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6.01 DL7: For Your Eyes Only — Fall 2010 |

Design Lab 7: For Your Eyes Only

Each partnership should have a lab laptop and a robot. Do athrun 6.01 update. Files will be
in Desktop/6.01/1ab7/designLab/. In addition, you will need:

Robot Two eight-pin
connectors

Two clip leads Multimeter Resistors, tbd

Floor Lamp Lamp+extension Wirekit
cord

Proto board Red cable
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The relevant files in the distribution are:
e eyeDataBrain.py: A brain that rotates the robot a fixed amount; used for data collection.

e turnToLightBrainSkeleton.py: A brain with a place for you to write a state machine that
will turn the robot to face the light.

[ See the back page of this handout for the pin-outs of the connectors. }

Our ultimate goal is to build a "head” with eyes and a neck, which can turn and track a light. This
week you will connect light sensors to your robot and write a brain that can make the robot move
to face a bright light. Many systems are made up of a combination of special-purpose electronics
and general-purpose computation. Today, we will build such a system. You will build a small
circuit to connect two light sensors to the robot and, thence, to a lab laptop, allowing soar brain
software to read voltages from your board and command voltages back to it.

Seeing the Light

Our first task is to use a pair of photoresistors to construct light sensors (eyes) for the robot head.
A photoresistor is a two-terminal device whose electrical resistance depends on the intensity of
light incident on its surface.

A photoresistor is made from a high resistance material (e.g., cadmium sulfide). Incident photons
excite electrons - liberating them from the atoms to which they are normally held tightly — so that
the electrons can move freely through the material and thereby conduct current. The more light,
the higher the current and thus the lower the resistance.

Resistance (k Ohm)

L —————r————r—_ [|luminance (lux)
0 2000 4000 6000 8000 10000

Photoresistor

The net effect can be characterized by plotting electrical resistance as a function of incident light
intensity, as shown above. Normal room lighting is between 10 and 100 lux. Illuminance near a 60
watt light bulb (as we will use in lab) can be greater than 10,000 lux.

The details of the behavior of the photoresistor will depend on its particular design and will vary
substantially even among “identical” parts. However, in all cases, we expect to see a very high
resistance in the dark and a low resistance near a lamp. One reasonable approximation to the
behavior of a photoresistor is: R = Ro/I, where R is resistance, I is illuminance and Ry is a (large)
constant, representing resistance when the illuminance is 1 lux (dark).



Step 1.

Step 2.
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When thinking about the behavior of a photoresistor, keep in mind that illuminance will drop as
the square of the distance from a light source. So, resistance will increase as you move sensor
away from the light source.

We will start by measuring the resistance of the photosensors in different lighting conditions. Plug
an 8-pin connector into an otherwise empty protoboard. Use a red cable to connect that connector
to the 8-pin connector on the robot head. We will call this connector on the protoboard the head
connector. A description of which connections are to be found on which pins of this connector
(known as a “pin-out”) is at the end of this handout.

Notice that there are two photosensors on the head. The photosensors are wired to the head con-
nector like this:

left right /704 M“( fo wire

pin 4 pin 5 pin 6

Connect your meter to pins 4 and 5 of the head connector, using short wires as probes into the
protoboard. Switch your meter to measure resistance (the scale is marked (), and be sure you
understand the scales (you can always measure a known resistor to help figure out the scale). Get
a silver hand-held lamp and plug it in to a power strip.

Measure the resistance (in Q) of each photosensor individually under the following lighting con-
ditions. Don’t worry if the sensors respond very differently.

al 5+
L[Leﬁ%t Rnght . 20 /,)( 4

P
Ambient light 7 /IO( /l ) So (/L” {\;g/fﬁ')

\ ™) Ae

( ~ 1 "‘ﬂ L’\ _/),
One foot in front of lamp | (’{ 5 \ /

8 el _/

3 e ~

Three feet in front of lamp \ (2 /Z ‘ (’(




Step 3.
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Design a circuit that uses one photoresistor (plus one or more additional resistors) to generate a
voltage that is large under bright conditions and small under dark conditions. The robot provides
a 10V voltage source. There will need to be a location in your circuit where we measure the voltage
with respect to ground. Make sure that, at this location, there is at least a 3 V difference between
the voltage with respect to ground in ambient conditions and when there is a lamp one foot away.
Sketch your circuit below. Think about how to make a variation in resistance into a variation in voltage.

(0t i)
 fo

L
What voltage do you expect for the following lighting conditions?
Left Right
c B 4 N
Ambient light
J X J
One foot in front of lamp
gk
o N ' Y
Three feet in front of lamp
- >, N J

Check Yourself 1. Verify your design and calculations. If you have any questions, ask a staff
member.




Step 4.

Step 5.
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Plug a second 8-pin connector into your proto board; we will call this the robot connector. You can
connect your circuit to a robot via the yellow 8-pin cable that is coming out of the robot (don’t do
it yet though; that would make it awkward to work on your board). This connector is exactly the
same as the head connector; to help keep this distinct from the red cable connecting your board to
the head, remember: 'red” — "head’. The pin-out of the robot connector is described at the end of
this handout.

Connect power and ground on your board to the corresponding pins (pins 2 and 4, respectively)
on the robot connector.

The robot has within it a set of converters. A-to-D (analog to digital) converters take analog volt-
ages from pins 1, 3, 5, and 7 of the robot connector, sample them on each soar cycle, and encode
them in binary so that they may be read by the computer, ultimately showing up as a list of values
in the analogInputs attribute of a io.SensorInput object. A single D-to-A (digital to analog)
converter takes a value specified by the voltage argument to the io.Action constructor, and
converts it into a voltage, which is made available on pin 6 of the robot connector; we will be using
this output voltage in later weeks.

Draw a schematic for two photoresistor circuits, one to generate the voltage Vi from the left pho-
toresistor and one to generate the voltage Vg from the right photoresistor, using pins 4, 5, and 6
on the head connector.

( i
left right

H r\/ A—rv

pin 4 in 5 in 6

R
(volge >




Step 6.

Step 7.

Step 8.
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Build the circuits you designed. Here is how the whole system should be configured:

vellow . s red robot
LA A ircuit motor
robot your circu ey head"

Attach the head to the lego plate on the front of the robot (sometimes putting a couple of lego
bricks in between will make this easier), connect the yellow robot cable to your board, and turn
on the robot. Use your multimeter to make sure that you are getting reasonable values for Vi and
VL. You can use your finger to obscure each of the sensors in turn and see that the voltages behave
as expected.

Think of this combination as having created a new component to your robot. The robot head has
sensors that can convert information about the world (light) into electrical signals, which the head
connector delivers to your circuit (through the convention specified by the pin-out). Your circuit
then converts that information into voltages, and supplies those analog signals to the robot via
the robot connector and its pin-out. The robot can then use that information together with its
attached (or internal) computer to decide actions. In some cases these actions will be used directly
by the robot (e.g. turning its wheels), but we will see later that those actions can also be passed
back to your circuit as an analog signal through the robot connector, and we will use those to pass
information via a circuit you design to the motor on the head you have built (e.g. to turn the head
itself).

Connect V1 to analog input #2 (pin 3) on the robot connector and connect V to analog input #3
(pin 5).

Take your robot and laptop near one of the standing lamps on the sides of the room.

e Connect the robot to the laptop and turn on the robot.
e Start soar and select the brain in eyeDataBrain. py.

e Line up your robot in front of the lamp, so that the head is pointing at the lamp and the robot
is about a meter from the lamp. Now manually turn the robot clockwise by 90 degrees.

e Click Start. This will turn the robot through 180 degrees.
e Click Stop when the robot has fully turned.

Three plots should appear when you click Stop: the brightness on the left and right eyes as well
as the difference between them. Take a screenshot and save this data.
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Step 9.

Now we are interested in designing a controller that will make
the robot turn so that the head is directly pointed toward a bright
light anywhere in front of the robot. It should do this as accu-
rately as possible. Examine your plots and decide how you want
to approach this. The photoresistors are separated by a “nose”
that casts a shadow, and thereby controls the amount of light on
the two photoresistors (see top-down view at right).

light bulb

i ) left nose right
Checkoff 1. Part a. Explain your plots to a staff mem- | Photoresistor photoresistor
ber.
Part b. Describe your approach to point-
ing at the light. Be prepared to justify
your approach.

2 Bull’s Eye

Go back to your original table and debug using a silver lamp. When you think your program is roughly
right, then go test it using a standing lamp.

Step 10. Modify turnToLightBrainSkeleton ; py to implement your approach to pointing the robot to-
wards the light. It will generate one plot, which you can ignore for now. The voltages from the
photosensors can be read as follows:

# io.SensorInput().analogInputs is a list of all 4 analog inputs
left = inp.analogInputs[1]
right = inp.analogInputs [2]

Step 11. To enable us to see how well your pointing approach works, we have attached low-power laser
pointers on the robot heads. To power the laser, plug it into the small round connector coming out
of the robot near the yellow cable.

Step 12.  We want the laser to move quickly and reliably to make the red dot fall on the lampshade. First,
tune your controller so that the laser lands reliably on the lampshade. You will probably have to
compensate for discrepancies in the responses of the two eyes to the light. Be prepared to discuss
your approach for dealing with this.

Step 13. Once your controller’s accuracy is adequate, you can focus on its speed. When you stop the brain,
you will see a plot of the robot’s angle as a function of the number of time steps. An estimate of
the settle time of the signal will be printed to the output window. A signal S settles at time t if it
is within some fixed value e of its final value starting at time t and for all time steps after that. If
your signal is not converging, the reported number will not be meaningful, and will be some time
near the end of the signal.



Step 14.
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Use the following procedure to collect data for your controller:

e Position the robot one meter away and pointing at a 45 degree angle away from the lamp.
e Start the brain.

e Stop the brain when the robot stops moving, or when it is clear that its angle will not converge.

For each trial, save the plot and record the associated settle time and gain value (or whatever
parameters your controller uses). Generate three plots with substantially different behaviors, one
of which is oscillatory. Except in the oscillatory case, each trial should end with the laser on the
lampshade. You should save these plots (and associated parameters and settle times) for your
interview.

Finally, experimentally optimize your controller with respect to settle time. You don't need to
spend too long on this, but you should try several more parameter settings, and save the plot,
settle time, and parameters for the controller you find to have the best behavior. Save the code
for your best controller for your interview as well.

Checkoff 2.
eael a. Discuss your approach to the problem.

b. Demonstrate your best controller.

c. Discuss the plots, parameters, and settle times for several controllers
with different behaviors.

3 )

For fun...

After you're done with everything else, change your brain so that it follows the light. It should
move forward or backward to keep a desired distance from the light, as well as rotating towards

the light.

