BY EDWARD M. NOLL
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PART TWO:

N THIS second installment on

using the hand-held scientific cal-
culator to learn electronics, we cover
reactance, RC time-constants, and
phasor calculations. As you will soon
see, it is in the realm of ac mathemat-
ics that the scientific calculator is
especially useful. Calculations involve
finding squares and square roots of
numbers. The numbers used in calcu-
lations are often very small, in the
micro (10~%) and pico (10~'¥) ranges;
while frequencies are in the
megahertz (10%) range. Right-triangle
and phase calculations involve volt-
ages, currents, and impedances in ac
circuits.

Calculating Reactance. Simply de-
fined, reactance (impedance) is the
opposition an inductor (coil, trans-
former, etc.) or capacitor has to the
flow of ac charges. It is expressed in
ohms. Reactance is similar to the op-
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position to the flow of current pre-
sented by a resistor in a dc circuit but
is considerably more complex in na-
ture.

Inductive reactance can be calcu-
lated from the equation X, = 2nfL,
where f is the frequency in hertzand L
is the inductive value in henrys. Using
this equation, what is the reactance of
a 20-H choke at 60 Hz? Your keyboard
entries for solving this problem would
be:

2xmnx60x20 =

Display: 7539.82237
After rounding off, the answer would
be approximately 7540 ohms.

Now, what is the inductive reac-
tance of a 12-pyH coil at 4 MHz? The
solution is:

2xXxnx4EEB x 12 EE +/-

6 = Display: 301.5928948
After rounding off, the answer would
be 302 ohms.

To calculate capacitive reactance,
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you use the formula X. = 1/(2nfC).
Again, f is frequency in hertz, while C
is capacitance in farads. Now, what is
the reactance of an 8-uF capacitor at
60 Hz?
2xmnx60x8EE+/-6
= 1/x Display: 331.572798
The answer is roughly 332 ohms.
What is the reactance of a 100-pF
capacitorat4 MHz? The key sequence
for solution of this problem is:
2xnx4EE6 x 100 EE
+/— 12 = 1/x
Display: 397.8873577
Rounded off, the answer is 398 ohms.

R
s00K
T=RC
V=00V 4 Vo= v (/- t/e)
COBuF = V(/-eTt/T)
Fig. 1.
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RC Time Constant. The time con-
stant of acircuitis the product of resis-
tance and capacitance and is expres-
sed asT = RC,where Tisinseconds, R
is in ohms, and C is in farads. There-
fore, if you wish to know the time con-
stant for the component values shown
in the Fig. 1, your keyboard entries
would be:

5EE5 x .02EE +/— 6 =

Display: 0.01 (second)

The answer can also be expressed as
10 ms (milliseconds).

The instantaneous voltage across a
capacitor is an exponential related to
the base e (2.718281828 obtained by
operating the e* key twice). The for-
mula V, = V(1 — e /") is used for
determining the voltage across a
capacitor at any given time after
power is initially applied to the circuit.
Therefore to determine the voltage
across the capacitor in Fig. 1 50 ms
(0.05 second) after power is applied,
the keyboard sequence would be:

100 x {1 - (+/—.05=+5

EE5 + .02EE +/- 6)e*]

= Display: 99.3262053
Note however that if you already know
the time constant, you can simplify
keyboard entry using the formula V. =
V(1 -elm)

100 x [ 1 — (+/— .05 + .01

)e*] = Display: 99.3262053
In both cases, you obtain the same
answer—about 99.3 volts.

if time constant T and time period t
for the Fig. 1 circuit were both 0.01
second, —t/RC = —0.1/0.1 = —~1. Using
—1 as the exponent of e, we get:

100 — (100 x +/—1e¥) =

Display: 63.2120559
This calculation verifies the rule that
states that, in one time constant, a
capacitor charges to 63.2% of the
maximum voltage in the circuit.

Now, what is the voltage across the
resistor when —t/RC = —1? Since V =
Vi + Vi, Ve = V—V,:

100 — 63.2120559 =

Display: 36.7879441
Hence, the voltage across the resistor
at the end of one time period is ap-
proximately 36.8 volts.

Ac Time Constant. Time constant is
important when sine waves are
Z =VR? + %2
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Fig. 4.

applied to resistor, capacitor, and in-
ductor combinations. In the case of a
sine wave, you cannot consider the
voltage being applied as a constant as
you do in dc circuits. Instead, the po-
tential builds up gradually to peak
amplitude. The reaction of the
resistor-capacitor combination
shown in Fig. 2 to the sine wave is a
factor of frequency and the time con-
stant of the network.

When the time constant is long
compared to the period of the sine
wave, the capacitor does not charge
and discharge fully because the
sine-wave variations are much faster
than the time required to charge and
discharge the capacitor by any ap-
preciable amount. Consequently, the
ac variations appear in their entirety
across the resistor and not across the
capacitor.

At low frequencies, where the
sine-wave period is longer than the
time constant, the capacitor does
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same number system. Then continue
to work the problem:

79.6 X2 + 500 x2 = V'x

Display: 506.2965139
Hence, the circuit's impedance is
roughly 506,300 ohms.

