Fall 2023

General Physics: Electromagnetism, Correction 7

Exercise 1 :

Consider the circuit below. The internal resistance of the battery is r = 1 €2, the resistance of
the resistor is R = 10 2. What is the EMF' of the battery, if the heat power delivered on the
resistor is P = 40 W? How much of heat energy W will be delivered in the battery during 1 hour?
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Figure 1: Simple circuit with a battery and a resistor.

Solution 1 :

The relation between the potential difference AV or simply V applied to the resistor and the
EMF of the battery is given by:

AV=FMF —-1-r <— EMF=AV +1.r (1)
where [ is the current in the circuit.

For the electric power P delivered in the resistor one can write:

-2 -

P I’R (2)

Therefore we find the following expressions for AV and I:

AV = VPR (3)



P
Y 4
R (4)
Substituting AV and [ in (8) we get:

P 4
EMF = VPR + E-T:\/4OW-IOQ+\/1(())—I?Z/'1Q:22V (5)

The same current goes through the resistor and through the battery. Therefore, the heat delivered
in the battery:
P 40w

WB:F.r-t:E~r~t_m—9~19-36003:14.4kj (6)

Exercise 2 :

Two 100 Q light bulbs are connected (a) in series and (b) in parallel to a 24 V battery. What
is the current through each bulb in both cases? For which circuit will the bulbs be brighter?
Hint: The more power consumed, the brighter the bulb.

(a) (b)

Figure 2: Series (a) and parallel (b) circuit of two light bulbs powered by a battery.

Solution 2 :

(a) In series, the total resistance is given by the sum of the resistances, so we get

Req - Rl + R2
V = IRy
V =1(R, + Ry)

I =V/(Ri+ Ry) =24 V/(100 Q + 100 Q) = 0.12 A
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Figure 3: Schematic for the series case.

(b) In parallel, the total resistance is given by a parallel combination, so we get

1 1 1 1 1

R R Ry 1000 1000
Req =50 Q2
V =1IRy=1=V/Ry
24V
I = —0.48 A
500 A8
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Figure 4: Schematic for the parallel case.

The power consumed by the light bulbs is given by P = RI?. Therefore, P = (0.12 A)? x 100 Q =
1.44 W in the series case and P = (0.24 A)? x 100 Q = 5.76 W for the parallel case, so the light
bulbs are brighter when connected in parallel to the battery.

Exercise 3 :




Determine the equivalent resistance of the “ladder” of equal resistors R shown in the figure

below. In other words, what resistance would an ohmmeter read if connected between points A
and B?
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Figure 5: "Ladder" of resistors.

Solution 3 :

The three resistors on the far right are in series, so their equivalent resistance is 3R. That
combination is in parallel with the next resistor to the left, as shown in the dashed box in the figure
below.
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The equivalent resistance of the dashed box is found as follows:

1 1\ "' 3
Rg=|5+55] =R 7
a (R+3R) 4 (7)

This equivalent resistance of %R is in series with the next two resistors, as shown in the dashed
box in the figure below.



The equivalent resistance of that dashed box is:

311
e :2 _— = —
Rep=2R+TR=—R (8)

Ry is in parallel with the next resistor to the left, as shown in the figure below.

The equivalent resistance of that dashed box is found as follows:

14\ " 1
Reqs = <}—2 + ﬁ) =l (9)

R.3 is in series with the remaining two resistors, the ones connected directly to A and B. The
final resistance is given as:

11 41
Riow = 2R+ Ry = 2R+ -R = =R (10)

Exercise 4 :

Calculate the current in each resistor inside the circuit shown below.
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Figure 6: Circuit with two batteries and resistors.

Solution 4 :

There are three currents involved, and so there must be three independent equations to de-

termine those three currents.

One equation comes from Kirchhoff’s junction rule applied to the junction of the three branches

at the top center of the circuit.
Il - 12 + 13 (11)

Another equation comes from Kirchhoft’s loop rule applied to the left loop, starting at the negative
terminal of the battery and progressing counterclockwise.

o8V — I - 12090 — I - 822 — I, - 640 = 0 — 2021 + 641, = 58 (12)

The final equation comes from Kirchhoft’s loop rule applied to the right loop, starting at the
negative terminal of the battery and progressing counterclockwise.

3.0V —1I3-25Q0 + I - 640 — I3 - 11092 = 0 — —6415 + 13515 = 3 (13)

Substitute equation (25) into the left loop equation (26), so that there are two equations with two
unknowns.

20211 4 641, = 58 — 202(Iy + I3) + 641, = 58 — 26615 + 20215 = 58 (14)



Solve the right loop equation (27) for I and substitute into the left loop equation, resulting in an
equation with only one unknown, which can be solved.

13515 — 3

— 641, + 13513 =3 — I, = 6;4 (15)
13575 — 3

2661y + 20215 = 58 — 266— °— +202[3 =58 — [I; = 0.092354 (16)
13505 — 3 135-0.09235A — 3

I = 61 = = =10.14794 (17)

I = I, + Is = 0.1479A 4 0.09235A = [0.24025A (18)

The current in each resistor is as follows:

’ 1209Q: 0.24A 820 0.24A  649Q: 0.15A  25Q: 0.092A 1102 0.092A ‘

Exercise 5 :

A good battery of a car is used to start a second car with a low battery. The good battery has
an FMF of 12.5 V and an internal resistance of 0.020 €2. Let’s suppose that the low battery has
an EMF of 10.1 V and an internal resistance of 0.10 2. The cables have a resistance R; = 0.0026
2 each and can be connected as shown in the figure below. Let’s suppose that all the rest of the
car can be represented as a R. = 0.15 Q.