No matter what

e Mail your brain, plots, parameters, and settle times to your partner.
e Disassemble the circuit board; return both 8-pin connectors and cables to the supply bins.
e Turn off your robot and your multimeter.
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Head Connector Pin-out

pin 1:

pin 2:

pin 3:

pin 4:

pin 5:

pin 6:

pin 7: Vv +

pin 8: VM-

Robot Connector Pin-out

pin 1: Vi
pin 2: +10V
pin 3: Via
pin 4: ground
pin 5: Via
pin 6: Vo
pin 7: Vig
pin 8: +5V

neck pot (top)

neck pot (center)

neck pot (bottom)
photoresistor (left)
photoresistor (common)
photoresistor (right)
Motor drive +

Motor drive —

analog input #1
power (limited to 0.5A)
analog input #2

analog input #3
analog output

analog input #4

power (limited to 0.5 A)
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6.01: Introduction to EECS 1

Week 8 October 26, 2010

6.01: Introduction to EECS I

Op-Amps

Week 8 October 26, 2010

Reading: 7.8

Last Time: The Circuit Abstraction

Circuits represent systems as connections of elements

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

"G

| 7y

Ot eace y
Last Time: Analyzing Circuits

[
Last Time: Common Patterns $45f( /Odﬂfmg

Circuits are analyzed by ?Di ing three types of equations.
¢ KVL: sum of voltages“&found any closed path is zero.
e KCL: sum of currents out of any node is zero.

s Element (constitutive) equations :
— resistor: V=IR i EQCL\ eleaem

— voltage source: V =V (I = anything)
— current source: I=1Iy (V= anything)

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

e series resistances

e parallel resistances

e voltage dividers

e current dividers

Caveat: Loading (the bad news)

Remember last time's "“Check Yourself”

Closing the switch changes the brightnesses of the left bulbs.

L What happens if we add third light bulb? ]
#1
#2 #3

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

L S s pecqe Shoet
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—_— fry + Aaintaly Poi)

Today: Designing with Op-Amps

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
e sets its output voltage equal to the measured input voltage.

Waabs fo £ind voliage
J/ wo dm“'nj Ay
curteat-

To analyze op-amps, we must introduce a new kind of element: a
dependent source.

A dependent source generates a voltage or current whose value de-

pends o her voltage or current.

desin Clrorls thal ndeperdbad-

Dependent Sources

Op-Amp

Example: current-controlled current sourcﬁ b
Cyrreat L

1000 §2

%‘

Formally, dependent sources involve two currents and two voltages,
and are characterized by two equations

L

l()O

100 IB

Jaej “

£ hwffle"e"" -~ Cotafiof

A i

1001z

Here Vi =0 and Ih =
-

—100 1.

Ly
Vi o— v, —_?_
K(Vi—V2) Vo
- I 5 —
O— T
7 ‘l*a,\cze: V d {Fefexe ¢ aﬂlp(tﬁu ”1_

An op-amp can be represented by a voltage-controlled voltage
source.

I.=1I_=0and V,=K(V; - V.) where K is large (= 10%).
No current flows through input terminals or between |nput an

output. J\jﬁ. jpﬂepth'nj ,,@H’QﬂQ JE%FKE'\A’@/

Op-Amp

Check Yourself

An op-amp can be represented by a voltage-controlled voltage
source. ] v, }
{ Find ?,
Vio——+
Vo=K(V4 - V) 100002
Voo———
+
I, =I_=0and V,=K(V, —V_) where K is large (= 10°).
What you connect to the output terminal does not affect the i b 5 1
voltage at the input terminals. }:u{(?f : 20 \
= . ¢l 3.1 A 90‘1' SQPM“/*”
po Curreat tlovs SE
5. none of above SI (Can do
daalysis
Tp= V¢
2 {000

(OO’IB '5'_4
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Op-Amp

Op-Amp: Analysis

An op-amp (operational amplifier) can be represented by a voltage-
controlled voltage source.
/-'_'_—-_-——___-—

Vio—]
+ + Vo= K(Vy ~V.)

Vo o———

A voltage-controlled voltage source is a two-port.

n I
Cann L B
Vi [ K(Ve-1) Vo

Example: find E for the following circuit.

72
>
w(®) o

=W Volage dwiler
V-= Ry + Ra Vo l/g S O *t;\f"bg‘h
ny v

T T Vo VR =V =B =S el
. R
< distbﬁ‘? 5 Ii'R = RK(}E+ ;L ] Rl;nz (if K is large)
h=I.=I.=0and Vy=V,=K(Vy-V.) where K is large (= 10%). 1+ m5ts ;\+ 2+ K1y 1
Pl Il
FETTL
kIS At ater ftms

bl“j <k 03

Non-inverting Amplifier

Check Yourself

For large K, this circuit implements a non-inverting amplifier.

Vo
(®) b
e RZ

Ry

Vo R1+ Ro

Vv, TR
Remember, however, that op amp does this without drawing any
current into its input ports, and hence does not affect parts of the
circuit on the input side of the op amp.

(fquﬁ) raaag ot omfi)lfimf@q

( For which value(s) of R; and/or Rs is V, = Vj. J

Vivo

Ry

1) 7 — oo
) Rz =0 -l-/p—:&fﬁz— :1
@) Ri—occand Ry =0 l R

(4) all of the above f

5. none of Theabove

male W radhy by

=
The f “Ideal” Op-Amp

The “Ideal” Op-Amp ] ahd hece

As K — oo, the difference between V; and V_ goes to zero.

Example:
Vo=K (Vi - V) =K (Vi-V,)
K Y et
o= rg % o a Vo h‘ﬂ( drof

K 1 L
ey aabey-d (b 40
R (=0 b it iy de ) )

If the difference between V+ and V. did not go to zero as K — oo
then V, = K (V4 — V_) could not be finite.

Vi-Vo=Vi-V, =V

The approximation that Vi = V_ is referred to as the “ideal” op-amp
approximation. It greatly simplifies analysis.

Example.

If V. = V_ then V,=V; !
SR A R

her

Under ‘u, fmaﬂl, 'k( [/p”c{jﬂ dé\t\{t’fﬂqQ ‘003(.‘.{
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Check Yourself () Check Yoursef?)
[ Determine the output of the following circuit. J [ Determine I so that V, =2 (V; — 13). 1
10 10 20
Vi —A\A—
1Q
v, —W— v =
‘o o Vi % Y
Y deal ( o VOHO.JP o
1LVe=WVi+V Vo =Vy =0 o
2. Vo= -V = =
3V, = Vi — Vi lect. l([-o f‘VZ_O " l{i:-o _\_0 } R=0 2. R=1
= = - JR=12 4. R -
Ve=-1+Wa l l l
5 none of the above 7 ¢ REnEser LR iEpTE
b w0 1
it 4 L
( (Mvef‘{'rﬂj adder do T, ned skt
Paradox Paradox
The ideal op-amp approximation implies that both of these circuits
function identically. v, Vo L v —LVO
" " v,-@x(v. -vﬁ)é I((‘i’,—l’}§
° V. V.
@ ¥ i 8 k.
(e ‘H‘eﬁﬂ ﬂ\_ |_ - Vi i
L W cant Vo = K(V; ~ Vy) = V= K(Vo-
njﬂl (1+ K)V, = KV; (1-K)V,=-KV;
' B B .. Vo_ <K .
V=% = %! — O WD/h'j Vi, 14K Vi 1—-K
359 Oﬂ?_ = ﬁmk These circuits seem to give similar responses if K is large.
Something is WRONG!

t:1 Hn,;f Sand

Positive and Negative Feedback

Paradox Resolved

Negative feedback (left) drives the output toward the input.
Positive feedback (right) drives the out away from the input.

Vi J I: v, j— Vi

Q gl “”@
V= V_

K(Vi

[ ],
ks (5 V+ V- =
Vilp ) NegiFg
& : : dd
Vi Vy Vi Vo Jowf\
J , ‘ »

"’Q)

Although both circuits have solutions with V, = V; (large K), only

the first is stable to changes in Vj. (
éaﬁl v Ml G

T e st

‘Bt/f'_ﬂ)_f‘ c:n

Moral: feedback to negative input of op-amp

Lu{_ fM =
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Buffers

Check Yourself

Op-amps can be used to partition a circuit into conceptually separate
pieces.

Recall that closing the switch adds a third light bulb, and also alters
the brightness of the original two bulbs.

#1

#2 #3

We can use an op-amp to eliminate the loading effects of the third
__.—-—-—___-——--—-——’_._—
bulb.

[ What will happen when the switch is closed? J

o

_Q/

20,

1. top bulb is brightest 2. right bulb is brightest
1. right bulb is dimmest @all 3 bulbs equally bright
5. none of the above

Power Rails

Power Rails

The output of an op-amp can provide power to a circuit.

Example: The battery provides the power to illuminate the left bulbs.
Power for the third bulb comes from the op-amp.

e

0

But where does the op-amp get the power?

Op-amps derive power from connections to a power supply.

+Vee
Vo

_‘[r'EE

The power supply limits the output of an op-amp.

Typically, the output voltage of an op-amp is constrained so that
_VEE <V < Vcc.

Vsuglly ex v
7 po pleg o ¥ O/ A[d
it d o 2 pwils Stes

s “POM?thg don e ghaly

Check Yourself

Non-inverting amplifier
} " 59{ sef of
v® E ] Comnon Pd,{'fm,
= It
= R 2
Vi=V
V.=V,
Vo—Vi _%i=0
Ry R_l
Rolla=Ril=Rsk Aon -1nverTLj
o+ R '
heW PR gl

[ For which value(s) of Ry and/or Rg is V, = 4V;? J
} Vo
v(®
— RZ
m

i —0re Of rkﬁ" I'U{,) l‘o lﬂ_
(
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6.01: Iiitradtction to EECS 1 Week 8 October 26, 2010
Inverting Amplifier Op-amp as a summer
Ro Assume all resistances are R. i
1
Ve-Vo _Vo-0 v
Vi v R ~ R & Vo
R ’ i VMW
L L R R
& She oud. So: 1
V.=V, ~00 v.=Ye )
%Yo :
Iy Ro - Vi = L ; Vo
It
Vo= vR—TV,- Using the ideal op-amp model:
Vi=T.
¢ Changes sign (relative to voltage V) Voo lh 4V
c=VWV+Vv2

¢ Can degrease magnitude
e Cannot exceed power-supply rails

Op-amp as a subtractor Check Yourself
Assume all resistances are R.
Vi-Vo V.-V, 17 o vy Determine the output of the following circuit.
R R Va + ‘
Va— Vi Vi-0 " 10 19
—np = 1
= = € o
R B 'lLo whate/er K i Vo
Z 3 i
2 Yeu (st
. E: ;}_ LVe=WV+W
Using the ideal op-amp model: %0 (fﬂ,‘zf H 2 Vo=V - Vi
Vi=V_ ﬁ{‘gd‘/l 3. Vo=-1-Vo
V2=V1+V1 4.%=—V1+V2
! 5 none of the above
Vi=Va -V
Check Yourselfr This Week
Software lab: Software to solve circuits
[ Determine It so that 1, =2 (V) — V5). J Design lab: Controlling a motor using resistors and op-amps
g HW 2: Due before design lab
2
HW 3: Handed out in design lab; due the following week.
182
Va
Vi Vo
12
R
1. =0 2. B=1
3. R=2 4. R — oo
5 none of the above




Lectve § Additional

Mo Jd Ay
ot png | e
({09\& o gk Ik

Eta it
”‘k‘OE? lb\/lé g@fs

'; LOHWL b\/IL ﬂ&t
N bt/[b ‘9@'%

ﬁf&t’* C’ghf!



he\g‘f[‘m Vo Prcuj 6/‘
——8mxd L5 m$ihwr Uubt
= ledars  oltagl lageud ot @% F

Go %ZQC%“MJ
V= Voltye ditder

2 (1 eg‘camea (n 92700

R ok gl
~ At L
\Q?r Vl of isola,fa'/ff'\g
a 'hml)
b Vool
T“}‘&+ Elow
i most pe ()



OF]L s Amﬂb
T ol
m W\Odu'ﬂf Aéﬁ‘(jf\

. d,m(‘]‘xf \/DH‘LJ@) I
— per form moth dpp@rtof%
~add. t 5.

