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AP® Physics 2: Algebra-Based 2024 Scoring Guidelines

Question 3: Quantitative/Qualitative Translation 12 points
(a)(i)  For correctly determining the total resistance R, of the circuit 1 point
Example Response
SR
Rigtal = 3
For a multi-step derivation that includes correct substitutions of £ and R, into the 1 point

equation that describes Ohm’s law, consistent with the first point of part (a)(i)

Example Response

3¢

I =3g

Example Solution
Determine the total resistance of the circuit.
The resistance of the right-most branch containing resistors connected in series:
R, = ZR[
i
R, =R+R
R, =2R
The resistance of parallel branches that contain resistors:

1 1
R CLE

p

o113
R, R 2R 2R
2R

f =3

The total resistance of the circuit:

R =D R
1

2R 5R
R = R+ ===

The total current in the circuit:

=AY _ 3¢
R SR

© 2024 College Board



AP® Physics 2: Algebra-Based 2024 Scoring Guidelines

(a)(ii) For applying a result of Kirchhoff’s law and/or Ohm’s law that relates the current in Rs3 to 1 point
one of the following:
e The current in or potential difference across R,
e The current in or potential difference across R,
e The potential difference across R;

Example Responses

I
One-third of the total current in the circuit is in Ry : I3 = ?1
OR
OR

AV, = AV; + AV,

For a correct expression from a multi-step derivation that is consistent with the final 1 point
expression in part (a)(i)

Example Response

£

==
5R

Example Solutions

AV, = AV, + AV,
LRy, = I;(Ry + Ry)

1
I, ==
373
[5%)
SR
I = 2
T3
_ &
5=3R
OR

One-third of the total current in the circuit is in Ry. Therefore, I = SR

Total for part (a) 4 points
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AP® Physics 2: Algebra-Based 2024 Scoring Guidelines

(b) For drawing a bar that indicates that the potential difference across R; is nonzero and is 1 point
equal to the potential difference across R,

For drawing a bar that indicates that the potential difference across R, is nonzero and is 1 point
equal to the sum of the potential differences across R; and R,

For drawing all bars correctly 1 point

Example Response

AV

Y

Total for part (b) 3 points
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AP® Physics 2: Algebra-Based 2024 Scoring Guidelines

()

For indicating that the equation is correct or incorrect, consistent with the derivations in
part (a) or the bar chart from part (b), with an attempt at a relevant justification

1 point

For a justification that correctly relates P to at least one of the following:

e The potential difference across the battery
e The current in the battery
e R,,R,,R;,and R,

1 point

2
For a justification that relates the equation P = 35% to at least one of the following:

e The bar chart from the response in part (b)
e The derivations in the responses to parts (a)(i) and (a)(ii)

Scoring Note: The justification must be consistent with the derivations in part (a) or the bar
chart from part (b).

1 point

Example Solution

The equation is correct. The equation for P, which is power, can be written as
(Y
R

. According to the bar chart in part (b), the potential difference across the

battery is £. The total resistance of the circuit is % according to the derivation from

2 2
part (a)(i). Therefore, P = (AZ) _ ((g) _ 3;‘; .
3

Total for part (c)

3 points

(d)

<P

[

For selecting that P, riginal With an attempt at a relevant justification

cw

1 point

For a correct justification that indicates at least one of the following:

e The current in R, is less in the new circuit than in the original circuit

o The potential difference across R is less in the new circuit than in the original circuit

1 point

Example Response

P

new < Foriginal - Since the emf of the battery is the same in the new circuit and the total

resistance of the new circuit is greater, the current in R, is less in the new circuit.

Therefore, P, is less than P,

ew riginal -

Total for part (d)

2 points

Total for question 3

12 points
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P2 Q3 Sample A p1of 3
A |

Question 3 o

Begin your response to QUESTION 3 on this page.

1.
.
YW—<
L
el
-
AA
v

—

P

2]
ol
A A
¥y

3. (12 points, suggested time 25 minutes)

A circuit consists of an ideal battery of emf £ gnd
resistance R, as shown in Figure 1.

(a) For parts (a)(i) and (a)(ii), express your answers in terms of numerical values, £, and R
i. Derive an expression for the current I; in Resistor R;. pﬂ P'+L > )

IV . ¢

ii. Derive an ion for the current I; in Resistor R,
expressi F_____L_ 3

—

= ""I e = -'}_ = T
\13“46 | & 56_ e

%E 5 13”44(3.9-)

Unauthorized copying or reuse of this page Is Illegal. Page 8 GO ON TO THE NEXT PAGE.

