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Class 1: DC Circuits

Topics:

*  What this course treats: Art? of Electronics
DC circuits
Today we will look at circuits made up entirely of

- DC voltage sources (things whose ou
things like a battery, or a lab power supply):
and

—  resistors

Sounds simple, and it is. We will try to point out quick ways to handle rf-ese familiar circuit
elements. We will concentrate on one circuit fragment, the voltage divic

Preliminary: What is “the art of electronics?”

ms to teach:

Not an art, perhaps, but a craft. Here’s the Text’s formulation of what it cla

..the laws, rules of thumb, and tricks that constitute the art of electronics as
we seeit. (P. 1)

As you may have gathered, if you have looked at the text, this course differs from an
engineering electronics course in concentrating on the “rules of thumb” and the “tricks.”
You will learn to use rules of thumb and reliable tricks without apology. With their help
you will be able to leave the calculator-bound novice engineer in the dust!

Two Laws
Text sec. 1.01

First, a glance at two laws: Ohm’s Law, and Kirchhoff’s Laws (V,]).

We rely on these rules continually, in electronics. Nevertheless, we rarely will mention
Kirchhoff again. We use his observations implicitly. We will see and use Ohm’s Law a lot,
in contrast (no one has gotten around to doing what’s demanded by the bumper sticker one
sees around MIT: Repeal Ohm’s Law!)

Ohm’s Law: E = IR Q

‘rm = v
‘”1 E (old-fashioned te

rastric L f)ea d of is analog of water p
of Ifaw pressure: V' R describes the restrictio

\ i I is the rate of flow (volume/

Jse it if it he

Figure N1.1: Hydraulic analogy: voltage as head of water,
The homely hydraulic analogy works pretty well, if you d push it too far—and if you’'re
not too p;oua o use such an aid to intuition.



4 - Class 1: DC Circuits N1-2

Ohm’s is a very useful rule; but it applies only to things that behave like resistors. What
are these? They are things that obey Ohm’s Law! (Sorry folks: that’s as deeply as we’ll
look at this question, in this coursel.)

We begin almost at once to meet devices that do not obey Ohm’s Law (see Lab 1: a lamp;
a diode). Ohm’s Law describes one possible relation between V and 7 in a component; but
there are others.

As the text says,

rudely speaking, the name of the game is to make and use gadgets that have
interesting and useful J vs V characteristics. (P.4)

Kirchhoff’s Laws (V,I)
These two ‘laws’ probably only codify what you think you know through common sense:
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Sum of voltages around loop
(circuit) is zero.

(algebraic sum, of course).
Figure N1.2: Kirchhoff’s two laws

Applications of these laws: series and parallel circuits

] ﬂ
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Series: Iy =11 =1, arallel: [, =1, + I,
Yiotal = L.‘. + ""3 Viotal = "'] = 1"!'2
{current same (voltage same across
everywhere; all parts; current
voltage divides) ivides)

Figure N1.3: Applications of Kirchhoff’s laws: Series and parallel circuits: a couple of truisms, probably familiar to you
already

Query: Incidentally, where is the “loop” that Kirchhoff’s law refers to?
This is kind of boring. So, let’s hurry on to less abstract circuits: to
tricks. First, some labor-saving tricks.

. & M book; for e

d ed., 1983), or in S. Bums
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Parallel Resistances: calculating equivalent R

The conductances add:
conductance,, = conductance, + conductance, = 1/R; + 1/R,

Ry S S R,
Figure N1.4: Parallel resistors: the conductances add; unfortunately, the resistances don’t
This is the easy notion to remember, but not usually convenient to apply, for one rarely
speaks of conductances. The notion “resistance” is so generally used that you will
sometimes want to use the formula for the effective resistance of two parallel resistors:
Ro= RiRy/(Ry+Ry)

Believe it or not, even this formula is messier than what we like to ask you to work with in
this course. So we proceed immediately to some tricks that let you do most work in your
head.

Text sec. 1.02

Consider some easy cases:

s 9 :
! |
. ! !
two equal R’s two very unequal R's R,2R

Figure NIL.5: Parallel R's: Some easy cases

The first two cases are especially important, because they help one to estimate the effect
of a circuit one can liken to either case. Labor-saving tricks that give you an estimate are
not to be scorned: if you see an easy way to an estimate, you’re likely to make the estimate.
If you have to work to hard to get the answer, you may find yourself simply not making the
estimate.

In this course we usually are content with answers good to 10%. So, if two parallel
resistors differ by a factor of ten, then we can ignore the larger of the two.
Let’s elevate this observation to a rule of thumb (our first). While we're at it, we can
state the equivalent rule for resistors in series.

