Components

Resistors, capacitors, and inductors are the basic components that make up
electrical circuits. For each, we will give a formula that relates voltage and
current that is based on an underlying physical law. We will see what happens
when we apply a voltage or current source to circuits with these components. In
addition, we consider circuits with a semiconductor device, the diode. Analyzing
circuits requires a lot of algebra. The expressions get so complicated that it is
difficult to see what is going on. For this reason, it is important to express the
results in a simple form that can be understood, and it is worthwhile to try
different approaches to find the simplest path to a solution and to make sure that
you understand it.

2.1 Resistors

In a resistor, the voltage is proportional to the current. This is Ohm’s law. We call
the ratio of voltage and current the resistance and write it as

R=V/L 2.1

The units of resistance are ohms. The abbreviation for ohms is & (the Greek capital
letter omega). Figure 2.1a gives the circuit symbol for a resistor. In a series connec-
tion of resistors (Figure 2.1b), the voltage across the entire combination is the sum
of the voltages across the individual resistors. Kirchhoff’s current law tells us that
the current in each resistor is the same. This means that the resistance of a series
connection is the sum of the individual resistances:

R= Z R;, 2.2)

where i is an index for the resistors.
The inverse of the resistance is called the conductance, with units of siemens (S).
The conductance G is written as

G=1/V. (2.3)

In a parallel connection of resistors (Figure 2.1¢), the total current is the sum of
the individual currents. Kirchhoff’s voltage law tells us that voltage across each
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(b) ©

Figure 2.1. Circuit symbol for a resistor (a), series connection (b), and parallel connec-
tion (c).

resistor is the same. This means that we can write the conductance of a parallel
connection as the sum of the individual conductances:

G= Z Gi. 2.4)

Since most people think in terms of resistances rather than conductances, we can
substitute to find the equivalent formula and get

1
R=—— .
2 1/Ri

This formula is easy to compute on a calculator, but it is a little complicated
to write, and we will use the shorthand || to indicate a parallel connection. For
example, for three resistors connected in parallel, we write

1
RillR2 IRz = 2.6
111 R21| Rz R+ BTk, (2.6)
to avoid writing out the formula. Circuits can often be simplified by repeatedly
applying the parallel and series formulas. In more complicated cases, Kirchhoff's
laws can be used to set up matrix equations for a solution.

The power dissipated in a resistor can be written in several ways. We can write

2.5)

P(H) = VIOI®) = V2(t)/R = I*(DR. 2.7
In terms of conductance, we can write
P(H) = V(G = I*(t)/G. (2.8)

These formulas mean that power is proportional to the square of a voltage or
current. For cosine signals, we can rewrite Equation 1.11 to find the average power
P, as

Vol _ VP _ LR

=2 -t (2.9)

Po=—"=2k="73"
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Color Digit Multiplier

Silver 0.01
Gold 0.1
1st digit Black 0 1
- Brown 1 10
-~ dlglt Red 2 100
Multiplier Orange 3 1,000
Toleranoe Yellow 4 10,000
(5% gold Green § 100,000
10% silver) Blue 6 1,000,000

Violet 7

Grey 8

White 9

@ (b)

Figure 2.2. Axial lead resistor (a), and the resistor color code (b). Silver and
gold bands are not used for numbers, only for multipliers, while violet, grey,
and white are used only for numbers. The color sequence from red to violet is
the same as that of the visible spectrum, and this may help you remember it.

where V;, and I, are peak values. In terms of the peak-to-peak values that we
measure in the lab, we have
2 2

AL (2.10)

Resistors come in a variety of sizes and configurations. The ones we use in the
NorCal 40A are called axial-lead resistors (Figure 2.2a), because the leads extend
along the axis of the resistor. It is traditional to indicate the resistance with three
color bands. The first two bands give the first two digits of the resistance, while
the third band indicates a multiplier. The colors and their digits and multipliers
are given in Figure 2.2b. For example, a 100-Q resistor would have the following
bands: brown, black, brown. There is a fourth band that indicates the tolerance. We
use 5% resistors with a gold band. The actual paint colors you see vary somewhat,
so that it is not always easy to read the code, and you may have to check the
resistance with a meter.

2.2 Sources

To provide the power for electronic circuits, we can connect a battery or a plug-in
power supply. These sources are specified by the voltage that they deliver, such as
1.5 V for AA batteries or 12 V for an adapter. However, one should think of this as
a nominal voltage, because the actual voltage depends on the current, generally
dropping as more current is drawn (Figure 2.3a). It is as if there is a resistor inside
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V A 4
V. 1 Downward
° slope is R, R, +
vV
v, -[ -
I »
@ (b)

Figure 2.3. Voltage versus current for a source (a), and circuit model with an
ideal voltage source V, and a resistor R; (b).

the battery or adapter. As the current increases, the voltage drops because the
voltage across the resistor increases. Often, this is really what is happening, and
you may feel a battery or adapter getting hot if you draw a lot of current. We will
represent our source by a circuit model that has two parts (Figure 2.3b). The first
is an ideal voltage source V,. An ideal voltage source maintains the same voltage
regardless of the current. The second is a source resistance R, that provides the drop
in voltage as the current increases.

We can relate the circuit model to our voltage plot to find the values of V,
and R,. When the circuit has no components attached, no current is drawn. This
is the open-circuit condition. Because there is no current, there is no voltage drop
across R;, and the output voltage is the same as that of the ideal source. We call
V, the open-circuit voltage, and it is just the y intercept of the voltage plot. The
downward slope of the plot is the voltage drop per unit current, which is just the
resistance R;. With these values, the circuit model has the same relation between
voltage and current as the real source. This circuit model with an ideal voltage
source and a series resistor is called a Thevenin equivalent circuit.