PCR)T abbaes al L

"Jrole no  Creal
o V+-\fo :0 60(‘ ‘Cleﬂ/[
B &pfwfo

level  becone I.omﬁ_ff_es__g_ar‘

hext

——



@ 0
A
M
P
Vi
ory
C
omp
e
X

.
ff
IL é 1‘::
M
1
i
:fr
"
oty
LS

-t
e
M
e
C I/%t’/
5
@
ty
1L
5
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SW Lab 8: Describing Circuits

e Using a lab laptop or desktop machine: Log in using your Athena user name and password;
in the terminal window, type athrun 6.01 update.

e Using your own laptop: Download the zip file for software lab 8 from the Calendar tab of the
course web page.

You can work in the file circSkeleton.py in 1ab8/swLab.

The software lab for this week is to develop a method for describing circuits at a high level of
abstraction, and convert that description into linear equations.

Specifying and solving linear equations

Consider the problem of finding values for x and y that satisfy the two equations:
S5x—2y=3

and
3x + 4y = 33.

You would probably approach this with the substitution method, in which you solve the first
equation for x, getting x = 2y + 2, and then substituting that into the second equation, getting

6 9

= = +4y =33 .

Utz 4y

Then, solving for y, we find that y = 6. And substituting y = 6 into our expression for x tells us

that x = 3.

That was a relatively simple system of two equations in two unknowns. More generally, we’ll be
interested in solving systems of n equations in n unknowns, sometimes for very large values of
n. This is the sort of problem at which humans are typically bad (how many lines of algebra can
you do before making a sign error, or multiplying 2 by 3 and getting 5?), but that we can get a
computer to do for us, cheerfully and reliably.

We could try to write a computer program to perform the substitution method, but it involves a
lot of manipulation of intermediate algebraic expressions, and can be computationally inefficient.
There is another method, called Gaussian elimination®, which is efficient and relatively easy to
implement on a computer; we'll use a standard implementation of it from the Python numpy
library.

! The only thing this method has to do with Gaussian probability distributions is that Carl Friedrich Gauss worked on
both.
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The numpy implementation of Gaussian elimination requires, as input, a matrix of coefficients for
every variable in every equation. But when we're describing the linear constraints for a circuit,
each equation only mentions a few of the variables, which means we’d need a big matrix filled
with lots of zeros. We'll use a simpler notation, which can be converted into a coefficient matrix
for numpy, thus enabling us to leverage numpy’s Gaussian elimination method.

We will use classes in the 6.01 software module 1e to represent sets of equations®.

An equation is represented with an instance of class 1e.Equation, which takes, at initialization
time, three arguments:

e coeffs: alist of numerical coefficients for the variables mentioned in the linear equation

e variableNames: a list of strings, naming the variables in the equation; the variable names have
to be listed in the same order as the coefficients

e constant: the numerical constant in the equation, with the sign chosen appropriately for the
situation in which the constant is the only term on one side of the equality.

So, for example, we could represent the equation —3x + 9.2z —4 =0 as
le.Equation([-3, 9.2]1, [’x’, ’z’], 4)

Note how the value of —4 changed since we need to move the constant to the right hand side of
the equality.

There are several other ways to represent the same equation, including these two:

le.Equation([9.2, -3], [’z’, ’x’], 4)
le.Equation([3, -9.2], [’x’, ’z’], -4)

We can represent a set of equations using an instance of the class 1e.EquationSet. It takes no
parameters at initialization time, but supports the following methods:

e addEquation(self, eqn): adds egn, which must be an instance of 1e.Equation, to the set
of equations

e solve(self): computes and returns the solution to the set of equations or generates an error;
the solution is an instance of the class 1e.Solution

A solution to a set of equations is represented using an instance of the class 1e.Solution. You
won’t need to construct a solution (you will get a solution by calling the solve method of an
EquationSet); but you can look up the value of a variable in a solution with the method

translate(self, name): name is a string naming a variable that occured in the equation set
that was solved; this method returns the value of that variable in the solution.

Using these classes, you can describe, then solve, our simple example like this:

Read the online documentation for the module 1e (under Software Documentation in the Reference Material tab of
the 6.01 web page) for more details.
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>>> small = le.EquationSet()

>>> small.addEquation(le.Equation([5, -21, [’x’, ’y’], 3))
>>> small.addEquation(le.Equation([3, 4], [’x’, ’y’], 33))
>>> sol = small.solve()

>>> sol.translate(’x’)

3.0

>>> sol.translate(’y’)

6.0

Circuit equations

Using the NVCC method, we can write a set of equations that characterizes the following circuit
(see Section 7.6 in the Course Notes).

G no
: —WW ,
M? Jr 2

+15V 20 i3 +10 A

n3

We will use ’n1’, ’n2’, etc., as the names of the node voltages and ’i1’, ’i2’, etc., as the names
of the component currents. We start by creating an equation set:

ckt = le.EquationSet()

Now, we have an equation for each of the four constituents:
ny—nz =15
n —nz = 3i4
n; —n3z =2iy
iy =10
which we add to the equation set as follows:

ckt.addEquation(le.Equation([1.0, -1.0]1, [’nl1’, ’n3’], 15.0))
ckt.addEquation(le.Equation([1.0, -1.0, -3], [’n1’, ’n2’, ’il1’], 0.0))
ckt.addEquation(le.Equation([1.0, -1.0, -2], [’n2’, ’n3’, ’i2’]1, 0.0))
ckt.addEquation(le.Equation([1.0], [’i3’], 10.0))

Next, we need to specify an equation that sets the voltage of the ground node to be zero. We have
chosen, somewhat arbitrarily, n3 to be ground; any other choice would have been fine.

Tlgio

We add it to the equation set with
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ckt.addEquation(le.Equation([1.0],[’n3’], 0.0))
Finally, we specify KCL equations for the remaining nodes
—ig—i1 =0
g — g Fig=0
which are added to the equation set with

ckt.addEquation(le.Equation([-1.0, -1.0], [’i4’, ’i1’], 0.0))
ckt.addEquation(le.Equation([1.0, -1.0, 1.0], [¥i1x, 2i2?, *i3°], 0.0))

Now, we can solve the circuit, with the following result:

>>> ckt.solve()

i1 =-1.0
i2 = 9.0
i3 = 10.0
i4a = 1.0
nl = 15.0
n2 = 18.0
n3 = 0.0

This is convenient, because it saves us from our own algebra errors. Unfortunately, it can be hard
to remember to construct exactly the right set of equations (do I have one for each constituent
component? do I have all of the current equations for each node? did I use the right names and
coefficients for the currents?).

In this lab, we will develop software that allows the following, much more compact, specification.

¢ = circ.Circuit([circ.VSrc(15, ’nl’, ’n3’),
circ.Resistor(3, ’nl’, ’n2’),
circ.Resistor(2, ’n2’, ’n3’),

circ.ISrc(10, ’n3’, ’'n2’) 1)

Here, the idea is to create classes whose instances represent components, together with identifiers
for their connectors. So long as we consistently use the same identifier to indicate how the compo-
nents are connected (e.g., n1 connects a voltage source to a resistor), we can construct a Circuit
class with a method that will do the work for use. Specifically, the major simplification is that we
don’t have to mention the currents when specifying the components and we don’t have to spec-
ify the KCL equations at all. When we call c.solve(’n3’), a set of equations is automatically
constructed, with node *n3’ as ground, and then solved (by automatically using the le method
just as we did above):

>>> c.solve(’n3’)
Solving equations

ook sksk ok Kok ok ok ok ok ok ok ok ok o

+nl-n3 = 15
+nl1-n2-3*%i_ni1->n2_14 = 0
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+n2-n3-2%i_n2->n3_15 = 0

+i_n3->n2_16 = 10

+i_n1->n3_13+i_n1->n2_14 = 0.0
-i_ni->n2_14+i_n2->n3_15-i_n3->n2_16 = 0.0
+n3 = 0

ek ok ok ok ok 3 sk ok ok ok ok ok sk ok k

i n1->n2_14 = -1.0

i_n1->n3_13 = 1.0
i_n2->n3_15 = 9.0
i_n3->n2_16 = 10.0
nl = 15.0
n2 = 18.0
n3 = 0.0

The currents are automatically given names. So, i_n1->n2_14 is a current that flows between
nodes n1 and n2.? So, we can see that the first four equations (listed above between the *******
borders) describe the components, the next two are KCL equations, and the last specifies the
ground. The solution (listed after the ****** borders) tells us the currents in the connectors be-
tween components and the voltages at the nodes.

Wk.8.1.1 Write the EquationSet and write the more abstract representation for the
circuit shown in the tutor problem.

Overview of the Circuit class

A Circuit class instance is created with a list of component instances, as shown above. The key
method is the solve method, which constructs an equation set from the components and solves
it. We will define each component type as a class that can construct the relevant equation for that
type of instance (see below).

However, the solve method will also need to construct the KCL equations at every node (except
the ground). So, we will need to know which components are connected to which nodes. In our
implementation, we use the NodeToCurrents class to keep track of which component current
enters (or leaves) each node. Each component has a method that provides this information (see
below).

Every type of component, for example voltage source, resistor, and op amp, will be a subclass of

the Component class. Every subclass of the Component class must supply two methods:

e getEquation, which returns an instance of 1e . Equation that constrains the voltage across the
terminals of the component, and

e getCurrents, which returns the list of currents that this component adds to the nodes to which
it is connected. Each current is represented as a tuple (i, node, sign), where i is the name

% We append an additional unique number (in this case 14) to the name, because, if there are multiple components in
parallel between n1 and n2, we need to be able to speak of several different currents flowing between those nodes.
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of a current variable, node is the name of a node, and sign is the sign of that current at that
node, either +1 or -1.