Now, at what frequency will X. = R?
The second equation in Fig. 2 allows
us to derive the third equation, which
is the one used for determining the
frequency. Note that the denominator
in the third equation contains the RC
time-constant statement. Therefore:

2 xmx.01=1/x

Display: 15.9154943 (hertz)

If a 10-volt, 15.9-Hz signal is applied
to the Fig. 2 circuit, how will the volt-
age divide? Inasmuch as reactance
and resistance are basically the same,
one might jump to the conclusion that
5 volts would appear across the resis-
tor and 5 volts across the capacitor,
This would be an incorrect assump-
tion. Actually, 7.07 volts would appear
across both elements. This does not

I ¢ Vo IN PHASE
Vo LAES I P0°
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charge and discharge an appreciable
amount. Therefore, there is likely to be
a significant or even a great voltage
variation across the capacitor, with a
correspondingly lower variation
across the resistor. To demonstrate
this relationship, refer to Fig. 3. Note
that capacitive reactance X, lags
resistance R by 90°. Therefore, the
total impedance, Z, in the series RC
circuit is a vector value somewhere
between the resistive and reactive val-
ues. When you graph the values, a
right triangle will result, with impe-
dance Z becoming the hypotenuse.

To determine the impedance of the
Fig. 2 circuit, use the first equation
shown. Start by solving for X

2 xn x 100 x .02 EE +/-

6 = 1/x Display: 79577.47151
Round off and convert the result to
79.6 k so that R and C are both in the

mean that the applied voltage is 14.14
volts because a vector relationship
exists.

The angular relationship can be bet-
ter understood by examining Fig. 4.
The same current flows through both
components. The voltage across the
resistor is in-phase with the current,
but the voltage across the capacitor
lags the current by 90°. Therefore, the
capacitor voltage lags the resistor vol-
tage by 90°, which means that the re-
sultant must fail between the two. To
determine the value of applied voltage
Vg, use the formula given in Fig. 4. So,
assuming V. = V, = 7.07 volts:

7.07 x2 + 7.07 x2 =V x_

Display: 9.998489885
This proves that with a source poten-
tial of 10 volts, the voltages across the
resistor and capacitor are both 7.07
volts when X, = R.

59



The same phase relationships exist
between resistance, impedance, and
reactance as shown in Fig. 5. Again,
the right triangle is the basis of the
phasor. With this in mind, calculate
the reactance of the capacitor in Fig. 2
when f = 15.9 Hz:

2xnx 159 x .02 EE +/- 6

= 1/x Display: 500487.2423
Note that the answer, after rounding
off, is very close to the 500,000-ohm
value of the resistor. Assuming R = X,.
= 500 k, calculate Z:

500 x2 + 500 x2 =V x

Display: 707.1067811 (kilohms)

Ac Trigonometry. The modern
hand-held scientific calculator per-
mits the student of electronics to dis-
pense with trigonometry tables when
calculating angles. We find extensive
use of sin, cos, and tan functions in ac
vector calculations, as well as their arc
functions (sin~', cos™!, tan~'). The im-
portant relationships for the impe-
dance vector are: sin 8 = X/Z; cos 8 =
R/Z; and tan 8 = X/R.

Knowing that reactance X,. is equal
to resistance R, both being 500
kilohms, for the Fig. 2 circuit, tan 8 =
X/R = 500 k/500 k = 1. From this, we
can calculate the phase angle, 8 =
tami! i

1 tan—t Display: 45 (degrees)
Once you know angle 8 and resistance
R, you can find the impedance from
the formula Z = R/cos 9:

5EE 5 + 45 cos =

Display: 707106. 7813 (ohms)

This proves that the impedance of the
circuit is approximately 707,000 ohms
and not the simple arithmetical sum-
mation of X and R.

The angle at which X = R is 45°. For
other frequencies and otherreactance
ratios, the same equations can be

Fig. 5.

used. If any two quantities (X, R, Z) are
known, angle 8 can be calculated. The
impedance can then be calculated.
Likewise, when any two of the voit-
ages are known, the third can be de-
termined. A few examples will help to
demonstrate these relationships in a
series RC circuit.

First, in a series RC circuit that is to
have an angle 6 of 30°, X, is 10,000
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ohms. What resistor value is required ?
Using the formula R = X//tan 8, the
calculator procedure would be:

10000 + 30 tan =

Display: 17320.50811 (ohms)

The answer is approximately 17,320
ohms.

Next, calculate the impedance of a
series RC circuitwhen X is 2000 ohms
and R is 4000 ohms. Using the formula
8 = tan~! (X/R), we get:

2000 + 4000 = tan™!

Display: 26.5650511
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Fig. 6.

Then we find impedance using the
formula Z = R/cos 6:

4000 -+ 26.5650511 cos =

Display: 4472.135954 (ohms)
Now, prove that the above answer is
correct by using the impedance for-
mula:

2000 x2 + 4000 x*> = V' x

Display: 4472.135954
Asyou can see, the answer checks out
down to the last decimal place.