Parallel resistances: shortcuts |

E&rag R
e ——1

§ small R

]

In a parallel circuit, a resistor much smaller than others dominates. |
In a series circuit, the large resistor dominates.
Figure N1.6: Resistor caleulation shortcut: parallel, series

Small R Zﬂ-""_&_?:. L4
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Voltage Divider

r sec. 1.03

i EX

Figure N1.7: Voltage divider

At last we have reached a circuit that does something useful.

First, a note on labeling: we label the resistors “10k™; we omit “€.” It goes without
saying. The “k” means kilo- or 103, as you probably know.

One can calculate V,,, in several ways. We will try to push you toward the way that

makes it easy to get an answer in your head.

Three ways:
1. Calculate the current through the series resistance; use that to calculate the voltage in the
lower leg of the divider.

I=V, /(R +Ry)

Here, that’s 30v / 20k = 1.5 mA
Vouw =1R;

Here, that’s 1.5 mA -10k=15v

Figure N1.8: Vollage divider: first method (too hard!): caleulate current explicitly
That takes too long.

2. Rely on the fact that / is constant in top and bottom, but do that implicitly. If you want
an algebraic argument, you might say,

Vo J(Vy Vo) = IR, [ (ITRy + Ry]) =R, /(R + R»)
200Y1 2/ 24\ 1 2 2 1

(1‘- V. . = i’!iu {.‘?"1 I_fr{_,f{; + RL\*_

out ~

In this case, that means

(10k/20K) = V;,,/2

Figure N1.9: Voltage divider: second method: (a litle better): current implicit
That’s much better, and you will use formula () fairly often. But we would like to push

you not to memorize that equation, but instead to—
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3. Say to yourself in words how the divider works: something like,

Since the currents in top and bottom are equal, the voltage drops are
proportional to the resistances (later, impedances—a more general notion
that covers devices other than resistors).

So, in this case, where the lower R makes up half the total resistance, it also will show
THER £ o D ta Ui oe POl
half the total voltage.

For another example, if the lower leg is 10 times the upper leg, it will show about 90% of
the input voltage (10/11, if you’re fussy, but 90%, to our usual tolerances).

Loading, and “output impedance”
Text sec. 1.05,

Now—after you’ve calculated V, for the divider—suppose someone comes along and puts
in a third resistor:
Text exercise 1.9

”1030[“
Figure N1.10: Voltage divider loaded

(Query: Are you entitled to be outraged? Is this no fair?) Again there is more than one way
to make the new calculation—but one way is tidier than the other.
Two possible methods:
1. Tedious Method:
Text exercise 1.19

Model the two lower R’s as one R; calculate V., for this new voltage divider:

ou
Jov i
1ok 1ok
Vaut = Voot The new divider delivers 1/3 V,,
: 5k
10:% T 1ok inkI“OKJ
S -

Figure N1.11: Voltage divider loaded: load and lower R combined in model :
That’s reasonable, but it requires you to draw a new model to describe each possible
loading.
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. Better method: Thevenin’s.
lext sec, 1,05
_ _ R — S E N
Thevenin Model '
Thevenin’s good idea: i
Model the actual circuit (unloaded) with a simpler |
circuit—the Thevenin model—which is an idealized |
. - . . 1 1
voltage source in series with a resistor. One can then
see pretty readily how that simpler circuit will behave
under various loads.
Ve )I.HEE
"?Thcv.
> nofe ?'z’)af .']lﬂa'r{" —ANA—
18 not part of J
_ Thevenin model N
gwj va./}
= vy /{ -
. "‘Ey@n‘c{r:u!'f‘
(o load)
Figure N1.12: Thevenin Model: perfect voltage source in series with output resistance
R
] Sy = Ky > j A o F i w e o 7 —_ e - Il
Here’s how to calculate the two elements of the Thevenin model:
Ve Just Ven circuir’ the voltage out when nothing is attached

(*no load™)

R'.l'h "r’\{ff;‘;""f')‘ff as the {11.[0116{11 of LIJ"I".".{‘.-.-L::'.”1 / Js!.nri circuit? which is
current that flows from the circuit output to ground if you

simply short the output to ground.

evenin®

In practice, you are not likely to discover Ryy,, by so brutal an experiment; and if you
gram of the circuit to look at, there is a much faster shortcut:

E

have a dia

Shortcut calculation of Ry,

uit diagram, the fastest way to calculate Rpe

Given a cir

fr ——

& L _ Rl
i < |
I !
L |
‘= i
| = |
'[ Kz 1
| € |
[ Figure N1.13: Rpy,, = R, | |
( 1nis tormulation assumes that the \-‘\JI:.;LE_‘_L- SOQUI'CES are 1acal A
stance. For the [
{

when they are not, we need to include their output r
moment, let’s ignore thi

ation.)
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You saw this result above, but this still may strike you as a little odd:

I
i v

to the positive supply, be treated as parallel 10 R,? Well, suppose th

up 1o uic

s

were set at O volts. Then surely the two resistances would be in parallel,
I
Or suppose a different div 1dcr (chosen to make the nu
by two 10k resistors. To discove r the impedance at the output, d(':- the usual
that we will speak of again and again):

A general definition and procedure 10 de!ernm e impedance at a poini:

; To discover the impedance at a point:

i apply 2 AV; find Al

il The quotient is the impedance !
G : |

This you will recognize as just a “small-signal” or “dynamic” version of

+aav '"—.\ .
1ok § YimA sgk \

10v
L———}— Vo
[ | v F
J | W
lok g Lima oV jok S| 1imA Vity
_’_ - w*
- = N .

no load E"JH AvEdly
fo .::uf-r: i+ ferminal

Figure N1.14: Hypothetical divider: current = 1 mA; apply a wiggle of voltag
In this case 1 mA was flowing before the wiggle. After we force the L
currents in top and bottom resistors no longer tch: upstairs: 0.9 mA;
\fference must come from you, the wiggler.
Result: unpcc‘ nce=AV/Al=1v/02mA=5k
\nd—happily—that is the parallel resistance of the two R’s. Does that ar

AE\'I]A;\> t} he

result easier to accept?

You may be wondering why this model is useful. Here 1s one way
though probably you will remain skeptical until you have seen the mod
examples: Any non-ideal voltage source “droops” when loaded. Hc
depends on its “output impedance”. The Thevenin equivalent model, with 1t Krpevenins
describes this property neatly in a single number.

dnswe

Applying the T'he‘\;vm'n model
First, let’s make sure Thevenin had it right: let’s make sure his
Ok 1'\-'1df: '

the original circuit does. Wu found that the 10k, 10
15v when not loaded, drooped to 10V under a 10k lo . Does
3ov -
1ok
1ok
Figure N1.15: Thevenin model and load: droops as onl uit d
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3, the model droops to the extent the original did: down to 10 v. What the mode]
that the original circuit lacked is that single value, Rihey» €Xpressing how

output is.

If someone changed the value of the load, the Thevenin model would help you to see
it droop to expect; if, instead, you didn’t use the model and had to put the two lower
resistors in parallel again and recalculate their paralle] recictance you'd taks |

el aliswer, and still you might not get a feel for the circuit’s outy

Let’s try using the model on a set of voltage sources that differ only in
time we can see the effect of an instrument’s inpus impedance.

They- At the same

Suppose we have a set of voltage dividers, dividing a 20v input by two. Let’s assume
that we use 1% resistors (value good to £1%).

20v 20v 20v 2ov — 2oy -
oM h%lk

:
~ ) S e
" o |2e |

veltmets

{El‘lqe Rs - —— Small R’s
Figure NL.16: A set of similar voltage dividers: same Vo, differing Ry, 's
Vrhev 1S obvious, and is the same in all cases. Ry, evidently varies from divider to divider.

Suppose now that we iry to measure V,, at the output of each divider. If we measured
with a perfect voltmeter, the answer in all cases would be 10v. (Query: is it 10.000v?
10.0v?)

But if we actually perform the measurement, we will encounter the R, of our imperfect
lab voltmeters. Let’s try it with a VOM (“volt-ohm-meter,” the conventional name for the
old-fashioned “analog” meter, which gives its answers by deflecting its needle to a degree
that forms an analog to the quantity measured), and then with a DVM (“digital voltmeter,” a
more recent invention, which usually can measure current and resistance as well as voltage,
despite its name; both types sometimes are called simply “multimeters™),

Suppose you poke the several divider outputs, beginning from the right side, where the
resistors are 1kQ. Here’s a table showing what we find, at three of the dividers:

R values, divider Measured V., Inference

Tk 9.95 within R tolerance

10k 9.76 loading barely apparent
100k 8.05 loading obvious

The 8.05 v reading shows such obvious loading—and such a nice round number, if we treat
itas “8 v™—that we can use this to calculate the meter’s R, without much effort:
From this readin

+20v / pu can calevlatd B,
1ook ] sok /
Eﬂ; +& { o
+iov g i
100k kyﬁ P,'qf..

- _Ii___._.._! VoM )

Figure N1.17: VOM readin g departs from id
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As usual, one has a choice now, whether to pull out a formula and calculator, or whether to iy,
instead, to do the calculation “back-of-the-envelope” style. Let’s try the latter method.

First, we know that Ry, is 100k parallel 100k: 50k. Now let’s talk our way to a solution (an
approximate solution: we’ll treat the measured V,, as just “8 volts™

The meter shows us 8 parts in 10; across the divider’s Rypey (OF call it “Ryypm) WE
must be dropping the other 2 parts 1n 10. The relative sizes of the two resistances
i - to these two voltage drops: 8 to 2, s0 R. yom must be 4 ¢ Ripey:

are i propot tion 10

200k.

