
and the next rail (which can be either red or blue) for ground. Notice that the highest numbered
column is on the right and the lowest is on the left.

——

e Connect the power supply terminals labeled +15V and GND to the power rails of your sepa-
rate proto board using alligator clip leads. Connect the alligator clip to the proto board through
short (less than 1”) wires (from a wire kit); connect it to the terminal on the power supply by
just sticking one ‘jaw” of the alligator clip into the center of the terminal. Don’t unscrew the
power-supply terminals.

e Set the multimeter to measure voltage, and connect its probes to the power rails of the proto
board using alligator clip leads, through short wires from a wire kit.

e Now, turn on the power supply and measure the power supply voltage with your multimeter.
Adjust the positive supply to +10V. This step ensures that your setup will be dehvermg an
appropriate amount of voltage to your protoboard.



Step 2.
Step 3.

Step 4.

Step 5.
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Layout and Simulation

We will be using a simple layout and simulation tool, called Circuits Maximus, or “CMax” to its
friends, to design and test circuits before constructing them. The following figure shows a screen-
shot of CMax. You can run CMax by going to a Terminal window, navigating to 1ab7/swLab and

typing
> python CMax.py

Alternatively, you can start Idle, open the file CMax . py and do Run Module. If you open CMax. py
through Idle, close it down by killing Idle.

e 1 openFile | Saveas Save Simutate Quit Em | |I
n \ 1.EIK_V Molor Motor Robol Robot
a <ElE = 1) B E {pot)| ||connector C
click color] (top) (bottom) (top) (bottom)
[ to change

Once CMax is running, press the Open File button to open the file mystery. txt.

Draw a schematic diagram for the circuit shown in the CMax window.

AN /

Note the meter ‘probes’, attached to the ground rail and to location A10. Predict the voltage that
will be measured across those two nodes in the circuit.

Press the Simulate button (and choose the file 1ib601/noInput.py) to make the simulator cal-
culate V. The result will be printed in the window from which you started Python. Do your
calculations match the simulation?



Step 6.
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Resistor Dividers

A voltage divider is a circuit that uses resistors to generate an output voltage that is a fixed fraction
of the input voltage. The following figure illustrates a voltage divider as well as the resulting
relation between its input voltage V; and output voltage Vo:

Ry
P
Ry
2 Ve — =~ V.
Vi R Vo= migh

If Ry = Ry, then V, = 4.

Can we cascade two divide-by-two circuits to produce a divide-by-four circuit? Consider the
following design, where all of the resistors have 1 k() resistance.

MW= +
+10V § EVO

Lay out this circuit using CMax. There is documentation at the end of this handout about using
CMax, which you should consult in order to understand how to effectively place components in
the simulator.

Try to make your layout simple and clear. Use short wires oriented horizontally or vertically
where possible. Try to avoid crossing wires, and do not run wires across other components! You
will be using your layout as a guide to constructing a physical circuit. Jumbled wires are more
difficult to construct correctly, and they are extremely difficult to debug!

Connect the “probes” so that they measures V. Press the Simulate button to measure V,. The
value of V, will be typed in the window from which you started the program.

Check Yourself 1. What is the simulated value of V,?

vof[ 2.0 }




Step 7.
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Check Yourself 2. Calculate V,, using circuit theory.

a 1

Compare your result to that of the simulation.

" o,

Lay out your circuit with physical parts. Make your physical layout look exactly like the CMax
version. Trim the resistor leads so that the resistors lay flat against the proto board. (This step
makes it easier to debug your circuit, by presenting a clean view of your components and their
layout.)

' R,

Check Yourself 3. Measure V, with your multimeter. Do you get the same voltage Vo? Ex-
actly?

Checkoff 1. A voltage divider with equal resistors produces an output voltage that
is half the value of the input voltage. However, two voltage dividers con-
nected in cascade do not produce an output that is one quarter of the input
voltage. Explain why.

Show that your circuit looks exactly like the layout in CMax. Show the
results from your circuit and simulation.

Potentiometer

A potentiometer (or pot) is a three-terminal device whose electrical properties depend on the
angle of its mechanical shaft. The following figure shows a picture of the pot that we will use
in lab (left), the electrical symbol used for a pot (center), and an equivalent circuit (right). The
quantity « is in the range [0, 1]; © is the maximum turn angle of the pot, for example, 270°, and
0 = «@ is the actual turn angle of the pot’s input shaft.




Step 8.

Step 9.

Step 10.

Step 11.

Step 12.
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As the angle 0 of the input shaft increases, the resistance between the bottom and middle termi-
nals increases and the resistance between the middle and top terminal decreases. These changes
in resistance occur such that the sum of the top and bottom resistors is constant. If you are in-
terested in the internal construction of a potentiometer, look it up on a source such as Wikipedia.
For our purposes, we will treat a potentiometer as a primitive element, which behaves as we just
described.