Alternatively, we could use a different circuit model called the Norton equiv-
alent circuit (Figure 2.4a). The Norton circuit also has two parts: an ideal current
source I; that maintains the same current regardless of what is connected to it

I A
* :I o I, 1
+ Downward
slope is G
L® @ 4 ’
& O 2 P
VO
@ (b)

Figure 2.4. Norton equivalent circuit consisting of an ideal current source and a parallel
resistor (a). Finding I, and G, from a plot of the current (b).
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and a parallel resistor with a conductance G;. We can find the components of
the Norton equivalent circuit from a plot of the current (Figure 2.4b). We get I;
by considering the current when the voltage is zero. We call this the short-circuit
condition, because it corresponds to putting a short circuit across the output. If
the voltage is zero, then the current in the source conductance G; is zero and
the entire current I is delivered to the load. This means that I is the y intercept
on our current plot. Next we find G; by letting the output voltage of the circuit
model increase. As the output voltage increases, the output current drops because
some of the current begins to flow through G;. The slope is just the negative of
the conductance G;. Because the Norton equivalent circuit also produces the same
voltage and current as the real source, we could use it in place of the Thevenin.
Usually we will choose the one that gives the simpler algebra.

If we compare the Norton circuit with the Thevenin circuit, the only difference
in using the slope to calculate R; and G; is that we swap the current and voltage
axes. This means that

R, = 1/G; (2.11)

and that the resistors are really one and the same. We could just as well use R
in the Norton equivalent as G, or we could use G, instead of R; in the Thevenin
equivalent. From the graph, we can also calculate R; in terms of the open-circuit
voltage V;, and the short-circuit current I; from Figure 2.4b as

Ry = V,/L. (2.12)

Thus if we know the Thevenin components, we can calculate the Norton compo-
nents and vice versa. As a practical matter, many batteries and power adapters will
not tolerate a short circuit, so that you may only be able to measure the voltage
and current over a small range. To find I; you may have to extrapolate out to the
axes.

Next consider what happens if we connect an ideal voltage source V to a
Thevenin source (Figure 2.5a). We use Kirchhoff’s laws to write the voltage V

I
Y, Downward
R_, 4, slope R,
VO
L4
@ (b)

Figure 2.5. Connecting an ideal voltage source to a Thevenin source (a), and the
extended voltage-current plot (b).

https://doi.org/10.1017/CB0O9780511817502.00 ramnbidal geirB opkanniaen@&amesidge University Press


https://doi.org/10.1017/CBO9780511817502.003

2.3 DIVIDERS

25

as
V=V,-R. (2.13)

This is the equation of a straight line, with voltage intercept V, and downward
slope R; (Figure 2.5b). If the load voltage V is negative, then the current is greater
than the short-circuit current. However, if V is greater than V,, then the current
turns negative. This happens when we charge a battery. A battery charger has
a larger voltage than the open-circuit voltage of the battery. For example, for
“12-volt” lead-acid batteries, the open-circuit voltage for a battery that is 70%
discharged is 12 V. We charge the batteries at 13.8 V. Initially, a large current flows
into the battery, but this decreases as the battery charges. The open-circuit voltage
when the battery is fully charged is 12.8 V.

2.3 Dividers

Now we are ready to analyze a circuit with a Thevenin source and a resistor R,
which is called a load (Figure 2.6a). First we redraw the circuit in Figure 2.6b to
emphasize that the two resistors are in series. We can write the output voltage V
in terms of the current I as

V=IR. (2.14)
We use Kirchhoff’s laws to write the supply voltage V, in a similar fashion as
Vo = I(R1 + Ry). (2.15)

We can divide these two equations to find the output voltage:

V. R 1
Vo,  Ri+R, ~ 1+Rs /R

(2.16)

The input voltage V, divides proportionally between the load resistor R; and the
source resistor R, and for this reason we call this circuit a voltage divider. The
larger the load resistor, the larger the output voltage. I have written two equiva-
lent expressions, R;/(R; + Rs) and 1/(1 + Rs/R;). The first expression is easier to

(@)

Figure 2.6. Voltage-divider circuit with a Thevenin source and a load resistor (a).
Redrawn circuit for analysis (b).
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< +VN

<G

I d‘) G,

Figure 2.7. Current-divider circuit with a Norton
-&- source and a load resistor.

understand, because it can be interpreted as a ratio of load resistance to total cir-
cuit resistance. The second expression is convenient for a calculator because each
resistance value need only be entered once.

Now consider the current-divider circuit, which has a Norton source and a load
resistor with a conductance G; (Figure 2.7). We can write the load current [ in
terms of the voltage V as

I =VG,. (2.17)
Using Kirchhoff’s laws, we can write the supply current I; as
I = V(G1 + Gy). (2.18)

We divide these equations to find the output current:

I Gy R

— = = . 2.19
Is Gl + Gs Rs + R] ( )

For the current divider, the larger the load conductance, the larger the output
current. In terms of resistances, the smaller the load resistance, the larger the
output current. Because voltage dividers and current dividers will arise repeatedly,
it is a good idea to memorize these formulas.

2.4 Look-Back Resistance

So far we have considered a Thevenin or Norton equivalent circuit as a model
for a real source. We make a plot of voltage and current to find the parameters
of the model. We can also use a Thevenin or Norton source to simplify a section
of a circuit diagram. The idea is to replace a complicated source circuit with a
simpler equivalent. If the equivalent circuit has the same relationship between
voltage and current, then the equivalent circuit will produce the same voltage
and current in a load as the original source circuit, regardless of what the load is.
This result is called Thevenin’s theorem. To make the substitution, we need to find
the components of the Thevenin equivalent circuit. One approach is to calculate
the open-circuit voltage V, and the short-circuit current ;. Then we can take the
ratio to find R;.

There is another way to find R from the circuit diagram. If there is a voltage or
cutrent source in the circuit, then V, and I; are both proportional to the value of
the source. This means that the slope of the voltage-current plot does not change
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vV
A
> Downward
° slope R,
original network

Downward
slope is > |
look-back 1,\
resistance

Figure 2.8. Voltage and current for a source network. The slope of
the plot is the source resistance R;. Also shown is a plot of voltage
and current when the internal source is turned off. This slope is
the look-back resistance. The slope of each plot is the same, so
that the look-back resistance gives us R;.

as we reduce the source to zero (Figure 2.8). We call the resistance when the internal
source is zero the look-back resistance, because people talk about looking back into
the circuit to find its resistance. The look-back resistance is equal to R;.