If we squint at the front of the VOM, we’ll find a little notation,
20,000 ohms/volt

That specification means that if we used the meter on its ] V scale (that is, if we set things so that
an input of 1 volt would deflect the needle fully), then the meter would show an input resistance
of 20k. In fact, it’s showing us 200k. Does that make sense? It will when you’ve figured out
what must be inside a VOM to allow it to change voltage ranges: a set of big series resistors.
You’ll understand this fully when you have done problem 1.8 in the text; for now, take our word
for it: our answer, 200k, is correct when we have the meter set tO the 10 V scale, as we do for this
measurement.

This is probably a good time to take a quick look at what’s inside a multimeter—VOM or
DVM:
How a meter works:

Depends on type.

_depends whether the basic works of the meter sense current or voltage.

¢ analog: senses current pointer

sale

1veTing

=2 /),J:;-—\ Cor'i‘j
Permanmf .
("( méjnel’ et

Figure N1.18: Analog meter senses current, in its guts

¢ digital: senses voltage :D——:]
in

£ voltage readost
Serisor Crrcmtrj
(very high Rin) s
o

Figure N1.19: Digital meter senses voltage, in its innards

The VOM specification, 20,000 ohms/volt, describes the sensitivity of the meter movement—ihe
guts of the instrument. This movement puts a fairly low ceiling on the VOM’'s input resistance at

a given range setting.
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Let’s try the same experiment with a DVM, and let’s suppose we get the following readings:

Measuared V,,, Inference

9.92 within R tolerance
9.55 loading apparent
6.69 loading obvious

Figure N1.20: DVM reading departs from ideal; we can infer Ry pyy
Again let’s use the case where the droop is obvious; again let’s talk our way to an answ

er:

f

This time Ry, is SM; we’re dropping 2/3 of the voltage across Ry, pyy, 1/3 across
Ryy. So, Ry, pvy must be 2+Rpy,, or 10M.

If we check the data sheet for this particular DVM we find that its R;, is specified to be “2 10M,
all ranges.” Again our readings make sense.

VOM vs DVM: a conclusion? Wi
Evidently, the DVM is a better voltmeter, at least in its R;;,—as well as much easier to use. As chs
a current meter, however, it is no better than the VOM: it drops 1/4 v full scale, as the VOM does; nee
it measures current simply by letting it flow through a small resistor; the meter then measures the sec
voltage across that resistor. wh
dngc
. . I
Digression on ground des
The concept “ground” (“earth,” in Britain) sounds solid enough. It turns out to be ambiguous. B::

th
ne

Try your understanding of the term by looking at some cases:

0
b
.4_....4\/\“:\#.__ >
AN
i
(=]
o

Figure N1.21: Ground in two senses
Ouerv: what is the resistance between points A and B? (Easy, if you don’t think about it too
hard.) We know that the ground symbol means, in any event, that the bottom ends of he two
resistors are electrically joined. Does it matter whether that point is also tied to the pretty planet

we live on? It turns out that it does not. How

divig
the ¢
atten

We
Conct
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And where is “ground” in this circuit:

Power Supply

3 % &

Figure N1.22: Ground in two senses, revisited

cal ground is what we care about: the common point in our circuit
choose to call zero volts. Only rarely do we care whether or not that local reference is tic
to a spike driven into the earth. But, be warned, sometimes you are confronted with lines
LLd to world ground—for example, the ground clip on a scope probe, and the
I of the breadboards that we use in the lab; then you must take care not to
round 1o, say, +15 on the breadboard.

) the

Generalizing what we’ve learned of R, and R,

The voltage dividers whose outputs we tried to meubuze introduced us to a problem we
will see over and over again: some circuit tries to “drive” a load. To some extent, the load
changes the output. We need to be able to predict and control this change. To do that, we
need to understand, first, the characteristic we call R;, (this rarely troubles anyone) and,
second, the one we have called Ryyeyen, (this one takes longer to get used to). Next time

when we meet frequency-dependent circuits, we will generalize both characteristics to “Z, ’
and “Z__.”

out

Here we will work our way to another rule of thumb; one that will make your life as
designer relatively easy. We start with a goal: Design goal: When circuit A drives circuit
B Limmge things so that B loads A lightly enough to cause only insignificant attenuation of

he signal. And this goal leads to the rule of thumb:

Design rule of thumb:
When circuit A drives circuit B:
LetR for Abe<1/10R;, for B

A Levt inl B lovt obéa_ﬁf_}
L _L Pa'-'é, 4

- - -

Ein B

[

Figure N1.23: Circuit A drives circuit B

!
| j

How does this rule get us the desired result? Look at the pr
divider question. outA 18 much smaller than R, p, then the divid _
the original signal. If the relation is 1 : 10, then the divider delivers lr.J;'z.; of
attenuation is just under 10%, and that’s good enough for our purposes.