All two-input components have the same pattern of currents: they make a new current variable
when created, and then assert that it flows into their node n1 and out of their node n2. So, we
have implemented this pattern as the default getCurrents method in the Component class.

class Component:
def getCurrents(self):
return [[self.current, self.ni, +1],
[self.current, self.n2, -1]]

Here is how the Resistor component is implemented.

class Resistor(Component):

def __init__(self, r, nl, n2):
self.current = util.gensym(’i_’+nl+’->’+n2)
self.nl = nl
self.n2 = n2
self.r =r

def getEquation(self):
# your code here

The util.gensym procedure takes a string as an argument and returns a string which is the
argument with a unique integer appended to it.

i G
Wk.8.1.2 This problem will guide you through implementing the getEquation
method for the Resistor class.
. sl
' ™
Wk.8.1.3 This problem will guide you through implementing the OpAmp class as a

voltage-controlled voltage source; see Section 7.8.1 of the Course Notes.

Implementing the Circuit class

The Circuit class has two methods;

class Circuit:
def __init__(self, components):
self.components = components

def solve(self, gnd):
es = le.EquationSet()
n2¢ = NodeToCurrents()
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for ¢ in self.components:
es.addEquation(c.getEquation())
n2c.addCurrents (c.getCurrents())
es.addEquations(n2c.getKCLEquations (gnd))
return es.solve()

A circuit is just a list of instances of the Component class. When we ask the circuit to solve itself,
we provide the name of a node, passed in as parameter gnd, which will be the ground node and
have voltage 0; then the solve method:

1. Makes a new empty equation set es.

2. Makes a new instance, n2c, of the NodeToCurrents class. This class keeps track of which
currents are flowing into and out of each node.

3. For each component, adds the equation that describes the relationship between voltage and

current that the component induces, and it adds the currents to the appropriate nodes in
NodeToCurrents.

4. Adds the KCL equations that result from the node-current relationships stored in n2c, and one
that sets the node named by the gnd variable to have voltage 0.

5. Solves the equations.

You can read about the NodeToCurrents class and its methods in the software documentation.

Wk.8.1.4 Implement the NodeToCurrents class. Please debug your code in the
circSkeleton.py file and then paste it into the Tutor.
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DLS, SL9, HW3: Turning Heads

You can use any computer that runs CMax. Do athrun 6.01 update. Files will be in Desk-
top/6.01/1ab8/designLab/. In addition, you will need:

Proto board Power supply Four clip leads Multimeter

Lego motor Black motor cable Six-pin connector Op-amp package

Potentiometer Resistors, as needed Wirekit

The relevant files in the distribution are:
e circuitSimulateTest.py: A file with the right imports for defining circuit simulations.

e 1ib601/oneStep.py, 1ib601/threeSteps.py, 1ib601/eyeServo.py: Input signals for
dynamic simulations of circuits.



Step 1.

Step 2.
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[ See the back page of this handout for the pin-outs of the connectors. J

Our ultimate goal is to build a 'head’ that we can put on the robot that will be able to sense and
track light. In lab 7, you designed a brain to control the robot to point at a light. The goal for
this week and the next is to build a circuit that controls the neck motor on the head to get faster
tracking of the light.

Lego Motor

We use a Lego motor for the “neck” of the robot head. The motor attaches to a 6-pin proto board
connector via a short black cable with connectors that are similar to those used for telephones.
Notice that the two ends of the cable are different: the locking clip is centered on one end and
offset on the other. The end with the centered clip goes into the connector, the end with the offset
clip goes into the motor. The motor is driven by the voltage difference between pins 5 and 6 of
the connector.

The motor is designed to be driven with a voltage difference between 0 and 10V across its termi-
nals. Try it out as follows.

e Connect the power supply terminals labeled +15V and GND to the power rails of your sepa-
rate proto board using clip leads. Adjust the power supply voltage to 0 V. (Yes, really 0).

e Plug a 6-pin connector into the proto board and connect it to a standalone motor (do not use a
pre-built head).

o Turn off the power supply; wire pins 5 and 6 of the connector to the power and ground rails,
respectively, of the proto board.

e Turn on the power supply.
e Connect a multimeter to measure the voltage from the power supply.

o Adjust the power supply voltage between 0 and 10V and note the relation between motor
speed and applied voltage.

e Swap the connections to power and ground. What happens?
e What is the minimum voltage required to make the motor turn?

L 1

e Remove the connection between the motor and power rails of the proto board.

e Re-adjust the power supply back to +10V (in preparation for next part), then turn it off.
e Measure the resistance R, of the disconnected motor using the multimeter.

Em: 4.8 JL 1 mator
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Step 3.

Step 4.
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Controlling the motor with resistors

Our goal is to control the motor electronically. We will ultimately mount the motor on the robot
and use the robot’s power supply, which is constant at 10 V. The point of this section is to find a
way to use a constant-voltage power supply to get a range of motor speeds.

First, think about how we might control the velocity with resistors. One way might be to use a
voltage divider to generate a control voltage between 0 and 10V, and then use this control voltage
to drive the motor.

Consider the following resistor circuit for generating the control voltage, where Ry = Ry =
10000.
Ry
Ih_
T+
+10V Ro ; V| motor

Build the circuit on your proto board. Turn the power supply back on and measure the voltage
across the motor and observe the motor’s behavior.

[vmotor= 104Y J ro fforng

[ Check Yourself 1. Does the motor turn? Explain. 1

Use circuit theory, treating the motor as a resistor, to determine the voltage across the motor. Use
the resistance value you measured in step 2.

Lvmom@ t()g’ }

{ Check Yourself 2. Does the theory match the measurement in the previous part? Explain. J

Buffering the motor voltage

We can add an op amp to buffer the output of the resistor network so that the resistors function
as a voltage divider while the resulting voltage drives the motor. A simple buffer circuit is shown
below.



Step 5.

Step 6.
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Ry +10V

A N
+10V Ry ; /I/ '

gnd | v| motor

v M~

We use op amps (KA334) that are packaged so that two op amps fit in an 8-pin (dual inline)
package, as shown below.

ouT E
Veo E
ouT2 E
VEE/GND E

g“”")’g C

EINEIREINEY

(8-DIP)

The spacing of the pins is such that the package can be conveniently inserted into a breadboard
as shown above (notice that a dot marks pin 1). The top center wire in the picture above shows
the connection of the op amp pin labeled V¢ to the positive power supply (+10V). The shorter
wire to the left of center shows the connection of the op-amp pin labeled Vg to ground. The
diagonal wires indicate connections to the outputs of the two amplifiers, and the short horizontal
wires indicate connections to the two inverting (—) inputs.

Build the buffered divider circuit on your proto board. Measure the voltage across the motor and
observe the motor’s behavior.

&hack Yourself 3. Compare the behaviors of the circuit with and without the buffer. 5‘0 V}

Replace the two resistors in the voltage divider with a potentiometer.

Step the potentiometer through various settings (1/4 turn, 1/2 turn, 3/4 turn) and observe the
behavior of the motor. We'll ask you to compare this behavior to a simulation below.

Checkoff 1. Explain to a staff member the results of your experiments, with and with-
out buffering.
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Turn off your meter, disassemble your board, and put the wires, op-amp, pot, and connectors
back in the appropriate places. Throw away the resistors.

Circuit Simulations

We saw in Lab 7 that we can simulate circuit layouts using CMax. As we explore more complex
circuit designs, we will want to simulate them to see if they have the desired behavior, without
going through the trouble of doing a complete wire layout in CMax. In fact, CMax derives a
Circuit component level (as in this week’s Software lab) representation of the circuit from the
layout and then simulates it.

Here’s a procedure for simulating the buffered divider circuit (don't try to run this procedure yet
— we’ll do that in the next step).

def motorTest(test):
(nsteps, signal) = test
circ = [OpAmp(’v+’, ’v-?, ’vo’),
Wire(’vo’, ‘v=?),
Pot(’gnd’, ’v+’, ’10v’),
Connector(’Motor’, [’1’, 2, ’3’, ’4’, ’vyo’, ’gnd’]),
Power (’10v?),
Ground(’gnd’),
Probe(’Pos’, ’vo’),
Probe(’Neg’, ’gnd’)]
runRealCircuit(circ, signal, nsteps = nsteps)
>>> motorTest (oneStep.testSignal())

Note that we cannot use the command OpAmp(’v+’, ’vo’, ’vo’) to build a buffer; instead,
we must use a Wire to connect the output (’vo’) to the negative input (> v-").

The procedure runRealCircuit takes a list of circuit component instances and a test signal,
runs the simulations and produces graphs. The Python definition of an appropriate signal can
be imported from the test files that you use with CMax, for example oneStep.testSignal ()
returns a tuple (number of simulation steps, signal), as shown above.

We have the following classes of components, some of which you saw in software lab, and some

of which are new:

e Resistor(value, nodel, node2): value is a number indicating resistance in Ohms;
nodel and node2 are strings representing node names.

e Wire(nodel, node2): nodel and node2 are strings representing node names.

e OpAmp(posNode, negNode, outNode): posNode, negNode, and outNode are all strings
representing node names.

e Connector(type, pinNodes): the type argument can be ’Motor’ or ’Head’; pinNodes is
a list of node names.
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e Power(node) and Ground(node): you can have at most one of each of these ‘components’,
which specify which nodes are connected to power and ground.

e Probe(type, node): the type argument is either ’Pos’ or ’Neg’. You can have at most one
positive and one negative probe.

e Pot(nodelLeft, nodeCenter, nodeRight): represents a 5K() potentiometer, with node-
Center being the center terminal, whose voltage will vary. The resistance between nodeLeft
and nodeCenter is «(5KQ)), while the resistance between nodeRight and nodeCenter is
(1 — ) (5KQ), where 0 < o < 1.

Run the simulation. Startidle with the -n flag. Load the file circuitSimulateTest .py from the
lab distribution (this file contains the code from above). Evaluate the procedure by pressing Run
Module in Idle. Then type motorTest (oneStep.testSignal()) in the Python shell, where
oneStep.testSignal () specifies the conditions that we wish to simulate (here we simulate a
potentiometer that starts at « = 0 for 0 < t < 0.5seconds and changes abruptly to « = 0.1 for
0.5 < t < 1seconds). This will run the simulation and produce several graphs. They all have
time steps on the x axis, and some other quantity on the y axis. The signal is sampled at intervals
of 0.02 seconds.

e Probe (in green): When there is a probe in the circuit, this graph shows the voltage measured
across the probes. \/0 + o l, 24

e Motor (in red): When there is a motor in the circuit, then simulations assume that the motor
is attached to a potentiometer, which turns as the motor turns. One of the motor graphs is
the « value of the motor potentiometer, which measures the motor potentiometer angle. The
other motor graph shows rotational velocity (radians/sec) for the motor. Remember that the
potentiometer has a finite range of rotation (0 to 37t/2 radians), so with a constant voltage, the
motor will quickly reach the end of the range and stop. When you’re using a real robot head,
driving it up against the end of the range in this way risks tearing the head apart.

e Input (in blue): When there is an external input to the simulation, such as a potentiometer,
this graph shows the input value, for example, the value « for a potentiometer, which goes
between 0 and 1.