1. Find the current I3 flowing into the starter motor if only the low battery is connected;

2. Find the current flowing into the starter motor if now also the good battery is connected.
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Figure 7: Schematic of the equivalent circuit.

Figure 8: Two batteries, a good one and a low one, connected as shown in the circuit on top.

Solution 5 :

1. The circuit containing just the low battery and not the jumper cables is simple: one EMF of
10.1V connected to two resistances in series, 0.10€2 + 0.15¢2 = 0.25). The current is then:
V. 10.1V

! R 0.25Q 0 (19)



2. Apply Kirchhoff rule for the complete outer loop:

125V—Il(2RJ+T1) —IgRS =0 (20)
12.5V — 1, - 0.025Q — I3 - 0.152 = 0 (21)

The rule for the bottom loop with the low battery and the starter is:
10.1V — I3-0.15Q2 — I, - 0.102 = 0 (22)

In point B we have: I + Iy = I3. Using this relation, we can eliminate I; from equation (35)
and hence we get the following system of equations:

12.5V — (I — I,) - 0.025Q — I - 0.15Q = 0 (23)
10.1V — I3 - 0.15Q — I, - 0.10Q = 0 (24)

By combining this two equations we find that I3 = 71A. This current is better than what
was found in 1. The values for other currents are Iy, = —5A and I; = 76A. Note that I, is in
the opposite sense than the one indicated in the figure. A circuit like this efficiently charges
the low battery.

Exercise 6 :

Electronic devices (like computers for example) usually use RC circuits to protect against current

failure (as shown in the Figure 1). If the power source stops working (which can be represented
by opening the switch S), the capacitor will supply voltage in the circuit until it discharges. If the
protective circuit has to maintain the supply voltage at at least 75% of the full voltage for 0.20 s.
What is the resistance R needed to maintain this voltage? The capacity of the capacitor is 8.5 uF.
Suppose that the electronic device attached to the circuit consumes negligible current.

_  Circuit R
protecteur

_I_
( N

Puissance Panne de courant

8 Appareil
-+____.7 électronique

Figure 9: Scheme of an example of a protection circuit in electronic devices.

Solution 6 :

If everything works correctly, the capacitor is completely charged by the power supply. Hence,
the voltage in the capacitor is the same as the voltage of the power supply and there will not be

9



any current going through the resistance. If there is an interruption, the voltage in the capacitor
will decrease exponentially (i.e. the capacitor is discharging). We want the voltage at the terminals
of the capacitor to be 75% of the full voltage after 0.20 s. The equation of the capacitor discharge
is:

V = Vye me (25)
0.75Vp = Ve e (26)
0.75 = ¢~ 7" (27)
0.20 s

In(0.75) = — 2

n(0.75) — (28)
0.20 s

R= 29
in(0.75) - C (29)

0.20 s
R=- =[81790 O 31
In(0.75) - 8.5 - 100 F (31)

Note that the electronic device has to be directly connected to the capacitor.

Exercise 7 :

Consider a circuit below that contains several resistors R = 5 (), two batteries with emf = F

each, switch S and capacitor C' = 107°F. At time t = 0 the capacitor has no charge and the switch
closes.

Figure 10: Circuit with two batteries, a switch and multiple resistors.

(a) Draw a simplified equivalent circuit of this initial complex circuit.

(b) Determine the time-constant for charging the capacitor (use the solution of the differential
equation for a RC circuit powered by a battery from the lecture).
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Solution 7 :

(a) The simplified circuit reads:

)
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L

Figure 11: Simplified circuit

where Ry was calculated the following way:

1 1
RQZR—FR‘F(ﬁ—Fﬁ)—FR:ZlR (32)
and R3 was calculated the following way:
Rs =R+ i+i +R=3R (33)
o 2R ' 2R -

(b) First we apply Kirchhoff’s rules and then we solve the differential equations that link charge
and current on C.

1) Consider the two loops as shown in Figure 11. The choice is arbitrary, but this coin-
cides with positive potentials of both batteries which is more convenient.

2) Define the directions of the currents in the upper loop. Here it is taken in the direc-
tion of the loop. At the junction point A the current I; splits into I, and I3. The direction
of the current I3 is therefore defined. It is equally possible to consider the lower loop or the
second junction point.

3) Kirchhoff’s rules are applied for the junction A and the two loops. Remember, the current
is positive, if it is in the same direction as the loop.

I =1+ I (34)



E=15Ry+Q/C+ I,Rs + L R (upper loop) (35)

E = —I,R; (lower loop) (36)

The equation for charging the capacitor is:

dQ)
ML 37
4) Solving the system of equations:
Plug in (37) and (36) into (35):
dQ Q dQ)
- % g% —92E
E="f-(Ry+R)+ 5~ E— —£.5RC + Q =2EC (38)
% 5RC = 2BC — Q (39)

After solving the differential equation (39) which is the same type of equation as for a trivial
RC circuit:

dQ ot

%-rc:ec—Q — Q=c-c-(1l—e ) (40)
Here r = 5R and € = 2E. Therefore:

Q=2EC - (1 — ¢ 50) (41)

Finally, the time constant 7 for charging the capacitor is:

T=5RC =5-5Q-10°F =25-10"% 5 =25 us (42)
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