As an example, we find the Thevenin equivalent circuit for a voltage-divider cir-
cuit (Figure 2.9a). We can write the open-circuit voltage V, using the voltage-divider

R, R,

R,

Ri||R,

R

© @

Figure 2.9. Finding the Thevenin equivalent circuit for a voltage divider (a).
Circuit with source turned off for calculating the look-back resistance R; (b), and
the components of the Thevenin equivalent circuit (c). Calculating the short-
circuit current I (d).
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formula (Equation 2.16):

_ VR,
°  Ri+Ry

(2.20)

To find the look-back resistance R;, we set the ideal voltage source V to zero
(Figure 2.9b). An ideal voltage source set to zero is no different from a short cir-
cuit, because its voltage is zero, regardless of the current. If we replace V by a short
circuit, we have only the two resistors in parallel, which gives a look-back resis-
tance of

Ry =Ry | Re. (2.21)

This gives us the Thevenin equivalent circuit shown in Figure 2.9c. This circuit
is equivalent in that it will produce the same voltage and current in a load that
the divider would, but it is simpler. As a check we can calculate the short-circuit
current I; by shorting out R, (Figure 2.9d). We can write

I, = V/R,. (2.22)

If we divide V, by I, we get R, again.

However, the Thevenin equivalent is not identical to the original divider be-
cause the voltages and currents inside the divider and those of the Thevenin equiv-
alent circuit are not the same. They could not be, because the Thevenin equivalent
has fewer elements. It only produces the same voltage and current in an outside
load. As an exercise, you should find the Thevenin and Norton equivalent for a
current-divider circuit. For this you will need to set a current source to zero to find
the look-back resistance. A current source set to zero acts just like an open cir-
cuit, since no current flows, regardless of the voltage. This means that the current
source should be replaced by an open circuit for the calculation.

2.5 Capacitors

In a capacitor, voltage is proportional to charge. Fundamentally, this arises from
the relation between charge and electric field expressed in Gauss’s law. This is in
contrast to a resistor, where voltage is proportional to current. We write

C= (2.23)

_‘71
where C is the capacitance, with units of farads (F). We can think of the charge as
the time integral of the current:

t
Q) = fo I dt. (2.24)

We have to be careful how we interpret this expression, because t is doing double
duty mathematically. It is the argument of Q, and in this role, it appears in Q(t)
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Figure 2.10. Circuit symbol for a capacitor (a), parallel connection (b), and series con-
nection (c).

and as the limit of integration fot . It also appears in the integrand as the argument
of I and the differential dt. Often people are disturbed by this, and for this reason
they change the variable in the integrand to something else, like u. This makes
the mathematical grammar correct but obscures the physics, because time really
is the variable in both cases. We will say “ain’t” in order to keep the physics. We
can rewrite Equation 2.23 as

_ o Imat
- T.

The circuit symbol for a capacitor represents a pair of plates (Figure 2.10a). If we
have capacitors in parallel (Figure 2.10b), Kirchhoff’s laws tell us that the voltage
for each capacitor is the same, and the total current is the sum of the individual
capacitor currents. The integral of the total current is also the sum of the inte-
grals. This means that the capacitance of a parallel connection is the sum of the
individual capacitances:

C= Z C;. (2.26)

C (2.25)

The series connection shown in Figure 2.10c is trickier, but we can follow the same

logic we used for conductances. If we invert Equation 2.25, we have
1 1%
-= = 2.27
C  [i1dt @27

In a series circuit, the current in each capacitor is the same, and the current inte-
gral for each capacitor is the same. However, the total voltage is the sum of the
individual voltages. Thus we can write

1 1
c= Z oL (2.28)
This is similar to the expression for the resistance of parallel resistors.

Earlier we studied resistor divider circuits. We can also make divider circuits
with capacitors. Figure 2.11 shows a capacitive voltage divider. We can write the
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1
CZ

vV
1 -

Figure 2.11. Capacitive voltage-divider circuit.

output voltage V as

t
V= M 2.29
C
and the input voltage V; as
_folat  [o1dt
Vi = e + o (2.30)
If we divide these two expressions and simplify, we get
Vv G
== . 2.31
Vi CGi+GC ( )

This formula says that the output voltage becomes larger if C; is made larger. This
is the opposite of the resistive potential divider, where the voltage becomes larger
if the load resistor is made larger.

2.6 Energy Storage in Capacitors

Capacitors store energy rather than dissipate it as heat like resistors. We can calcu-
late the stored energy, starting with a capacitor with no charge or voltage on it at
time t = 0. When a current flows into the capacitor, the voltage across it increases.
The power going into the capacitor is given by P (t) = V(t)I(t). We can write the
energy E(t) stored in the capacitor as an integral of the power P (t). We write the
stored energy E(t) as

t t
E@)= / P(tydt = / V(DI(t)dt. (2.32)
0 0
Now we rewrite Equation 2.25 in differential form as
I=CV, (2.33)

where the prime denotes a time derivative. We substitute for current in the previ-
ous formula to get

t
E= / VeV dt. (2.34)
0

If we use V as the variable of integration instead of t, we can write

dv = V'dt (2.35)
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and we get

E =CfVVdV= gz (2.36)
(4] 2

The fact that capacitors store energy rather than dissipate it means that ordinarily
capacitors do not get hot. In practice, capacitors have some resistance, and large
currents can cause them to heat up. The energy stored in a capacitor can discharge
dangerously quickly if the output terminals are shorted together. It is important
to remember this when working with large high-voltage capacitors. Even with the
circuit off, the capacitors may be charged to a high voltage and can deliver a lethal
shock.