Check Yourself 4. Make sure you understand the meaning of the motor rotational velocity
and motor pot alpha graphs. Compare the simulated behavior to the actual
behavior of the circuit you built.

Bidirectional Speed Controller

The circuit you built for Checkoff 1 controls the speed of a motor. That circuit allows the motor to
turn fast or slow (depending on the choice of resistors or the pot setting), but only in one direction.
To make our robot head turn both left and right, we need to design a bidirectional speed controller.
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The circuit in the previous parts of this lab only turns in one direction because the op-amp oper-
ates from a single +10 V power supply. We are limited to a single +10 V power supply, because it
is the only power supply available from the robots for which we are building the “head.” A simple
approach to this problem (using a (5K()) potentiometer) is to connect the motor as follows:

+10VvV

+10V
l Vi
. + C v+ M-
1 {Tf motor Vy

The key new component in the bidirectional speed controller is the voltage source Vx. What value
of Vx gives the most symmetric (around 0) range of speeds for the motor?

w-[ 5V |

Design a circuit to implement this voltage source (using only a fixed 10V supply, which is all
that’s available from the robot).

[ Check Yourself 5. Can you implement Vx with just a voltage divider? Explain. }

Modify the circuit diagram below to include your circuit for supplying V.

— ~

+10V ld/
|
|l
47
o Jf
J

/2

+pV
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Build a Circuit simulation of your bidirectional control circuit by completing the definition of
the biDirectional procedure in circuitSimulateTest.py. It should contain a circuit defin-
ition that is a modification of the one in the motorTest procedure. When the « value of the pot
is near zero, the motor should spin quickly in one direction; when « is 0.5, the motor should be
stopped, and when « is near 1, the motor should spin quickly in the other direction.

The biDirectional circuit can be tested with the threeSteps.testSignal(1.0) test, which
simulates turning the potentiometer first to « = 0.25 and holding it there, then turning it to
o = 0.5 and holding it there, and finally turning it to o = 0.75 and holding it there.

Checkoff 2. Demonstrate your working simulation. Explain the relation between mo-
tor speed and potentiometer angle. Demonstrate that you can generate
both positive and negative speeds. Explain how your circuit accomplishes
bidirectional speed control.

Save a plot of the input signal and the associated output signal, as well as the procedure
that defines your circuit. Mail these results to your partner. We will discuss these at your
interview.

Head Controller Design

e This should be done individually. You can discuss with your partner but your written
submission should be your own.

e See the back page of this handout for a detailed listing of what to turn in. It is due, in lab,
on paper, at the beginning of your Design Lab 9 section.

e This section of the lab contains:
— A tutor problem that is due in software lab (but can be done before).
— Two checkoffs that can be obtained during design lab 8, software lab 9, or the begin-

ning of design lab 9.

.

Your goal for this assignment is to design and compare two circuits for controlling the neck motor
on the head so as to point the head quickly and accurately towards a bright light (as you did in
Lab 7 (last week) by turning the robot, but hopefully more quickly).

Design Criteria

We will start by considering what properties we want our circuit to have:
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e Fast: The head should line up with the light as quickly as possible.
e Stable: The head should not oscillate.

e Uniform: The behavior of the head should be nearly independent of the brightness of the light
and of the distance of the light to the head.

e Accurate: The head should point accurately at the light, as demonstrated by the laser pointer.

There are a few key points to keep in mind when thinking about a design.

e Op-amps can’t produce voltage values outside the range of supplied voltages (0V to 10V in our
case).

e The speed of the motor is proportional to the voltage difference across it; for fast response you
want this difference to be large.

e You can think of the circuit as a controller in a feedback system, with a gain. Higher gains will
give you higher speeds, but may cause oscillation. Think about what controls the overall gain
and how you can change the gain. Think about the limits to the gains that you can choose in
your circuit.

e The sensors you have in your circuit do not have identical response to light. How will this affect
the behavior of the circuit? Can you compensate?

A reference design

In design lab 7, you built simple circuits to produce voltages that increase with increased bright-
ness of the light falling on each photoresistor.

One simple design for a pointing circuit is to place a voltage derived from one photosensor on
one side of the motor and a voltage derived from the other photosensor on the other side. Here is
the basic structure of the circuit:

photosensor VL driver
circuit circuit
M+
motor
M-
photosensor VR driver
circuit circuit

The difference in voltages across the motor can be described as k(Vi —Vr ), where k can be thought
of as a gain. Be sure that you understand how to adjust k in your circuit.
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Fill in the design, using op-amps and resistors to make sure you can get a good range of voltages
across the motor. Label each node in your diagram with a name you will use in the Circuit
specification.

P

— '

Remember that the photoresistors are connected on the head as shown below, and indicate the
pin numbers on your diagram above.

left right

pin 4 pin 5 pin 6

The file circuitSimulateTest.py has a place to define a procedure called eyeNeckCircuit.
Create a list of components representing your design.

Use a head connector in your circuit, to give you access to the photoresistors and the motor on
the head assembly.

Connector(’Head’, [’neck pwr’, ’neck signal’, ’neck gnd’, ’left eye’,
’common eye’, ’right eye’, ’motor pos’, ’motor neg’l),

You can simulate your circuit’s behavior by runnin
y y
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eyeNeckCircuit (eyeServo.testSignal (dist=3.0))

The test signal simulates moving a light instantaneously back and forth between two positions.
The positions have angles 71/2 and 7;; when the head is pointing directly at these angles, the motor
potentiometer values should be & = 0.333 and & = 0.666. The head starts at o« = 0.5. The ideal
circuit would cause the robot’s neck angle to track this input as closely as possible.

Debugging: You might want to simplify your problem while debugging so that you can better
understand what’s going on.

e One way to simplify is to disconnect the motor (for example, by temporarily connecting pins
7 and 8 of the head connector to ground) and place probes on the nodes that you would have
connected to pins 7 and 8 of the head connector. That way you can observe what your circuit is
“commanding” the motor without making the head turn and change the light values.

e Another way to simplify is to use a simpler input signal; eyeServo.simpleSignal (dist=3.0)
models a light source at a constant angle. You can use that with the motor connected to make
sure that your circuit converges to the target angle.

You can change the simulated distance (in meters) between the robot and the light by changing
the argument dist in eyeServo.testSignal (dist=3.0).

Simulate your circuit at distances of 1 and 3 for gains 1, 5 and 10 (or a high enough gain so that it
stops working). Why does it stop working?

Checkoff 3. Discuss the design and behavior of your circuit. Be sure you can address
all the issues in the Design Criteria section (speed, accuracy, stability, uni-
formity). Keep your circuit diagrams, the Circuit descriptions, simula-

L tion results for your next interview.

Alternative design

We can use the bidirectional motor controller from earlier in this lab as the basis for an alternative
design in which both photoresistors are used to compute a voltage on the positive terminal of the
motor and there is a fixed voltage on the negative terminal of the motor.

circuit

motor
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How should the voltage on the positive terminal of the motor relate to the amount of light on the
photosensors (L and R)? Two good choices are something proportional to L/(R + L) or to L — R.
Using L/(R + L) leads to a simpler design, but either one is fine.

Design a circuit that establishes such a voltage. You can use as many op-amps as you need, but
try to keep it simple.

With this voltage on one terminal of the motor and a fixed voltage on the other, write an algebraic
expression for the voltage difference across the motor.

Wk.9.1.1 Your circuit design must have bidirectional behavior: the motor must be
able to turn both ways. This tutor problem will help you think about the
ranges of voltages and ways of introducing gains higher than 1.

Draw your complete alternative design and label the nodes with names you'll use in the circuit
definition in the next step.

Make a new procedure in circuitSimulateTest.py, similar to eyeNeckCircuit, that creates
a list of circuit components corresponding to your alternative design and simulates it. Run simu-
lations using eyeServo.testSignal as input at distances of 1 and 3 for gains 1, 5 and 10. Save
the plots of the motor potentiometer angle that results from these simulations.

Checkoff 4. Discuss the design and behavior of your alternative circuit. Be sure you
can address all the issues in the Design Criteria section (speed, accuracy,
stability, uniformity). Keep your circuit diagrams, the Circuit descrip-
tions, simulation results for your next interview.
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HomeWork3: What to hand in at the beginning of design lab 9:

A printed, stapled, legible collection of pages containing:

e Reference Design

A detailed circuit diagram with the nodes labeled.
The code describing your circuit.
The motor potentiometer graph for each of your simulations (3 gains at each of 2 distances).

A discussion of what the simulations tell you about the circuit, in reference to the design
goals.

e Alternative Design

An algebraic expression for the voltage difference across the motor, in terms of L and R, the
brightness of the light on each photosensor.

A detailed circuit diagram with the nodes labeled.
The motor potentiometer graph for each of your simulations (3 gains at each of 2 distances).

A discussion of what the simulations tell you about the circuit, in reference to the design
goals.
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Motor (6-pin) Connector Pin-out

pin 5: Vs Motor drive +
pin 6: V- Motor drive —

Op-Amp Pin-out

ouTi | , IN1-

Vee| 2 IN 1+

ouT2 IN 2+

&uw:”g C

N N

VEE/GND | 4 IN 2-

EARE A ETMEY

(8-DIP)

Head (8-pin) Connector Pin-out

1 neck pot (top)
2 neck pot (center)
3: neck pot (bottom)
pin 4. photoresistor (left)
5: photoresistor (common)
6: photoresistor (right)
pin 7: Vi Motor drive +
pin 8: Vi~ Motor drive —
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6.01: Introduction to EECS 1

Week 9 November 2, 2010

6.01: Introduction to EECS 1

Circuit Abstractions

Week 9 November 2, 2010

Reading: 7.7

PCAP Framework for Managing Complexity

Managing complexity in Python and in Signals and Systems.

Python:

e procedures are abstractions that combine primitive operations
to capture common patterns

e classes are abstractions that associate data (attributes) and pro-
cedures (methods) that are related

Signals and Systems:

s signals are abstractions that collect all of the samples at different
times into a single object

+ system functions are abstractions that combine operations (de-
lays, gains, and adders) to capture common patterns

Today: managing complexity in design and analysis of circuits

[Grt i Ima [afE

Equivalent Resistors

Circuit Abstractions

Series or parallel resistors can be replaced by a single equivalent
resistor.