We like this arrangement not just because we

> T e
concern, we could ‘;-deq [‘ bost the oufput ‘Slgﬂ.-’:li, S1mMrg
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arrangement above all because it allows us to design circuit-fragments independently: we
can design A, then design B, and so on. We need not consider A,B as a | large single circuit,
That’s good: makes our work of design and analysis lots easier than it w ouf be if we had to
treat every large circuit as a unit,
An example, with numbers: What R, for droop of < 10%? What R’s, therefore?
what Rr for <l0% qup,?

what K's, thersfere {

Figure N1.24: One divider driving another: a chance to apply our rule of thumb

The effects of this rule of thumb become more interesting if you extend t
and B, on to C.

Figure N1.25: Extending the divider: testing the claim that our rule of thumb lets us consider one circuit fragment at a time

As we design C, what Rry,, should we use for B? Is it just 10K parallel 10K? Thfl":. the
answer if we can consider B by itself, using the usual simplifying assumptions: source ideal
Ry = 0) and load ideal (R;, infinitely large).

But should we be more precise? Should we admit Lhit the upper branch I'r,dln\. icm s like

10K + 2K: 12k? Oh dear! That’s 20% different. ? Are we
going to have to look all the way back to the start Of the (.hd‘ﬁ. in ordm to desi L'n the next
m;{’ Must we, in other words, consider the whole circuit at once, not just the fragment B,
as we had hoped?

No. vadx That 20% error gets diluted to half its value: Ry, for B is 10k parallel 12k,
but that’s a shade u '1 *-.:m. So—fumes of reliefl—we need not look beyond B. We can,
indeed, consider the circuit in the way we had hoped: fragment by fragment.

If this argument has not exhausted you, you might give our claim a further test by looking
in the other direction: does C alter B’s input resistance appreciably (>10%)? You know the
answer, but confirming it would let you check your understanding of our rule of thumb and
its effects.
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Chapter 1: Worked Examples: Resistors & Instruments

Five worked examples:

1. Design a voltmeter and ammeter from bare meter movement

2. Effects of instrument imperfections, in first lab (L1-1)
o 1 hevenin models
4. Rim Koui

5. Effect of loading

1. Design a Voltmeter, Current Meter

c. 1.04,

Problem: Modify a meter movement to form a voltmeter and ammefer

A 50uA meter movement has an internal resistance of 5k.
What shunt resistance is needed to convert it to a 0-1 amy
meter? What series resistance will convert it to a 0-10 volt
meter?

This exercise gives you a useful insight into the instrument, of course, but it also will give
you some practice in judging when to use approximations: how precise to make your
calculations, to say this another way.

I amp meter
“50pA meter movement” means that the needle deflects fully when 50pA flows through
the movement (a coil that deflects in the magnetic field of a permanent magnet: see Class 1

notes for a sketch). The remaining current must bypass the movement; but the current
through the movement must remain proportional to the whole current.

Such a long sentence makes the design sound complicated. In fact, as probably you have
seen all along, the design is extremely simple: just add a resistance in parallel with the
movement (this is the “shunt” mentioned in the problem):

— S50uA —

[\ ]
[ |

— 1A-50pA—

Figure X1.1: Shunt resistance allows sensitive meter movement to measure a total currentof 1 A

What value?

Well, what else do we know? We know the resistance of the meter movement. That

characteristic plus the full-scale current tell us the full-scale voltage drop across the

movement: that s

V. I R

f - L]
movement{full-scale) — * full-scale

=50 pA «5kQ =250 mV

movement

Now we can choose R, Since we know current and voltage that we want to see across the
narallel combination. At this point we have a chance to work too hard, or instead to use a
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sensible approximation. The occasion comes up as we try to answer the question, ‘How
much current should pass through the shunt?’

One possible answer is ‘1A less S50UA, or 0.99995 A .~
Another possible answer is ‘1A.’
Which do you like? If you’re fresh from a set of Physics courses, you may be inclined

toward the first answer If we take rl'mf then the resi istance we need
R = Vi seate Mruttoscate = 250 mV ;‘0 9999% ~”,2J{( 1 250

Now in some settings that would be a good answer. In this set ting, it is not. It is a very
silly answer. That resistor specification claims to be good to a few parts in a million. If that
were possible at all, it would be a preposterous goal in an instrument that makes a needle
MOVe SO We ¢an squint at it.