2.7 RC Circuits

If we connect a resistor to a charged capacitor (Figure 2.12a), the capacitor will
discharge through the resistor. This dissipates the energy stored in the capacitor
as heat in the resistor. This is often used in high-voltage circuits to reduce the
capacitor voltage to a safe level when the circuit is turned off. We call the resistor
a bleeder resistor. We write the current I in two ways:

I=V/R=-CV. (2.37)

There is a minus sign because the current arrow points out from the capacitor. We
could change the direction of the arrow and make it positive, but this would make
the resistor current negative. We are stuck with one minus sign, no matter how
we point the arrow. We can rewrite this as a differential equation

RCV' +V=0. (2.38)

The quantity RC has dimensions of time and is called the time constant. We will
write it as t (the Greek letter tau). We write

r = RC. (2.39)

< 4+ Y~

<R

(a)

Figure 2.12. Charged capacitor with a bleeder resistor (a) and the decaying
voltage (b).
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I R VA
A— 7
"+ %= 7.,
v, —'F VvV, ==
—|C v, v,
t
@ )
Figure 2.13. RC network with an added voltage source V, (a). Resistor and capacitor
voltages (b).
The solution is given by
V(t) = Vi exp(~t/7), (2.40)

where V; is the initial voltage, and exp(x) is the exponential function e* The
voltage decays exponentially with time (Figure 2.12b). It reaches half its initial
level at time t;, given by

L=1In2=0.697. (2.41)

In the lab, t; is convenient to measure, and this formula lets us work backward to
find z.

In the lab we study an RC network that is repeatedly charged and discharged
by a function generator. We can understand the behavior if we add a voltage
source V, to our RC circuit (Figure 2.13a). The math is easier if we solve for the
resistor voltage, which decays to zero. We use Kirchhoff’s voltage law to write

Vo=Ve+ Vi, (2.42)

where V. is the capacitor voltage and V; is the resistor voltage. This formula lets
us find V, if we know V. The current [ is written as

I=V/R=CV. (2.43)
Since V, is fixed, Equation 2.42 tells us that V. = —V/, and we write

I=V,/R=-CV]. (2.44)
This gives us

tV,+ V. =0. (2.45)

The solution is a voltage that decays from its initial value with the same time
constant t as before. The initial value of V; is given by V,, — V;, where V; is the initial
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voltage on the capacitor. We plot the capacitor voltage as V, — V; (Figure 2.13b).
This means that the capacitor voltage charges exponentially from V; to V, with
the same time constant r.

2.8 Diodes

Diodes are devices that let current pass more easily in one direction than the
other. They do not obey a simple linear relation between voltage and current like
resistors, or voltage and charge like capacitors, and so we say diodes are nonlinear.
Figure 2.14 shows the schematic symbol for a diode and a representative plot of
the current as a function of voltage. We call these plots I-V curves. For positive
voltages, the diode conducts well (we say the diode is “on”) if the voltage exceeds
a small threshold that we call the forward voltage. For a silicon diode such as the
1N4148 in our transceiver, the forward voltage is 0.6 V. The power is usually low
when the diode is conducting in the forward direction, because the voltage is low.
For negative voltages the current is quite small (we say the diode is “off”). The
reverse current for the 1N4148 is only a few nanoamps. Since the current is small,
the power is also small. When we get to a sufficiently negative large voltage, 75 V
for the 1N4148, the diode breaks down, and the current increases rapidly. In the
breakdown region, both the voltage and current are large, and thus the power
dissipated is large, and we have to be careful not to destroy the diode. Usually we
avoid the breakdown region and operate with the diode either on or off. One way
to think of a diode is that it limits a positive voltage and blocks a negative current.

IA
Forward
conduction
Anode Cathode
> {)lr Reven:se
I Ty blocking / -
0.6V |4
Breakdown | Forward
voltage voltage
@ (b)

Figure 2.14. Circuit symbol and terminal names for a diode (a). We need names for each
terminal, because unlike a resistor or capacitor, they are distinct. The names cathode and
anode come from the days of vacuum-tube diodes. In a vacuum-tube diode the cathode
emits electrons, and the anode collects them. Because electrons have a negative charge,
however, we will usually say that current flows from the anode to the cathode, even
though the electron flow is in the opposite direction. The diodes we use are made of
silicon, but the names for the terminals are the same. Usually diode manufacturers mark
the cathode end with a black stripe. In (b), a current plot for a diode is shown.
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Sch
—D—
Zener
Supply — Transceiver diode
@ (b)

Figure 2.15. Protecting a transceiver from a negative voltage with a Schottky diode (a), and
protecting a transistor from a high positive voltage with a Zener diode (b). The Zener symbol
has short tags on the cathode bar that indicate that the diode conducts in both directions.

We can consider a diode as a kind of self-activated switch. When the voltage or
current is positive, the switch is on. When the voltage or current is negative, the
switch is off.

You should take note of the diode part number: 1N4148. There are thousands
of different kinds of diodes and transistors, and there are standard registration
and numbering systems to help us keep them straight. “1N” denotes a diode, and
“2N” a transistor. The 1N and 2N designations are not trademarks, and they do not
belong to a single manufacturer. Many different manufacturers make a 1N4148.
For the complete specifications for this diode and other parts that appear in the
transceiver, see Appendix D.

We use four different kinds of diodes in the NorCal 40A. We will only discuss
how they act in a circuit, leaving the details of the operation of the diodes to
a book on solid-state devices. In addition to the 1N4148 silicon diode, we use a
Schottky diode, the 1N5817, that is made out of a contact between metal and
silicon. Schottky diodes have a low forward voltage, only about 0.2 V, and this
reduces the power dissipation if the current is large. We use the Schottky diode to
prevent a negative power-supply voltage from being applied to the radio, which
could damage some of the circuits (Figure 2.15a). If the voltage is positive, the
current passes through the diode with only a small forward voltage drop. However,
if the voltage is negative, the diode turns off, and current does not flow to the
radio. In addition, we use a Zener diode that is fabricated to have a controlled
breakdown voltage and to allow a reasonable amount of breakdown current to
flow safely. A 1N4753A, 36-V, Zener appears across the output of our transmitter
transistor (Figure 2.15b). This restricts the peak transistor voltage to 36 V to prevent
damage to the transistor. The fourth type of diode we use is a varactor diode. A
varactor operates with negative voltages, where the diode acts like a capacitor
with a capacitance that is controlled by the voltage. We use Motorola’s MVAM108
varactor to control the frequency of the transceiver.