R
o R] + R.g
Ity

IRy

” Ry = RI|IR2:m

Replacing two elements by one reduces conceptual complexity.

Today: Similar simplifications for other types of elements

The key concept for generalizing from equivalent resistors to equiv-
alent circuits is the current-voltage relation.

%
Two circuits are "equivalent” if they have the same current-voltage
relation. -

Current-Voltage Relations

Check Yourself

The current-voltage relations for resistors and sources are linear.

Iy L] i d)

s
S

Key result: arbitrary combinations of linear elements produce linear
current-voltage relations.
g 73 ba’ act

(1}=Rg?'-}-

gvﬂ':?ml (oM
(=0 usf@g

foa ltige =550 " e

coccend T

LWhich plot shows corresponding current-voltage relation? J

AiBiCiD;
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6.01: Introduction to EECS 1

Week 9 November 2, 2010

One-Ports

A "“one-port” is a circuit that can be represented as a single, gener-
alized element. S
———el

A one-port may contain any number of primitive elements (e.g.,
resistors, current sources, and voltage sources) as well as one-ports!

\._——'__7. .
The defining feature of a one-port is that it has two terminals,
such that current enters one terminal (+) and exits the other (=),
producing a voltage v across the terminals.

———
Parallel Pne-Ports
Pe——————

The parallel combination of two linear one-ports is a linear one-port.

The proof follows from the current-voltage relations.

i1

i
l_{p_l € i VO' Jmp
i1 i9
u:rl U; vp 2 7.4 2 “21/@

’ t,,—u-f—.!g

U( _%ﬁ vp =1 =12

G (§'Q7@ ('5 %

The sum of 1iwo linear relati

Lolo

is Ii_near

&

Math ot

or

V= K i @2(/ ol 1R 1y ¢ U s

lflaniw’{'

Series One-Ports

R/ tQq C’Xamﬂl’)
Ry

Thevenin Equivalents ”‘ 3.

4pCies
The -[Sa:aﬂei combination of two linear one-ports is a linear one-port.
The proof follows from the current-voltage relations.
‘is +
l“ 4
vl
| vs
iy
-
i1 ig ig = 1] =i
I/ U1 /r v !/ vs = V] + v

A { Jum 0

The/ "horizontal sum"ﬂ:f two straight lines is a straight Iine.\fol'}-qae

ArSiract g
If the relation between terminal voltage and current can be repre-
sented by a straight line, then the terminal behavior of the one-port
can be represented by a voltage source in series with a resistor.

I
I
V o—»—
v
% R
-1y ! Vo
1
R o—
— 15
From the circuit, I = ¥ R‘O'
If I =0, then V =1} (the x-intercept of the plot).
The rate of growth of I = % - % with V is the slope 1/R.

eado (sidort voltagt ¢aurig

\[s<(RytRa) 1o + VitV

@foﬁs ’)
g

Norton Equivalents

Open-Circuit Voltage and Short-Circuit Current

If the relation between terminal voltage and current can be repre-
sented by a straight line, then the terminal behavior of the one-port
can be represented by a current source in parallel with a resistor.

I
I
v ¥ ]
Vo ItI b
4 0 R Iy
From the circuit, V = (I + Iy) .

If V=0, then I = —I (the negative of the y-intercept of the plot).
The rate of growth of I = —Iy + V/R with V is the slope 1/R.

If a one-port contains just resistors and current and voltage sources,
then its terminal behavior can be characterized by determining just
two points on its v-i curve.

Example: open-circuit voltage and short-circuit current.

I V o—»—
o | 20
OFFAC‘({M(- 20 1V
‘.V .

1.}
P Shacte rwur
,Vo=1V.

bt Cvteal whe
- opeh (lavd
[t ot

- short Clnd

V=Wwhenl=0,ie

pguerfu[ Fooly



6.01: Introduction to EECS 1

Week 9 November 2, 2010

Open-Circuit Voltage and Short-Circuit Current

Thevenin and Norton Equivalents

If a one-port contains just resistors and current and voltage sources,
then its terminal behavior can be characterized by determining just
two points on its v-i curve.

Given the open-circuit voltage Vj = 1V and short-circuit current
In=1/2A, find the Thevenin and Norton equivalent circuits.

I I
Example: open-circuit voltage and short-circuit current. V o—»—
Vv 2
I 1 1
! v eV, ﬂ/‘”f’
20 o
20 v
/j V i ;
V o—»—
Vv
-1 /dé/i 2 1/2
V=V when I=0, i.e., h=1V. j’
o—
I =—Iy when V =0 (i.e., add the red wire), i.e., Iy =1/2A.
4 vl '
[ My Cieedl (4a Ja ¢
Thevenin Example Thevenin Example
Find the Thevenin equivalent of this circuit. This is the Thevenin equivalent. /\\/
I I I
—
g

i
162
10V 3Q

Open-circuit voltage (i.e., I =0)

3 i e
Vo=V = g2 X10=15V T
Short-circuit current (i.e., V =0 — add a wire!)
IU:—IfwﬁmA = )
Equivalent resistance Hfﬂ.ﬁf)ﬁ& 'h—e, f}_{l [%‘La‘af
W 75V _
= I() 0A 0.750Q

-d4—
+
0.75Q
10v e v 7.5V v

Do these circuits have the same current-voltage relations?

lelf! [gw

Thevenin Example — Another é)lution Wﬂmn( wiry Y

Thevenin Example — Another solution

1
Find open-circuit voltage (v, when i = 0): \—’\M'

n ‘_\é np (UM&P

10V 30

culleak [aw

lﬂun ~n—0 La_nh &llffﬂhn“];
0-3n=n
n="75

So, one point on our graph is (7.5,0).

Find closed circuit current (i when v =0). Add wire, so that n = 0.

n

10
10V 3Q

" s 3

i=—10
So, another point on our graph is (0,-10).
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0

Thevenin Example — Another solution

Check Yourself

.75Q
7.5V

i=muv+b
0=m(3)+b egpe Piece.  VoHage [{mp apen Casp

m &
~10=m(0) +b (;ﬂu Pee gt ghort clinlt
i

i = 1.333v — 10

So, equivalent source is 7.5V and equivalent resistance is i = 0.759.

Determine the Thevenin voltage and resistance ;:jJ
from the V, port.
/\nﬁ.‘ Q'q“
Lz €need v disitr - b
}Z: lua!Q'I‘S_I 1 i hﬁ’eé l-?_ (-U(ff/l!c(
t £y N
= AQ) T A2 %@Iz SA_
Yh )
V=13 R= 20V A5
V 2 &
RT’!’ E f" P _69 =

ufPef

Thevenin depends on how we view the circuit

Thevenin depends on how we view the circuit

.7
Assume Ry = W and Rg = Rg = Rp = §. What is the equivalent
combination if we "Iook into" the circuit through the shown ports.

Here is the same circuit.
combination if we

We want to determine the equivalent
Iook into” the circuit through the shown ports.

5 L | ' 17500 ii n
! []
l{‘h 2 n‘ 73 53.75_\.' i
N-0= 21,-'1 1=m=75 2 ;
] H i
}.Q_Uf T' l""gifg i : n-
i f?_",‘[ i !
Example circuit Thévenin = _F_i, -}5’ $ame circuit, e Thevenrn
_ a2 different ports equivalent
Equivalent source is 7.51.;\"andr equivalent resistance i i Here, equivalent source is —3.75V and equivalent resistance is 17501).
( Oft/ = [ ?_M_ iy
13z The dibbout vy
() €l | el Vdles o
by 15 Neag
il & 1 i
o Or Gedd juwl
N-0:2i1 sy, \;gnaae ! ,
Mlg/ |:tj'V"5r7f
Check Yourself Check Yourself NF) f{—nﬂ
{ B B R
Find Vg and Rpg so that Ig = Ip. Find Iz and Rg so that Ip = Ip.
Choose values so that Iy = I even if Rp #64. Choose values so that I = Ig even if Rp #6112
= |
(244 Io Io
9 “2"’ Ro =69 +12v Ro =69
1
j']-y\ _L!'I'l
W conrecth 70 Is 3 e
(2 Ro =69 *’C Ro =69
b o dir o \aind

1=-3 [
n
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Superposition Superposition

If a circuit contains only linear parts (resistors, current and voltage First component, with Iy =0

sources), then any voltage (or current) can be computed as the sum

of those that result when each source is turned on one-at-a-time.
e e Gt BT R

livpac wnbo of

S0yt
VD o il 0
5—Resistanr.:'as just add, since no current flow through open element

W
Il - Rl + R2
every |/ / '
tlnw Gabo @ be pusted a5 6 stufph inc
Superposition Superposition
Second component, with 5 =0 If a circuit contains only linear parts (resistors, current and voltage

sources), then any voltage (or current) can be computed as the sum

L N
of those that result when each source is turned on one-at-a-time.
b {o ) ;
s " 2@

I

Use KCL at nodes: )vb} Ve [LCL

Ip+Ip+ix=0 GJf‘n
Voltage drop across both resistances must be same, since parallel
resistances oLy ”IM

ioRy = Il pocalel (Ehd*}'r

Combining gives:

L= m_f"}?z 1=:1+12=ﬁ—%10
\ | E
pule Which ool o e e | 4 chede anoly
Superposition Summary: PCAP for Circuits
For many circuits, superposition is even easier to apply than the Python:
node or the loop methods. s procedures are abstractions that combine primitive operations

to capture common patterns
¢ classes are abstractions that associate data (attributes) and pro-

cedures (methods) that are related
+15V 0 +10 A Signals and Systems:

+ signals are abstractions that collect all of the samples at different
times into a single object

e« system functions are abstractions that combine operations (de-
lays, gains, and adders) to capture common patterns
+15V +10A Circuits
e one-ports are abstractions that combine any number of primitive
elements (e.qg., resistors, current sources, and voltage sources)
into generalized circuit elements

" . . .
P Ty 1..1‘ : P el =l e Thevenin and Norton equivalents provide a common frame-
2+3 2 3 work for analyzing linear one-ports
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This Week

Software lab: Work on HW3. Good time to get checkoffs.
HW 3: Due at the beginning of design lab.

Design lab: Building one of your circuit designs from HW3, to make
the robot head turn to the light.

Midterm 2:

« (Tucsday, NovembgE®, 7:30-9:00PM, 32-141 or 32-155

¢ Any printed material okay

Yol ( sl

Conflict exam:

¢ Wednesday, November 10, 8:00-9:30AM, 34-501
¢ Email welglmit.edu before Monday, November 8 if you need to
take this exam.
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Circuit Abstractions

Week 9 November 2, 2010

Reading: 7.7

PCAP Framework for Managing Complexity

Managing complexity in Python and in Signals and Systems.