By connecting a pot as a voltage divider (top terminal to a voltage source and bottom terminal to
ground), the voltage at the middle terminal is made proportional to the angle of the shaft.

The pots we handed out in lab today have a total resistance of 5KQ.
On your protoboard, wire a potentiometer to a 10V supply and ground. Notice that the leads are
arranged in a triangle, with the base of the triangle parallel to one of the straight sides of the pot

and the apex of the triangle near the middle of the opposite side. Connect power and ground to
the two leads on the base of the triangle.

What are the min and max voltages at the middle terminal of the potentiometer?
\ \

Adjust the potentiometer (the one you just put on your protoboard, not the knob on the power
supply) so that the voltage on the middle terminal is 2.0V.

To what value of « does this correspond?

L }

Leaving the pot adjusted as it was in step 9, attach a 100 resistor between the middle terminal
of the potentiometer and ground. Measure the voltage V,, at the middle terminal.

7y 1

Use circuit theory to compute the ideal value of V,, in this circuit.
A |0

Leaving the pot adjusted as it was in step 9, remove the 100Q) resistor and attach a 10K() resistor
between the middle terminal of the potentiometer and ground. Now what is the voltage V,, at the
middle terminal?

O Lagy ]
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Step 13. Use circuit theory to compute the ideal value of Vj, in this circuit.

L8 @

[ Wk.7.1.2 Complete this tutor problem based on your computations above.
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CMax Documentation

Adding components and wires

You can place components on your board (resistors, op-amps, etc.) by clicking the associated
button. They will appear in the lower left corner of the board, and then you can drag them to
where you want them to appear on the circuit. Note that CMax allows you to place compo-
nents in locations on the board that don’t have any holes; this is to give you room to maneuver,
but be careful not to leave any components disconnected.

To obtain a component in a different orientation, hold down the Shift key when you select it
from the menu.

Resistors are rectangles with three color bands. You can change the value of the next resistor
you place by clicking on the color stripes of the prototype resistor icon (the one with the text in
it); it will cycle through the colors. Shift-clicking a resistor band will cycle through the values
in the other direction.

You can connect any two locations on the board with a wire by clicking on the first spot and
dragging to the second.

Wire ends and component leads must be at one of the gray dots that represent a hole. Only
one wire or component lead can occupy a hole.

You must connect your board to power and ground by adding the +10 and gnd components
to it. You must have exactly one of each.

Modifying your circuit

You can delete a component or wire by holding down the control key (you see a
skull/crossbones cursor) and then clicking on the body of the component or on a wire.

You can move the endpoint of a wire by clicking and dragging it; you can move a whole wire
by dragging the middle.

Moves of components and component creation can be undone using Undo. The undo opera-
tion is only one level deep, so hitting Undo again will re-do the operation.

To read the value of a resistor in your layout (in case you forget what the color bands mean),
shift-click the resistor. The value of that resistor will be shown in the prototype resistor button.

File management

The Quit, Save, Save As, New and Open File commands should do what you expect. Make
sure that the files you create to save your circuits have a .txt extension. The Revert button
will erase the changes you have made since the last time you saved the file.
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Running tests

There are several ways to see what happens when you run your circuit. The Simulate button
will run your circuit; it needs to use an input file that specifies time sequences of inputs to the
potentiometers in your circuit. You won’t ever need to write an input file; we will specify them
for you, to run particular tests.

When you click Simulate the first time, you pick a test file. It will use the same test file thereafter.
If you Shift-click Simulate, it will re-prompt you for a test file, so you can select a different one.

You can measure the voltage between two points in your circuit by placing a +probe and a
-probe (exactly one of each) in your circuit, hitting the Simulate button, and selecting the file
noInput.py; it will print the voltage across the probed locations in the window from which
you started Python. If there is a component with temporal dynamics (a potentiometer or a
motor) in your circuit, then when you simulate, it will also pop up a window showing the
signal generated at the probe.

If there is a motor in your circuit, when you hit Simulate, a window will pop up that shows a
time sequence of the motor’s speed, in radians per second.

If you want to see how your circuit behaves as a function of an input signal, you can add a
potentiometer. If there is a potentiometer in your circuit, when you hit Simulate, a window
will pop up that shows a time sequence of the potentiometer alpha values, so you can see what
the input is that your circuit is reacting to.

Debugging

Here are some common problems:

Failed to solve equations! Check for short circuit or redundant wire This
can be caused by connecting power to ground, for example. Examine your wiring. Maybe
you inadvertently used the same column of holes for two purposes. At worst, you can sys-
tematically remove wires until the problem goes away, and that will tell you what the problem
was.

Element [’Wire’, ’b47’, ’b41’] not connected to anything at node b4l The
name ’b41’ stands for the bottom group of five holes, in column 41. If you get a message
like this, check to see what that element should have been connected to. You know that there
should be something else plugged into the bottom section of column 41, in this case.

Illegal pin means that you have a wire or component that has an end or a pin in position
on the board that does not have a hole.
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