So we should have chosen the second branch at the outset: seeing tha
movement current is small relative to the the 1A total current, we should then as k
“About how small (in fractional or percentage terms)?’ The answer would be ‘50 parts in a
million.”  And that fraction is so small relative to reasonable resistor tolerance s that w
should conclude at once that we should neglect the 50uA.

Neglecting the movement current, we find the shunt resistance is just 250mV/1A = 250
mQ. In short, the problem is very easy if we have the good sense to let it be easy. You will
find this happening repeatedly in this course: if you find yourself churning t‘vowh a lot of
math, and especially if you are carrymg lots of digits with you, you’re probably ov erlooking
an easy way to do the job. There is no sense carrying all those digits and then having to
reach for a 5% resistor and 10% capacitor.

Volimere

Here we want to arrange things so that 10V applied to the circuit causes a full-scale
deflection of the movement. Which way should we think of the cause of that
deflection—‘50pA flowing,” or ‘250 mV across the movement?’

Either is fine. Thinking in voltage terms probably helps one to see that most of the 10V
must be dropped across some element we are to add, since onl y 0.25V will be dropped
across the meter movement. That should help us sketch the solution:

10v /' |

L

— 75V ¢ o.25v
Figure X1.2: Voltmeter: series resistance needed

What series resistance should we add? There are two equivalent ways to answer:
1. The resistance must drop 9.75 volts out of 10, when S50pA flows; so R =
75V/50uA = 195kQ

Total resistance must be 10V /50pA = 200kQ. The meter movement looks like Sk.
we were told; so we need to add the difference, 195kQ.

[ R

If you got stung on the first part of this problem, giving an answer like “0.250012 th
you might be inclined to say, ‘Oh, 50pA is very small; the meter is delicate. so I'll ne glcu
it. I'll put in a 200k series resistor, and be just a little off.’

Well, just to keep you off-balance, we must now push you the other way: this time,
“501LA,” though a small current is not negligibly small, because it is not to be
with some mmn larger current. On the contrary, it is the crucial characteristic
work with: it determines the value of the series resistor. And we should nor s ay
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close enough,” though 195k is the exact answer. The difference is 2.5%: much less than
what we ordinarily worry about in this course (because we need to get used to components
with 5 and 10% tolerances); but in a meter it’s surely worth a few pennies extra to get a 1%
resistor: a 195k.

2. Lab 1-1 questions: working around imperfections of instruments

The very first lab exercise asks you to go through the chore of confirming Ohm’s Law.
But it also confronts you at once with the difficulty that you cannot quite do what the
experiment asks you to do: measure / and V in the resistor simultaneously. Two placements
of the DVM are suggested (one is drawn, the other hinted at):

@
VARIABLE o-20v |
PowgR = = | :
SLUPPLY DiGITAL |I 20k
s T Vo(.THETER]
+ - |
O-2ov )

Figure X1.3: Lab 1-1 setup: DVM and VOM cannot both measure the relevant quantity
A Qualitative View
Just a few minutes’ reflection will tell you that the voltage reading is off, in the circuit as

drawn; moving the DVM solves that problem (above), but now makes the current reading
inaccurate,

A Quantitative View
Here’s the problem we want to spend a few minutes on:
Problem:

Errors caused by the Meters

If the analog meter movement is as described in the Text’s problem 1.8,
what percentage error in the voltage reading results, if the voltage probe is
connected as shown in the figure for the first lab 1 experiment, when the
measured resistor has the following values. Assume that you are applying
20 volts, and that you can find a meter setting that lets you get full-scale
deflection in the current meter.

e R =20k ohms.
e R =200ohms.
e R =2M ohms.

Same question, but concerning current measurement error, if the
voltmeter probe is moved to connect directly to the top of the resistor, for
the same resistor values. Assume the DVM has an input resistance of 20
M ohms. [




1y

18 Chapter 1: Worked Examples: Resistors & Instruments X1

Errors in Voltage readings

The first question is easier than it may appear. The error we get results from the voltage
drop across the current meter; but we know what that drop is, from problem 1.8: full-scale:
0.25V. So, the resistor values do not matter. Qur voltage readings always are high by a
quarter volt, if we can set the current meter to give full-scale deflection. The value of the
resistor being measured does not matter.

When the DVM reads 20V, the true voltage (at the top of the resistor) is 19.75V. Our
voltage reading is high by 0.25V/19.75V—about 0.25/20 or 1 part in 80: 1.25% (If we
applied a lower voltage, the voltage error would be more important, assuming we still
managed to get full-scale deflection from the current meter, as we might be able to by
changing ranges).

Errors in Current readings
If we move the DVM to the top of the resistor, then the voltage reading becomes correct:
Wwe are measuring what we meant to measure. But now the current meter is reading a little

high: it measures not only the resistor current but also the DVM current, which flows
parallel to the current in R.