Python:

e procedures are abstractions that combine primitive operations
to capture common patterns

e classes are abstractions that associate data (attributes) and pro-
cedures (methods) that are related

Signals and Systems:

e signals are abstractions that collect all of the samples at different
times into a single object

« system functions are abstractions that combine operations (de-
lays, gains, and adders) to capture common patterns

Today: managing complexity in design and analysis of circuits

Equivalent Resistors

Series or parallel resistors can be replaced by a single equivalent
resistor.

R
— Ry + Ry
IRy

R Ry

R’ = R+

Ry||Rz =

Replacing two elements by one reduces conceptual complexity.

Circuit Abstractions

Today: Similar simplifications for other types of elements

The key concept for generalizing from equivalent resistors to equiv-
alent circuits is the current-voltage relation.

Two circuits are “equivalent” if they have the same current-voltage
relation.

Current-Voltage Relations

The current-voltage relations for resistors and sources are linear.

| v | | U

v= Ryt V=1 i=1p

Key result: arbitrary combinations of linear elements produce linear
current-voltage relations.

Check Yourself

29

5v

—

, Which plot shows corresponding current-voltage relation? J i
A

A i B

=

1/
.
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One-Ports

A "one-port” is a circuit that can be represented as a single, gener-
alized element.

Parallel One-Ports

The parallel combination of two linear one-ports is a linear one-port.

The proof follows from the current-voltage relations.

: i
i‘ +
v ]
_ ip
L i + 2
L'1+ 1i2+
A one-port may contain any number of primitive elements (e.g., |:| i |’_‘|U2 vp 7_.4 vy
resistors, current sources, and voltage sources) as well as one-ports! L:r__J s
- ip =11 +1i2
The defining feature of a one-port is that it has two terminals, 1
such that current enters one terminal (+) and exits the other (-), vp=v =12
producing a voltage v across the terminals.
The sum of two linear relations is linear.
Parallel combination Parallel: Resistor and Resistor
Components have a linear description: v =i k)
. 1 .
vy =1 -i-Vl" lp " vo =1i2R9 l'l'
vp = iaRy + V) L S Voltages v; = vz = vp, SO iy o |7t
Uy 72 10p . MRy + +
= = - - Uy = 1y ———— T & o
Voltages v 2 = Up, SO 'p ZpRl ¥ R 'i] 2 Uy
ip =11 +ig e . :
P | A line with parameters n‘iﬁﬁ% and 0. -
0 0 |+ 1ig
-V +UP7V2
Ry Ra
RyRaip = Ra(vp — VD) + Ry(vp — V§)
— U,u(Rl + Rg) = szln = R]Vzo
oo FaB2 RoVP + Ry VP —
P TR+ Ry Y Ry + Ro
T ; : Ry R» RoVO4 Ry VP
Combination is a line with parameters m and ——RILHb—-
Parallel: Resistor and Current Source Parallel: Current Source and Current Source
vy =1i1R) f1=-1
io=—1I9 b in=—1I» L,
i1 +i2=1ip ny }"2 % i1 +i2=1ip i,[ _lr';, +
vp * i + +
ﬁ*flzzip v V2| 7y -h-Ih=i v ni,
1 N N A line horizontal line at —I; — I5. = =
vp = Rlip + R[> 5 -
A line with parameters Ry and Ryls.
v 100000 1+ 1030 R—— v 30001+ fooen
1 ' i
v iR+ o0c0R i s " I
: y * i |
| e | |
| [
i /(E i1 = -1 ip = —1 ip = -2
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Parallel: Resistor and Voltage Source

v =117
vy = V-Zu J Iy
S ; +
Voltages vy = v2 = vp, SO ny 12
0 + +
vp = Vy 1) 2| Y
A vertical line at V. )
- - P
1 1
0 _ 0 _
V=2 =2

Parallel: Current Source and Voltage Source

i1=-1
vy = 1"20
Voltages v} = vp = vp, SO
v = 1’20
A vertical line at V.

= 100000 | + 100000 vmom0] .2

bi

i )

00001 4+ 2 00001

VS 4
W5t

Parallel: Voltage Source and Voltage Source

v =W

vg = Vgﬂ iy

Voltages v; = vz = vp, S0 unless V = VP,
we have a problem!

Series One-Ports

The parallel combination of two linear one-ports is a linear one-port,

The proof follows from the current-voltage relations.

*iﬁ +
li1+
v
iz+ Vs
Rk
| -
1] i

U1

ig =1 =12

/l/

A
| a

v2

I Vg = U] + U2

The “horizontal sum' of two straight lines is a straight line.

Series combination

We know components have a linear

description: lis
vy = i1 Ry + VP li +
1
vop =il + V;? 4
(]

Currents i = i3 = 15, SO -
: v
Vg = v + U2 LZ 5

= iR+ VY +isRo + Vi

=iy(Ry + Ra) + W + V) =

Combination is describable as a line with
parameters Rj + Re and V + V.

Series: Resistor and Resistor

vy =110
vo = igMo

Currents i) = iz = i5, SO
vs = ig(R) + Ro)

A line with parameters Ry + Rs and 0.
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Series: Voltage Source and Resistor

Series: Voltage Source and Voltage Source

v = VP
vy = islly

Currents i = ig = iy, SO
vs = igRy + V)

A line with parameters Ry and V.

™
‘ ,
iy ’

v = Vlo

U2=V20

Currents i) = i3 = i5, SO

Vg = v](] bR V20

US

A vertical line at V{ + V).

V(] =9 VO —

Series: Current Source and Resistor

Series: Current Source and Voltage Source

i1 =-I
v = iRy

Currents i) =ip =iy = -1, SO

i1 =10
0 i
vy =Vy i' +
: : . iy
Currents i} = ip =iy = — 11, SO #

A horizontal line at —I;.

oy
¢

——— '

Series: Current Source and Current Source

i) =-I
ig = —Iy

Currents iy =ip =iy = —I} = —I3, so unless I} = I3,
we have a problem!

Thevenin Equivalents

If the relation between terminal voltage and current can be repre-
sented by a straight line, then the terminal behavior of the one-port
can be represented by a voltage source in series with a resistor.

1
I
/‘V V o—»—
Vo R
ZIy Vo
1
R o—o
V-W

From the circuit, I =

If I =0, then V =V (the x-intercept of the plot).

V%
The rate of growth of I = & — E" with V is the slope 1/R.
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Norton Equivalents

If the relation between terminal voltage and current can be repre-
sented by a straight line, then the terminal behavior of the one-port
can be represented by a current source in parallel with a resistor,

T

From the circuit, V = (I + Ip)R.
If V=0, then I = —I (the negative of the y-intercept of the plot).
The rate of growth of I = —Ip+ V/R with V is the slope 1/R.

Open-Circuit Voltage and Short-Circuit Current

If a one-port contains just resistors and current and voltage sources,
then its terminal behavior can be characterized by determining just
two points on its v-i curve,

Example: open-circuit voltage and short-circuit current.

I VO—{'—

—r=" -

V=VWwhenI=0,ie, Vpy=1V.

20 1V

Open-Circuit Voltage and Short-Circuit Current

If a one-port contains just resistors and current and voltage sources,
then its terminal behavior can be characterized by determining just
two points on its v-i curve.

Example: open-circuit voltage and short-circuit current.

r v oW

2Q
A v

20 1V
V=V when I=0,ie., Ih=1V.

I=-Iy when V =0 (i.e., add the red wire), i.e., fp =1/2A.

Thevenin and Norton Equivalents

Given the open-circuit voltage Vp = 1V and short-circuit current
In=1/2 A, find the Thevenin and Norton equivalent circuits.

I I
V o—s—
v 2
/”'/fl 1
o—
I I
V o—»—
%
/I”/‘%ﬂl : L
el

Thevenin Example

Thevenin Example

Find the Thevenin equivalent of this circuit.

I
s
102
10V 30 %
Open-circuit voltage (i.e., I =0)
3
Vo=V = 10=75V
(i} 311 x 7.5
Short-circuit current (i.e., V =0— add a wire!)
v
Ip=—-I=——=10
0 10 =
Equivalent resistance
"
=N _T5V _oma

T Iy 10A

This is the Thevenin equivalent.

e

10v e Vv
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Thevenin Example — Another solution

Thevenin Example — Another solution

Find open-circuit voltage (v, when i =0):

0-n_n-0
- i3

30-3n=n

n="75

So, one point on our graph is (7.5,0).

Find closed circuit current (i when v =0). Add wire, so that n =0.

So, another point on our graph is (0, —10).

Thevenin Example — Another solution

Check Yourself

n

750
7.5V

i=mv+b
0=m(7.5)+b
-10 =m(0) +b

i=1.333v - 10

So, equivalent source is 7.5V and equivalent resistance is 14y = 0.75(.

Determine the Thevenin voltage and resistance as seen
from the V, port.

AN

100
10A CD 2100 +
a0 Vo

o—

Thevenin depends on how we view the circuit

Assume R4 =2KQ and Rp = Rc = Rp = Kf). What is the equivalent

combination if we "look into” the circuit through the shown ports.
rmmm e ———— '
! ]

| n+

"
'
"
]
"
"
'
]
'
]
]
]
'
]

Thévenin

Example circuit

Equivalent source is 7.5V and equivalent resistance is 2.0K. )

Thevenin depends on how we view the circuit

Here is the same circuit. We want to determine the equivalent
combination if we “look into” the circuit through the shown ports.

| n+

'
[l
'
|
'
'
'
i
'
i
1
|
'
T
i

Its Thévenin
equivalent

Same circuit,
different ports

Here, equivalent source is —3.75V and equivalent resistance is 175092.
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Check Yourself

[ Find Vg and Rp so that Ig = Ip.
Choose values so that Ig = Ip even if Rg # G.

i

+12V

=
Q

I

=)

Rp =610

&

Check Yourself

|
! Find I and Rg so that Ig = Ig.
: Choose values so that I = Ig even if Rp # 6.
Io
+2Vv o Ro =60
: Ie
? Ic Ro =6} }

Superposition

Superposition

If a circuit contains only linear parts (resistors, current and voltage
sources), then any voltage (or current) can be computed as the sum
of those that result when each source is turned on one-at-a-time.

(Do

I

I

First component, with In =0

Resistances just add, since no current flow through open element
Vo

=9

Ry + Ro

Superposition

Superposition

Second component, with V5 =0

I

b * WS (D

Use KCL at nodes:

L+Ip+ia=0
VVoltage drop across both resistances must be same, since parallel
resistances

iaR9 = o

Combining gives:
—Ry

I = ———1]

2 it s 0

If a circuit contains only linear parts (resistors, current and voltage
sources), then any voltage (or current) can be computed as the sum
of those that result when each source is turned on one-at-a-time.

D

I

Vo B Ry
R+ Ry Ri+ Ra

I=h+1= Iy
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Superposition

For many circuits, superposition is even easier to apply than the
node or the loop methods.