Probably the single most important application of diodes is in changing the
sinusoidal AC wall voltage to the steady DC voltage that is required in most
circuits. AC is short for alternating current, and DC stands for direct current. This
is called rectification. A rectifier circuit is shown in Figure 2.16a. The diode turns
off whenever the voltage is negative, so that the negative parts of the waveform
are removed (Figure 2.16b). This is called a half-wave rectifier.
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Figure 2.16. Rectifying an AC supply voltage with a diode to produce DC (a), and
the voltage waveform (b).
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Figure 2.17. Bridge-rectifier circuit (a), and the full-wave rectified waveform (b).

Figure 2.17a shows a circuit that flips the negative parts of the AC waveform,
rather than removes them. It has four diodes in a ring (Figure 2.17b). This ar-
rangement is called a bridge. You should notice that the DC waveform is still
pretty bumpy, and in most circuits we would have to smooth the voltage out with
a capacitor before we could use it.

2.9 Inductors

In an inductor, the voltage is proportional to the time derivative of the current.
The circuit symbol for an inductor is a coil (Figure 2.18a). The proportionality
constant is called the inductance, with units of henries (H). The inductance is
traditionally written as L, and we write

V=LI (2.46)

The voltage arises from the fact that currents produce magnetic fields, and time-
varying magnetic fields produce voltages through Faraday’s law. We consider
inductors in series (Figure 2.18b), and rewrite the inductance formula to get

\%4
L= 7 (2.47)
In a series connection the current for each inductor is the same. This means that
the denominator, I, is the same for each inductor. The total voltage is the sum of

the individual inductor voltages. Therefore the total inductance is the sum of the
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Figure 2.18. Circuit symbol for an inductor (a), series connection (b), and parallel con-
nection (c).

inductances:

L=) L. (2.48)

This is similar to the expression for series resistors. For the parallel connection
(Figure 2.18c), we can start by inverting Equation 2.47 to get

1 I

- = —. 2.49

I~V (2.49)
In a parallel circuit, the voltage for each inductor is the same, and so the denom-
inator does not change. The total current is the sum of the individual currents,
and the derivative of the total current is the sum of the individual derivatives.
This means that we can write

1 1

7= Z Tt (2.50)

This is similar to the expression for parallel resistors.

2.10 Energy Storage in Inductors

Like capacitors, inductors store energy rather than dissipate it as heat. As in capac-
itors, there is some resistance, and if there are large currents, inductors will heat
up. Again we calculate the energy E (t) stored in the inductor as the integral of the
power P(t) = V(t)I(t). We write the stored energy E(t) as

t t
E() = / P(Hdt = / VOI(®) dt. @2.51)
0 0
If we substitute for V from Equation 2.46, we get

t
E= f LI'l dt. 2.52)
0
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Figure 2.19. Inductor ignition system for cars. This circuit is sim-
plified. In addition there would be a transformer to make sure that
the spark voltage is bigger than the switch voltage. Otherwise the
switch itself will arc.

We use I as the integration variable rather than t and get

I LIZ
E=Lf 1dl = =—. (2.53)
A 2

Notice that energy storage in an inductor is associated with the current rather
than the voltage as in a capacitor. We said that for capacitors there is a danger
in shorting the terminals because the current can be very large and the energy
will be dissipated quickly in the short. In contrast, in an inductor, the danger is in
trying to stop the current. For example, when a switch is opened in a circuit with an
inductor that is carrying current, there will be a large voltage that can make an arc.

This feature is used in car ignition systems to make a spark inside the cylinders
to ignite the gasoline. It is impressive because it takes 12 V from a battery and
produces 10 kV to make the spark. Figure 2.19 shows a simplified ignition circuit.
First a battery and resistor are connected by a switch to establish a current in
the inductor. Then the switch is opened. When this happens, the current in the
inductor drops quickly, causing a large voltage. When the voltage is high enough,
there will be an arc across the spark gap, firing the spark plug.

2.11 RL Circuits

If we connect a resistor to an inductor carrying current (Figure 2.20a), the current
will decay as the energy stored in the inductor is dissipated as heat in the resistor.

I

>

M Liexp (-t/7)

-1/t
LE v R P
t

@
Figure 2.20. Inductor carrying current with a resistor (a), and the decaying
current (b).
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We can analyze the circuit by writing two expressions for the voltage:
V=IR=-LI. (2.54)
There is a minus sign because the current arrow points out from the inductor:
L/RI'+1=0. (2.55)
The time constant is given by
r=L/R. (2.56)
We write the solution as
I(t) = I; exp(—t/1). (2.57)

The cutrent decays in an inductor just as voltage decays in a capacitor
(Figure 2.20b). However, in an inductor, the current decays quickly if the resis-
tor is large. In a capacitor, it is the other way around - the discharge is fast if the
resistor is small. Since an oscilloscope measures voltage rather than current, it is
not as convenient to measure this decay in an inductor as it is in a capacitor. Usu-
ally we will end up measuring the voltage across a series resistor and divide by the
resistance to get the current.

In the lab, you will drive an RL circuit with a function generator. To understand
the behavior, we will analyze an RL circuit with a current source I; (Figure 2.21a).
The approach is to solve for a current that decays to zero, the resistor current,
and then to use the resistor current to find the inductor current that we are really
interested in. Kirchhoff’s current law gives us an expression for I:

L=L+1I, (2.58)

where I; is the inductor current and I, is the resistor current. We can write the
voltage V as

V=Rl =LI. (2.59)
For the derivative I we can substitute —I;. This gives us

V=RI=-LI (2.60)

@

Figure 2.21. RL circuit with a current source I, added (a), and the resistor and inductor
currents (b).
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or
(/ML +1I =0, (2.61)

which gives us a decaying exponential with the same time constant L /R as before.
The initial value of I, is given by I, — I;, where [; is the initial inductor current. We
find the inductor current I; as the difference between I; and I, (Figure 2.21b). The
inductor current builds up exponentially from the initial current I; to I;, with the
same L/R time constant.