The size of this error depends directly on the size of R we are measurin g. You don’t even
need a pencil and paper to calculate how large the errors are;

e T srRoR

Figure X1.4: DVM causes current-reading error: how large? % error same as ratio of R to R VM

If R is 20kQ —and the DVM looks like 20M—then one part in a
thousand of the total current flows through the DVM: the
current reading will be high by 0.1%.

If R is 200Q then the current error is minute: 1 part in 100,000: 0.001%.

IfR is 2MQ then the error is large: 1 part in ten.

Conclusion?

There is no general answer to the question, ‘Which is the better way to place the DVM in
this circuit?” The answer depends on R, on the applied voltage and on the consequent
ammeter range setting.

And before we leave this question, let’s notice the implication of that last phrase: the
error depends on the VOM range setting. Why? Well, this is our first encounter with the
concept we like to call Electronic Justice, or the principle that The Greedy Will Be
Punished. No doubt these names mystify you, so we’ll be specific: the thought is that if yo
want tTﬂnr! Tr‘"\'u"n!ilT%-'\?"_ 'F":‘.ﬁ’“ ‘1"!-'1 1\’(‘}" v will ™"Hax 4l "\";o"ﬁ_-‘-_’ ‘}“_ P"'\et_: 'I“i!T :‘I1'- e roenlte moer

th -
i
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n if you looked for less resolution:
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Yo full scale:

/ \ J"_- -_'_'I,l' '_," .'_ I;
poor fut / / { {'I {1 / |
resolution.| | Y | | |

f; / /__ [ .-'al I ‘
;E L =
i AN
| I!
| |
" —_—— -"\"\w"_—
— 3 e..and small g 4
0.025V error introduvced oozsv

Figure X1.5: Tradeoffs, or Electronic Justice I: YOM or DV M as ammeter: the larger the readi
introduced: VOM as voltmeter: the larger the deflection at a given Vi, the lower the i

If you want the current meter needle to swing nearly all t‘ie way across the d al (giving best

resolution: small changes in current cause relatively large needle movement), then you’ll get
r‘t,drly the full-scale 1/4-volt drop across the ammeter. The same goes for the DVM as
ammeter, if you understand that ‘full scale’ for the DVM means filling its digital range: 3
1/2 digits,” as the jargon goes: the “half digit” is a character that takes only the values zero
or one. So, if you set the DVM current range so that your reading looks like

093

you have poor resolution: about one percent If you are able to choose a setting that makes
the same current look like 0.930, you’ve improved resolution 10X. But you have also
increased the voltage drop across the meter by the same factor; for the DVM, Ime the analog
VOM drops 1/4V full-scale, and proportionately less for smaller “deflection” (in the VOM)
or smaller fractions of the full-scale range (for the DVM).

3. Thevenin Models

Problem: Thevenin Models
Draw Thevenin Models for the following circuits. Give answers to
10% and to 1%

1ov
20v — ¥ V+—
1 ]
g 15k ] /’/-T\\__
3 5 [ | ) oama
\
\ v /
10k LS
10K ] |
f———- e
sv —1 L

Figure X1.6: Some circuits to be reduced to Thevenin models

Some of these examples show typical difficulties that can slow you down unii il you have
done a lot of Thevenin models.
—

putLs

The leftmost circuit is most easily done by temporarily redefining ground. That trick
the circuit into entirely familiar form:
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20 V— nasy” . bk (f.0k) "
E —WA—— of
15K 15k | nc
) ’/—‘\ ir}"
Tov" ... reverting / b i 1
3 ( 5y ’]I /i

to origimal grovnd, Ov)

. b,

10k [ 2/5 of RCTC R / ;
tota/ drop: g pd

50

s 7 GO e

Figure X1.7: A slightly-novel problem reduced to a familiar one, by temporary redefinition of ground

4.
The only difficulty that the middle circuit presents comes when we try to approximate. The
1% answer is easy, here. The 10% answer is tricky. If you have been paying attention to
our exhortations to use 10% approximations, then you may be tempted to model each of the
resistor blocks with the dominant R: the small one, in the parallel case, the big one in the
series case;
1ov
approximariions misused .
1k Ty
114
10k
10k 0.76Y —=7e =097 7= \ff" =1y 7
_ ol
Z{fo ?(/6‘)," i 1k \\\\x‘. }-//.
1k 10k 0.97k i 10705 7
NVo!
= - : 207 error —
— 2?257% error — i
Figure X1.8: 10% approximations: errors can accumulate R

Unfortunately, this is a rare case when the CITOrS gang up on us; we are obliged to carry It
greater precision for the two elements that make up the divider.

thi
This example is not meant to make

you give up approximations. It makes the point that do
it’s the result that should be good to the stated precision, not just the intermediate steps.
V4 sh
wl
0.1 mA4 ]'ICI
10k m!
WA——

A
10k 1v \J‘ 70K | Zor-Tonne
j—// (‘n/‘f‘)":/:‘lff :

— AV
—23__'?-

’ colead, zero

Figure X1.9: Current source feeding resistor, and equivalent Thevenin model
The current source shown here probably looks queer to you.
how to make one to see its effect; Just take it on faith that
(squirts) a fixed current, down toward the negative
Law. (In Chapter 2 you will learn to design these th
devices just do behave like current sources without
this way—both bipolar and FET.)