I
+15V o o +10A
I Iy
30 30
+15V 20 20 +10A

Lo

Summary: PCAP for Circuits

Python:

e procedures are abstractions that combine primitive operations
to capture common patterns

e classes are abstractions that associate data (attributes) and pro-
cedures (methods) that are related

Signals and Systems:

e signals are abstractions that collect all of the samples at different
times into a single object

« system functions are abstractions that combine operations (de-
lays, gains, and adders) to capture common patterns

Circuits

e oOne-ports are abstractions that combine any number of primitive
elements (e.g., resistors, current sources, and voltage sources)
into generalized circuit elements

e Thevenin and Norton equivalents provide a common frame-
work for analyzing linear one-ports

This Week

Software lab: Work on HW3. Good time to get checkoffs.
HW 3: Due at the beginning of design lab.

Design lab: Building one of your circuit designs from HW3, to make
the robot head turn to the light.

Midterm 2:

o Tussday, November 8, 7:30—9:00PM, 32-141 or 32-155
e Any printed material okay

Conflict exam:

e Wednesday, November 10, 8:00-9:30AM, 34-501

¢ Email welglmit.edu before Monday, November 8 if you need to
take this exam.
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Design Lab 9: Visually Attractive

Each partnership will need a lab laptop. Do athrun 6.01 update. Files will be in Desk-
top/6.01/1ab9/designLab/. In addition, you will need:

Multimeter

Robot head Proto board Two eight-pin Red cable
connectors

Op-amp package Potentiometer Resistors, Wirekit

as needed
The relevant files in the distribution are:

e CMax.py: Used to start up the CMax layout tool.
e 1ib601/eyeServo.py: Input signal for simulator.

e turnToLightAnalogBrain.py: Brain that will plot the value of the neck potentiometer as a
function of time.

e roverBrainSkeleton.py: Brain file for implementing your pet robot controller.

[ See the back page of this handout for the pin-outs of the connectors. J




Step 1.

Step 2.

6.01 DL9: Visually Attractive — Fall 2010 2

Last week, you designed and analyzed circuits to build a “head” that will allow the robot to sense
and track light. Today, you and your partner will construct, debug, and demonstrate the head.

Pointing Circuit
If you completed the reference and alternate designs (Checkoffs 3 and 4 from week 8), discuss

your circuit designs and simulations with your partner. Pick which circuit you are going to build.

If you only completed the reference design, then use that design for this lab session (and complete
the alternate design later).

If you did not complete either design, then finish the reference design, get Checkoff 3 from Week
8, and use the reference design for this lab session (complete the alternate design later).

Lay out the design you chose using CMax (see documentation near the end of this handout). You
can run CMax by going to a Terminal window, navigating to 1ab9/designlab and typing

> python CMax.py

Or, you can start Idle with keyword -n, open the file CMax . py and do Run Module. If you open
CMax .py through Idle, close it down by killing Idle.

Your circuit will ultimately be connected to a robot and to a robot “head” as shown below.

Yellow Cable Red Cable
Robot Robot Head

Robot Connector e _— Head Connector

Your Circuit

Include a Robot Connector and a Head Connector in your layout. The robot connector will accept
the yellow cable from the robot, which provides power and ground for your circuit (do not use a
separate power supply). The head connector connects through the red cable to a robot head, and
provides connections to the sensors and to the motor.

Keep your layout simple (so it will be easy to build). Use short wires where possible.
Use only vertical or horizontal wires (not diagonal). Do not run wire over compo-
nents. Do not cross wires.




Step 3.

Step 4.

Step 5.

Step 6.

Step 7.
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In CMax, click the Simulate button and select the file 1ib601/eyeServo . py, which specifies the
input signals for the simulation.

Make sure that the result of the simulation matches your results from homework 3. Remember
that you can use the probes to see the values of voltages on the board; this is useful in debugging.

Make sure that there is no black wire connecting your proto board to the motor. This is a safety
precaution for the equipment, in case your circuit is incorrect, and accidentally causes the head to
turn out of control.

e Build the circuit on a proto board.

Make your circuit match your CMax layout EXACTLY.
Then your circuit will work, since your similation already worked!

Notice that the wire colors in CMax correspond to the wire colors in the wire kits.

e Start with a low gain (1 or 2), but be sure your circuit can be simply modified to obtain higher
gains.

e Connect one 8-pin connector (the robot connector) to the yellow cable coming from the robot.

o Connect the other 8 pin connector (the head connector) to the front connector (near the eyes) of
the head using a red cable.

e Turn on the robot to provide power to your circuit.

=y

Check Yourself 1. Verify that your circuit works by measuring the voltages across the motor,
being sure that they behave appropriately as you change the light levels on
the eyes. Demonstrate the correct behavior to a staff member and they will
give you a black cable to connect the motor.

_

Turn off the robot power (which will also turn off power to your circuit). Plug in the black cable.
Turn on the robot power for just 15 seconds and then turn it back off. If the circuit was wired
correctly, the head should turn toward the light. However, if the circuit is wired incorrectly, the
head will slam against a stop, and the op amp will overheat. If the latter happens, then remove
the black wire and retest the the head, as in the previous Check Yourself.

Connect the center pin of the neck potentiometer (pin 2 on the head connector) to the first analog
input (pin 1 on the robot connector). Also, connect the top and bottom pins of the neck poten-
tiometer to power and ground on your protoboard.

Use the brain turnToLightAnalogBrain. py to plot the neck potentiometer voltage as a function
of time, and report the settle time of the signal. Follow these steps:

1. Unplug the motor (black cable).
2. Turn the head 45 degrees from the light (in either direction).
3. Start the brain and wait a second or two.



Step 8.

Step 9.

Step 10.

Step 11.
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4. Plug in the motor.

5. Stop the brain a second or two after the head has stopped moving, or if it is clear that it will not
stop moving.

You should see a graph appear, and an estimated settle time will be printed on the Soar window.
Verify the printed settle time by examining your graph closely. (Sometimes our settle-time esti-
mator is confused if there are minor variations at the end of your graph). The settle time is the
number of steps it takes for the head to converge on its final direction (ignoring the initial period
in which it is constant, before the cable is plugged in).

Pick a good gain for your circuit so that you get as fast a response as possible (it shouldn’t have
significant oscillations, but a little overshoot is fine) over a range of distances from the light. Gather
data with at least two different gains in your circuit and at least two distances. Save the graphs
and settle times for each.

Checkoff 1. Mlustrate your circuit and its performance at two different distances with
the two gains you investigated. How does the settle time behave with gain
and with distance? Keep your plots and measurements to discuss in your

L interview.

Pet Robot

We would like our robot to follow a bright light around the room. The head you just built is
capable of turning much more quickly than the (heavy) robot, so we will contruct a two-level
control system in which the head turns to track moving light and the robot body turns so as to
keep the head pointing forward relative to the body. This is analogous to your visual system,
where your eyes move quickly to track motion and your head turns in the direction of gaze.

Use the head as configured in the previous part, so that it automatically turns toward a bright
light. Mount the head on the robot body facing forward (same direction as the sonar array).

Design a robot behavior that uses signals from its head to turn the robot toward a bright light.

Check Yourself 2. What control variable from the head is important for turning the robot to-
ward the light? Explain.

You can read the voltages from pins 1, 3, 5, and 7 of the robot connector from a soar brain as the
list of four values inp.analogInputs, where inp is an instance of the io.SensorInput class.

Write a soar brain to implement your controller. The output of the controller should be an Action
that specifies the rotational velocity rvel of the robot. We have provided a skeleton in rover-
BrainSkeleton.py



Step 12.

Step 13.

Step 14.
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Hint: You can debug the robot behavior by tilting the robot backwards so that the wheels do not
touch the ground and watching to see that the behavior is reasonable before unleashing your
robot on the world. Also, start with the black cable disconnected, so that you can manually
turn the head and observe if the wheels turn correctly.

Demonstrate that your robot turns toward a bright light. What is the highest gain (in the software
control loop) for which you get stable responses?

We would like to rework the brain and circuit to make the robot’s behavior depend on its proximity
to the light. If the light is off, the robot should stand still in obedience. If the light is on, the robot
should approach the light, positioning itself approximately half a meter from the bulb.

Check Yourself 3. What control variable(s) from the head is/are important for determining
proximity to the light? Explain.

For this behavior, the soar brain will need access to not just the neck pot but also some measure
of the light intensity. Figure out how to make your circuit provide this information, and make
whatever connections are needed, using one or more of pins 1, 3, 5, and 7 on the robot connector.
Your solution to this part will depend on which design you implemented for your pointing
circuit. Talk to an instructor for ideas if you don’t see how to do it for your circuit.

r 2
Checkoff 2. Demonstrate your pet robot’s behaviors, including facing the light, ap-

proaching the light, retreating from it, and patiently waiting when there
is no light. For extra brownie points, try parallel parking.

Save all code and plots, and mail them to your partner (for the next interview).

Analog Bull’s Eye (optional: do this if you have time)

Characterize the speed and precision with which the head tracks light.

Turn off the power to the robot. Plug the laser connector (small black wire with round connector
near the yellow cable coming out of the robot) into the laser on your robot head.

Now turn on the power to the robot, and measure head tracking as you did in Step 7. The laser
light should strike the shade, ideally in its center! Tune your circuit to make the head tracking
as accurate as possible. Recall from lab 7 that the photodetectors may not be matched perfectly.
Consider how you could add one potentiometer to your circuit to improve pointing accuracy.
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Checkoff 3. This checkoff is optional. Demonstrate the pointing accuracy of your head.
Describe the fundamental limitations to its accuracy.

Turn off your meter, disassemble your board, and put the wires, op-amp, pot, and connectors
back in the appropriate places. Throw away the resistors.

p-—




6.01 DL9: Visually Attractive — Fall 2010 7

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 components
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 profotype 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 repesent 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 operation
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 mofor 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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Head Connector Pin-out

Robot Connector Pin-out

Op-Amp Pin-out

pin 1: neck pot (top)
pin 2: neck pot (center)
pin 3: neck pot (bottom)
pin 4: photoresistor (left)
pin 5: photoresistor (common)
pin 6: photoresistor (right)
pin 7: Var+ Motor drive +
pin 8: Vigge Motor drive —
pin 1: Vi analog input #1
pin 2: +10Vv  power (limited to 0.5A)
pin 3: V; analog input #2
pin 4: ground
pin 5: Vi analog input #3
pin 6: Vo analog output
pin 7: Vi analog input #4
pin 8: +5V power (limited to 0.5A)
e -/
OuT1 Ej_< _I_EI IN 1-
VccE K +—|-Z| IN 1+
A
3
3
ouT2 E—‘l_“<fz| IN 2+
vmsunlz —I—E| IN 2-

(8-DIP)
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