FURTHER READING

The classic book on electronics is the encyclopedic The Art of Electronics, by Horowitz
and Hill, published by Cambridge University Press. This is a brilliant book, and it
is more likely to be on the bookshelf of working engineers than any other book
that I know of. I recommend consulting this book continuously as you learn about
electronics. For a serious discussion of Thevenin’s theorem, see Desoer and Kuh'’s
Basic Circuit Theory, published by McGraw-Hill. This is also an excellent reference
for matrix solutions of circuits. A good book for information on diodes is Device
Electronics for Integrated Circuits, by Muller and Kamins, published by Wiley.

PROBLEM 1 - RESISTORS

A. Figure 2.22 shows a Thevenin source with a load resistor R;. Find the formula for the
power in the load. Find the load resistance R; that gives the maximum power. What
is the maximum load power? As a check, it is a good idea to find the formula for the
maximum available power for a Norton source with a source conductance G, and
a load conductance G;. Your result should be equivalent to the Thevenin result.

B. Figure 2.23 shows two resistive circuits that appear often in attenuators, which are
circuits that reduce the power of a signal. Attenuators can prevent radios from

R, { Ly
V
Lo

Figure 2.22. Source with a load.

@ (b)

Figure 2.283. T resistor circuit (a), and » resistor circuit (b).
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overloading and sensitive instruments from burning out. Figure 2.23a is called a
T network, and Figure 2.23b is a = network. They get their names because the out-
lines resemble these letters. For each circuit, find the parameters needed to make
Thevenin and Norton equivalent circuits: V,, Is, and R,. Make sure that you express
each quantity in the simplest form.

PROBLEM 2 - SOURCES*

For these measurements, we use a 12-V, 0.8-A-hr battery that is manufactured by Yuasa.
You should start with four 510-82, quarter-watt resistors. Use a multimeter to measure
the open-circuit voltage. Be careful not to attach the leads to the current jack on the
multimeter. This jack is only for measuring current. Its resistance is quite low, and several
amps will flow, blowing the fuse in the multimeter.

A. Connect the positive lead from the battery to the top row of holes on the breadboard
and the negative lead to the bottom row (Figure 2.24). It is a good idea to follow the
tradition of using black for low voltage and red for high voltage. This will save you
from blowing out circuits later. Now you can add the resistors in parallel by plugging
them into any of the holes in the top and bottom rows. You should wait two minutes
after adding each resistor before you take a measurement for the battery voltage to
stabilize. Plot the voltage you measure on the y axis versus the current on the x axis
as the number of resistors increases from 0 to 4. To calculate the current, assume
the nominal resistance value of 510 Q. Use linear graph paper and choose scales
carefully to show what is happening in the plot. Label your axes with units. Draw a
smooth curve through the data points.

B. Find an equivalent circuit for the battery with an ideal voltage source V, and a
resistor Rs when the current is the neighborhood of 75 mA. You should notice that
this circuit will not be accurate at currents that are much lower or higher than this.

Connected holes

Figure 2.24. Hole pattern for a solderless breadboard. On the top and bottom
are four rows of connected holes. In the center are columns of five connected
holes. If you are confused about the connections, you can measure the resis-
tance between holes with a multimeter.

* Note: Please see Appendix A for a complete list of the supplies and equipment that are
used in each problem.
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C. When the NorCal 40A is receiving, it draws 20 mA. What voltage would you expect
from the battery? If the battery has an amp-hour rating of 0.8 A-hr, how long would
you expect to be able to operate the radio as a receiver?

PROBLEM 3 - CAPACITORS

A combination of a series resistor and parallel capacitor is used in many circuits to give
a time delay of about RC. In our transceiver, this delay is used to make sure the receiver
is muted while the transmitter is turning on and off — otherwise there would be a loud
pop, because the transmitter voltages are much larger than the ordinary signals that are
received. In other circuits, delays may be unintentional. A major factor limiting the speed
of computers is the resistance and capacitance of the metal patterns that connect different
parts of a circuit.

Connect a function generator and an oscilloscope, using test hooks attached directly to
the resistor and capacitor leads (Figure 2.25). Make sure that the red leads are across the
resistor and that the black leads from the scope and the function generator are connected
together. The black leads are connected to the ground through the AC outlets, but this
is not a reliable connection. You should use a sync cable from the function generator to
trigger the scope. Do not use a breadboard, because it adds capacitance that confuses
the measurements.

A. The function-generator settings should be for a 20-Hz, 1-Vpp (peak-to-peak) square
wave. For a function generator with a 50-Q source resistance, this amplitude, 1 V
peak-to-peak, is the voltage that we would see if the load were 50 Q. For an

Red
lead

Black
lead

Input

\ Function Output

generator Oscilloscope
Channel 1

Figure 2.25. RC delay circuit with an input square wave from a function generator and the
output to an oscilloscope. The output contains sections of exponential waveforms with a time
constant RC.
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Figure 2.28. Oscilloscope waveform at output of the delay network (a), and simplified
circuit diagram without capacitors (b).

open-circuit load, the amplitude is twice this, or 2 Vpp. The frequency, 20 Hz,
is low enough that it allows the capacitor to charge fully each time the voltage rises
and to discharge fully each time the voltage falls. With the scope voltage and time
scales properly set, you should see the waveform in Figure 2.26a. It is a square wave
with rounded corners. Measure the peak-to-peak output voltage on the oscilloscope.

B. Now calculate what the voltage should be. A good way to start is to consider the
circuit without capacitors. Figure 2.26b shows the open-circuit voltage of the func-
tion generator (2 Vpp), the function-generator resistance, 50 €, the 300-kQ2 load
resistance, and a 1-MQ resistance for the oscilloscope. This is a divider circuit. The
function-generator resistance is much smaller than the others, and you can ignore
it. Make a Thevenin equivalent for this circuit by finding V,, and the look-back resis-
tance Rs. The open-circuit voltage V, should be close to the value you measured,
and you will need R; later to calculate the delays.

C. The delays come from the time required to charge the capacitor when the voltage
rises and to discharge the capacitor when the voltage falls. Expand the time scale on
the oscilloscope so that the falling part of the waveform occupies the entire screen
(Figure 2.27a). When the voltage drops to zero volts, the capacitor has discharged
halfway. The time for itto reach 0 V is the time £, that we related to the time constant 7.
Measure 6.