But you needn’t understand
it does what’s claimed: sources
supply. The rest follows from Ohm’s
ings—and you will discover that some
being coaxed into it: transistors behave
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The point that the current source shows a very high output impedance helps to remind us
of the definition of impedance: always the same: AV/AL It is better to carry that general
notion with you than to memorize a truth like ‘Current sources show high output
impedance.” Recalling that definition of impedance, you can always figure out the current
source’s approximate output impedance (large versus small); soon you will know the
particular result for a current source, just because you will have seen this case repeatedly.

4. ‘Looking through’ a circuit fragment, and R, R,

Problem: R;,, R,
What are R, , R, at the indicated points?

Rr,\a o e

10k

HD\WT
$1sw

Figure X1.10: Determining R, R,,,; you need to decide what’s beyond the circuit to which you're
connecting

Rin

It’s clear what R, the divider should show: just R; + R,: 10k + 10k = 20k. But when we say
that are we answering the right question? Isn’t the divider surely going to drive something
down the line? If not, why was it constructed?

The answer is Yes, it is going to drive something else—the load. But that something else
should show its own R;, high enough so that it does not appreciably alter the result you got
when you ignored the load. If we follow our 10X rule of thumb (see the end of Class 1
notes), you won’t be far off this idealization: less than 10% off. To put this concisely, you

might say simply that we assume an ideal load: a load with infinite input impedance.

RIN’ e |

.}r-

Figure X1.11: R, : we need an assumption about the load that the circuit drives, if we are to determine R
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R
Here the same problem arises—and we settle it in the
source. The difficulty, again, is that we need to make soir
far side of the divider if we are to determine R0t
Rsovacs:
Zero N
AR

ame way: by assuming an ideal

s
1 assumption about what is on the

|
|
I

Vsource ]

i |_j~.v/-\,\_.___T_ ~AAA -

Figure X1.12: R ,: we need an assumption about the source that drives the circuit, if we are 1o deten nine R,

4. Effects of loading

Problem: Effects of loading
What is the voltage at X—
20V

Figure X1.13: V,,: calculated versus measured

with no load attached?
When measured with a VOM labeled “10,000 ohms/volt?”
When measured with a scope whose input resistance is 1 MQ?

This example recapitulates a point made several times over in the the first day’s class notes,
as you recognize. Reminder: The “...ohms/volt” rating implies that on the 1-volt scale (that
is, when 1V causes full deflection of the meter) the meter will present that input resistance.
What resistance would the meter present when set to the 10 volt scale?

We start, as usual, by trying to reduce the circuit to familiar form. The Thevenin model
does that for us. Then we add meter or scope as load, forming a voltage divider, and see
what voltage results:
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Figure X1.14: Thevenin model of the circuit under test; and showing the “load”—this time, a meter or scope
You will go through this general process again and again, in this course: reduce an
unfamiliar circuit diagram to one that looks familiar. Sometimes you will do that by merely
redrawing or rearranging the circuit; more often you will invoke a model, and often that
model will be Thevenin’s.




Lab 1: DC Circuits

Reading: Chapter 1, secs 1.1 - 1.11.
Appendix A (don’t worry if there are things you
don’t understand)
Appendix C
Problems: Problems in text,
Additional Exercises 1.2.

L

1-1. Ohm’s Law

|

@D 8
VARIABLE | [ | G-560
|  Power DIGITAL
J SuPPLY [ VOLTMETE,
° =
0-2ov
[|I (—\ )

Figure L1.1: Circuit for measurement of resistor’s [ vs V

First, the pedestrian part of this exercise: Verify that the resistor obeys Ohm’s law, by
measuring V and I for a few voltages.

A preliminary note on procedure

The principal challenge here is simply to get used to the breadboard and the way to
connect instruments to it. We do not expect you to find Ohm’s Law surprising. Try to build
your circuit on the breadboard, not in the air. Novices often begin by suspending a resistor
between the jaws of alligator clips that run to power supply and meters. Try to do better:
plug the resistor into the plastic breadboard strip. Bring power supply and meters to the
breadboard through jacks (banana jacks, if your breadboard has them); then plug a wire into
the breadboard so as to join resistor, for example, to banana jack. Below is a sketch of the
poor way and better way to build a circuit.

Figu
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