Finally, in a series RC circuit, R is
150 kilohms and fis 12,000 Hz. At what
value of C will X, be 500 kilohms? Start
by solving for angle 6 using the for-
mula 8 = cos™! (R/2):

150 + 500 = cos™!

Display: 72.5423969
The tangent equation can then be
used to determine the required reac-
tance to obtain a 72.54° angle:

150 x 72.5423969 tan =

Display: 476.969601
The final step is to determine the value
of C that will produce a 476.97-kilohm
reactance at 12,000 Hz. Use the for-
mula X. = 1/(2nfC):

2 xmn x 12 EE 3 x 476.96901

EE 3 = 1/x

Display: 2.780659563 —11
Hence, after rounding off the result,
we know that the capacitor must have
avalue of 0.0278 uF when used with a
150-kilohm resistor to provide the re-
quired impedance at 12,000 Hz.

Parallel RC Circuits. In a parallel
resistor-capacitor circuit, the applied
voltage appears across both ele-
ments. (In any parallel circuit, the
same voltage appears across each

paraliel leg.) The current, however, di-
vides into separate components as a
function of resistance and reactance.
Likewise, the source current and the
angle are related to the absolute and
relative values of resistance and reac-
tance.

In the resistive leg, the voltage and
current are in-phase. Since source
voltage Vg and capacitor voltage V.
are in paraliel with resistor voltage Vg,
they are in-phase with resistor current
Iz as shown in Fig. 6. Capacitive cur-
rent |. must lead capacitor voltage V,
by 90° as shown. Therefore, in the
parallel RC circuit, the source current
must also lead resistor current.

The above relationship demon-
strates that source current is not a
simple summation of the resistor and
capacitor currents. It is the vector
sum:

ls = VIZF 1z

Since the voltages across R and C
are the same as the source, we can
deal simply with impedances, so that

(12)? = (I/R)? + (/XY
orZ = RX. /| VRE+ X
Impedance, therefore, is a product
over sum relationship, much as is the
case in which two resistors are con-
nected in parallel. However, note that
instead of a simple sum, a vector sum
is required in the denominator.

s %R
Pore w92
Vs R
- T
% 120.0

Fig. 7.

Calculate the impedance of the Fig.
7 circuit:

120 1/x x* + 120 1/x x2 =

V'x 1/x Display: 84.85281381
or 120 x 120 + (120 x2 + 120

x?)V x = Display: 84.85281378
For all practical purposes, both
answers are identical. Since R and X,
are equal, the calculations could have
been simplified as follows:

120 1/x x* x 2 =V x 1/x
or120 x* + (120 x* x 2)

V= ‘

Answers in all cases will be within
six-digit accuracy.

What is the source current if the
source potential is 24 volts in Fig. 7?
From Ohm’s Law, we know that I =
Vy/Z. Therefore

24 + 84.8528138 =

Display: 2.828427123 —01
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Translated, I is approximately equal
to 283 mA.

A right triangle shows the vector re-
lationship with angle 8 between
source current I; and resistor current
lp, as in Fig. 6. The appropriate equa-
tions are: tan 8 = I/l = R/X,; cos 8 =
Ik/ls = Z/R; and sin 8 = I./ly = Z/X,.
Now, using the tan 6 formula, deter-
mine angle 8 for the Fig. 7 circuit:

120 + 120 = tan~' Display: 45
Again, as in the series RC circuit, = 45°
when X = R

Calculate I and I, for the Fig. 7 cir-
cuit. Use the sin 8 and cos 6 formulas
— . = l; sin 6:

.282842712 x 45 sin =

Display: 1.999999993 —01
and Iy = I, cos 8:

.282842712 x 45 cos =

Display: 1.999999996 —01
Now find the vector sum of |- and I;:

.199999999 x? + .199999999 x?

=V'x Display: .282842711

When X and R are not equal, the
current in the circuit divides in ac-
cordance with the ohmic values of the
reactance and resistance. With this in
mind, calculate Z and I, for the Fig. 8
circuit;

100 x* 1/x + 10 x2 1/x =

V'x 1/x Display: 9.950371903
or 100 x 10 + (100 x* + 10

)V x =

Display: 9.950371903
Source current |, can then be calcu-
lated:

100 + 9.950371903 =

Display: 10.04987562
Phase angle 8 becomes:

100 -~ 10 = tan™!

Display: 84.2894069
From the answer obtained, it is obvi-
ous that this circuit is highly capaci-
tive, since angle 8 is much greater

Fig. &

than 45°, Reactive current|.is 10 times
greater than resistive current |;; and
source current I leads source voltage
V. by a substantial amount.

Coming Up. This ends the second
part of our series on using the hand-
held scientific calculator for learning
electronics. In the third and final part
of the series, we will be covering fre-
quency response and resonance, RC
coupling, basic amplifier calculations,
and RLC circuits. @®
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