D. Now calculate what t; should be, from the Thevenin source resistance Rs and the
load capacitance 10 nF (Figure 2.27b).

10nF
\0-volt line Vo

@ (b)

Figure 2.27. Output waveform with time scale expanded to show detail of discharg-
ing capacitor with the measuring time ¢, (a), and Thevenin circuit with 10-nF load (b).
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Figure 2.28. Construction of a scope probe.

E. We can try to eliminate the delay by removing the capacitor from the circuit. This
reduces the delay considerably, but not as much as you might expect, because
there is capacitance in the scope and the cable. Measure t, again. To make the
measurement accurate, you should expand the time scale so that the delay is several
large divisions long. Use this delay measurement to figure out the total scope and
cable capacitance C.

F. The oscilloscope capacitance C, is usually written by the scope input jack. Subtract
it from C to find the cable capacitance C.. We will study cable capacitance when we
discuss transmission lines later, but for now you should know that it is proportional
to the length. This can be a good reason to make cables short. Divide the cable
capacitance by the length of the scope cable to get the capacitance per unit length.
This is called the distributed capacitance. The cable from the function generator does
not contribute to this capacitance, and we will see why when we study transmission
lines.

G. We can reduce the delay further with a high-impedance probe. Figure 2.28 shows
a simplified view of the construction of a high-impedance scope probe. We will
calculate the values for Ry, Cp, and C.. Start by considering only the resistances.
What value must the probe resistance R, have to make the resistance marked on
the probes correct, given the resistance R, marked on the scope? You may want
to check the probe resistance R, with a multimeter to verify your answer. For
these values of R, and R,, what is the ratio of the input voltage V; to the output
voltage V?

H. Now consider only the capacitances in the circuit. You should find the values that the
series probe capacitance C, and parallel cable capacitance C. must have to make
the capacitance marked on the probe correct. You should use the capacitance C,
marked on the scope and the same ratio of input voltage to output voltage that you
calculated for the resistors.

I. Replace the scope cable with a high-impedance probe and measure t, again.
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J. Now calculate what t; should be, using the capacitance marked on the probe. You
should take into account that R has changed because the probe resistance is larger
than the scope resistance.

K. Measure the peak-to-peak output voltage again, and calculate what it should be for
comparison.

PROBLEM 4 - DIODE DETECTORS

In Chapter 1, we discussed amplitude modulation, which is used by AM radio stations.
We wrote the voltage as

V(t) = V. cos(2nft) + a(t) cos(2nft). (2.62)

The first term, V. cos(2nft), is the carrier, and a(t) is the audio modulating signal. We
characterize the modulation by the modulation depth, which is written as

m= ap/ Vc, (2~63)

where a,, is the peak value of a(t). Usually m is expressed as a percentage. Commercial
broadcasters monitor the modulation depth to make sure that it does not reach 100%
when a(t) is negative, or the receiver output becomes distorted. We will see this in our
measurements.

We can use a diode circuit to detect the audio signal (Figure 2.29). The circuit is a
half-wave rectifier with a capacitor. Whenever the diode is on, the capacitor charges up
to the input voltage. The bleeder resistor adjusts how fast the current leaks out of the
capacitor. This current needs to be small enough that the capacitor voltage does not drop
much during an RF cycle, but it should allow the voltage to follow the audio signal.

The function-generator settings should be for a 1-MHz, 5-Vpp sine wave with a mod-
ulating frequency of 1 kHz and a modulation depth of 70%. You need to connect a cable
from the sync output of the function generator to the oscilloscope trigger input and to
use external triggering. The modulated waveforms that you see will be difficult to trigger
on if you do not do this. Adjust the scope controls for a good display of the modulated
waveform on channel 1. Now connect the detector circuit, using the breadboard, with
the output on channel 2. The detector output should be a 1-kHz sine wave like the
modulating waveform.

Detector
diode
o—D—p——4—o
Input AM .
Function generator = Sgup?gt] aud:l)Z
Scope channel 1 3kQ 10nF
o— < . o}
Ground

Figure 2.29. An AM detector circuit.
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A. The RC time constant T needs to be considerably less than the period of the modu-
lating waveform, or the output will not be able to follow the modulation. Calculate t
and compare it with the period of the modulating waveform.

B. Compare the maximum voltage of the input AM signal with the maximum voltage
of the output audio. It is convenient to use the same voltage scale and zero-voltage
reference line on the scope for both the input and output. What would you expect
the difference of these voltages to be?

C. The time constant T should be considerably longer than the period of the carrier,
or the voltage will droop between each cycle. To see this effect, reduce the carrier
frequency to 100 kHz. Measure the voltage droop. Now calculate what you would
expect for the droop.

D. Return the carrier frequency to 1 MHz. Adjust the modulation depth to 100% and
sketch the distorted output waveform. Why does this distortion occur?

PROBLEM 5 - INDUCTORS

Inductors come in small packages that resemble resistors. Inside is a small magnetic rod
with fine wire wrapped around it. Inductors use the same color code as resistors, except
that the units are pH rather than Q. We will measure the time it takes current to build up
and decay in an inductor. Make the connections shown in Figure 2.30, using function-
generator settings for a 1-kHz, 5-Vpp square wave. At the input, use a tee to connect
channel 1 of the scope. At the output, use a tee at the scope to connect a 50-§2 load.

A. Atthe output, you should see a square wave with rounded corners. The zero-voltage
line is the half-way point for current building up or for current decaying. Measure
the time it takes to reach the zero-voltage line, t. Deduce the peak-to-peak inductor
current from the voltage across the 50-Q load.

B. Now calculate the peak-to-peak inductor current and the delay &, that we should
expect.

C. Sketch the input voltage and interpret it.

In electronic circuits it is common to use transistors as switches. Transistors have three
terminals, and by applying a current at one of the terminals, called the base, we can
make the other two terminals, the collector and the emitter, act like a switch. There
may be times when we want to switch the current in an inductor without producing a

1mH
Input o N ©  Output
Function generator Scope channel 2
Scope channel 1 ° ° with 50-Q load
Ground
Figure 2.30. Circuit for observing current buildup and decay in

inductors.
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-+ Power supply
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Input

On Ooff
Channel 2
Output ,
— Power supply
(Also scope and >
function-generator
grounds)
@) )

Figure 2.31. Making a transistor switch (a), and input and output scope traces (b).

large voltage. One example is in driving a relay. Relays are mechanical switches that
are switched on and off by magnetic forces. The magnetic forces are generated by the
current in a drive coil. Relays can control large voltages and currents with little loss, but
the drive coils are quite inductive, and they generate large voltages if the drive current
changes suddenly. You will make a transistor switch, first with a resistor load, and then
with an inductor load, and finally, you will include a diode to prevent large inductive
voltages.

To start, you will need to connect the circuit in Figure 2.31a on a breadboard. You
should leave out the inductor and diode at first. Use a tee to connect the function generator
to both channel 1 of the scope and your circuit at the same time. At the output, use a
10:1 probe on channel 2. The voltages in these measurements get rather large and will
go off the oscilloscope screen unless you use a 10:1 probe. You will need to plug in a
12-V power supply.

When you put together circuits with a transistor and a power supply, there are many
opportunities to destroy components. If your circuit does not work, and you have checked
that the connections are correct, it is possible that a component has been destroyed. You
can check resistors by measuring the resistance on a multimeter. You can also check
an inductor by checking its resistance. The 1-mH inductors should have a resistance of
around 10 Q. The other inductors you will use have much smaller inductances, and their
resistances are smaller also, an ohm or less. Inductors can either fail as open circuits if a
wire melts or as short circuits if the insulation melts.

For testing diodes, some multimeters have a diode check setting. Other multimeters
can provide a fixed current during a resistance measurement of 1 mA, and take the ratio
of voltage to current. For example, for a diode with a forward voltage of 0.6 V, the reading
would be 600 £. You do have to orient the diode correctly, by connecting the anode to the
high-voltage terminal, and the cathode to the low-voltage terminal. The same approach
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can be used to check transistors. The base—~emitter and base-collector connections are
diodes, so that a transistor can be checked as if it were two diodes.

The P2N2222A transistor comes in a plastic package with three terminals. (“P” is for
plastic.) The base is the input, the collector is the output, and the emitter is the ground
connection. Check the data sheet in Appendix D to identify the terminals. The base-to-
emitter connection is a diode, so that only positive current flows into the base, and there
is a forward voltage of about 0.6 V. When no current flows in the base, the resistance
between the collector and emitter is high, and the switch is effectively open. When
this happens, there is no current in the 2-kQ collector resistor, and the output voltage
is the same as the supply voltage. However, when enough current flows in the base,
the resistance between the collector and emitter drops, and a large current can flow,
effectively closing the switch. This causes a large voltage across the resistor, and it means
that the output voltage will be small, nearly zero. The purpose of the 2-kQ2 base resistor
is to keep too much current from flowing in the base.

The function generator should be set for a 100-kHz, 100-mVpp square wave. Increase
the input voltage until the switch begins to turn on. The output voltage should be low
when the transistor is on. When the input-voltage setting is 1 Vpp, the scope traces should
look like Figure 2.31b.

D. Now reduce the input voltage until the transistor does not turn on at all, and add
a 1-mH inductor as shown in Figure 2.32a. Increase the function-generator setting
gradually to 1 Vpp again. Sketch the output. When the transistor switches off, the
current drops rapidly, and this causes a large voltage in the inductor. This voltage
can destroy a transistor. Measure the maximum voltage across the transistor. You
should notice that when the transistor turns off, the output voltage oscillates. We call
this ringing. The ringing comes from a resonance between the inductor and circuit
capacitance.

=+ Power supply + Power supply
1mH Snubber
diode
1mH 1N4148
2
2
Output 10:1 probe c Output 10:1 probe
@ b

Figure 2.32. Adding an inductor to the switch (a), and a snubber diode to suppress
ringing (b). These figures show only the collector circuit. The base and emitter
connections do not change.
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E. We can reduce the voltage by adding a diode across the inductor as in Figure 2,32b.
This diode is called a snubber. The snubber diode limits the voltage across the
inductor to the forward voltage of the diode. Sketch the transistor voltage with the
snubber in the circuit.

PROBLEM 6 - DIODE SNUBBERS

A. Put together the circuit for the previous problem again, with the inductor in the
circuit, but no snubber diode. Examine the ringing that you see when the transistor
switches off. Measure the ringing frequency. You can do this by measuring the time
it takes for several cycles of the oscillation to be completed. You should expand the
time scale so that a few cycles of the oscillating waveform take up most of the scope
display.

B. The ringing results from a resonance between the inductor and circuit capacitance.
The circuit capacitance comes from many places, including the inductor itself, the
10 : 1 probe, the transistor, and the breadboard. Calculate the circuit capacitance from
the following formula that relates the inductance and capacitance to the resonant
frequency fy:

fr= — . (2.64)

Sketch the inductor voltage with the snubber diode in the circuit, using a scale of
2 V per large division and 2 us per large division. Identify the time when the diode
is on and the time when the diode is off. This measurement takes some thought.
When you measure the inductor voltage, it is important not to move a scope ground
connection. The two oscilloscope grounds are connected by the scope case, and they
are connected to the minus lead of the power supply through the wall plugs. If you
move a scope ground clip to the inductor, you will put the full power-supply voltage
across it. This will destroy the inductor. One way to approach the measurement is
to use the plus lead of the power supply as a reference. Attach the scope probe to
it and adjust the vertical position control to set the trace on the center line of your
screen. This becomes your reference, and you can then move the probe to the other
end of the inductor to measure the inductor voltage.

C. You should find that the snubber diode is on all of the time that the transistor is
off. Measure the forward voltage of the diode during the middle of the off time.
Calculate how long the diode would stay on if the current were allowed to run down
completely. Start by setting the diode voltage equal to the inductor voltage so that
you can calculate the derivative of the current. You can figure out the initial current
by measuring the collector-resistor voltage.

D. Now decrease the square-wave frequency to 30 kHz so that you can see the diode
turn off. How long does the diode actually stay on?
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