Use a pencil or a pen with black or dark blue ink. Do NOT write your name. Do NOT write outside the box.
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P2 Q3 Sample A p2 of 3

o Question 3

Continue your response to QUESTION 3 on this page.

(b) The partially completed bar chart in Figure 2 shows a bar that represents the absolute value | AV| of the
potential difference across the ideal battery.

* In Figure 2, draw a bar to represent | AV across each resistor, relative to the emf £ of the ideal
battery.

* The height of each bar should be proportional to the value of | AV| represented by that bar.
If | AV is zero, write a “0” in that column.

£

_____________________

jav

Battery R, R, R; R,

Figure 2

A student claims that the rate at which energy is dissipated (power) by the circuit can be expressed

3g?
wP=x

(c) State whether the expression for P is correct or incorrect. Justify your answer by referring to the derivations
from part (a) or the bar chart from part (b).

This awm@m1h»aﬂw* :Faskmmm-h be w&‘% TV, wJ
T s cadelehd b be lé:)in pet (9. G‘MMV €,

utudnw*"l% dokis -I:S-(;“g' or f= .5.(_85)

mumm«mmdhwbm Page 9 GO ON TO THE NEXT PAGE.
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P2 Q3 Sample A p3 of 3
A |

Question 3 *

Continue your response to QUESTION 3 on this page.

Figure 3

When the ideal battery is connected in the original circuit, the raté at which energy is dissipated by Resistor Ry
i8 Poriginal- The ideal battery is now replaced with a nonideal battery of emf £ and internal resistance r to form
the new circuit shown in Figure 3. The rate at which energy is dissipated by Resistor R, in the new circuit

i8 Poew-

(d) Indicate whether F,,,, is greater than, less than, or equal to Fygin)-
Foew > Foriginal Y Few < Fuiginal Frew = Foriginal

Bnuﬂyjuﬂtyyommwu o @u}ﬂbu:hs 4{54!‘_2_, H
QSM"F C‘Sﬁl—ﬁk H,— 50 the currert 2

i WLMAWH’W“M,,
mm& ol e e %“““1’4}%?‘!
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Question 3

Begin your response to QUESTION 3 on this page.

Figure 1
3. (12 points, suggested time 25 minutes)

A circuit consists of an ideal battery of emf £ and four identical resistors R;, R;, R3, and Ry, each of
resistance R, as shown in Figure 1.

(a) For parts (a)(i) and (a)(ii), express your answers in terms of numerical values, £, and R only.
i. Derive an expression for the current J; in Resistor R;.

ii. Derive an expression for the current /; in Resistor Rj.

£-¢ =€, | .
Ig.‘, :'13

pX} 34
K= DR
3
Unauthorized copying or reuse of this page is illegal. Page 8 GO ON TO THE NEXT PAGE.

Use a pencil or a pen with black or dark blue ink. Do NOT write your name. Do NOT write outside the box.
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P2 Q3 Sample B p2 of 3

® Question 3

Continue your response to QUESTION 3 on this page.

(b) The partially completed bar chart in Figure 2 shows a bar that represents the absolute value | AV| of the
potential difference across the ideal battery.

* In Figure 2, draw a bar to represent | AV| across each resistor, relative to the emf £ of the ideal
battery. _

* The height of each bar should be proportional to the value of | AV| represented by that bar.
If |AV/| is zero, write a “0” in that column.

i

Battery R, R, R, R,

Figure 2

A student claims that the rate at which energy is dissipated (power) by the circuit can be expressed

as P = ?R—
(c) State whether the expression for P is correct or incorrect. Justify your answer by referring to the derivations
from part (a) or the bar chart from part (b).

Tre egessioh is  oifect

R €= _ zg2 Decaude {rom Pt Q)
P— S T ——— K= 5“@
3 Bee - TV 3
Unauthorized copying or reuse of this page Is illegal. Page 9 GO ON TO THE NEXT PAGE.

Use a pencil or a pen with black or dark blue ink. Do NOT write your name. Do NOT write outside the box.

E E B R R EER
@ o e o° o o ® & o o000




P2 Q3 Sample B p3 of 3

Question 3

Continue your response to QUESTION 3 on this page.

‘f""

2

vy

R,3

]

l‘?;

Figure 3

When the ideal battery is connected in the original circuit, the rate at which energy is dissipated by Resistor R,
is Fyriginal- The ideal battery is now replaced with a nonideal battery of emf £ and internal resistance r to form
the new circuit shown in Figure 3. The rate at which energy is dissipated by Resistor R, in the new circuit

is Bew

(d) Indicate whether F,.,, is greater than, less than, or equal to Fyiging-

g

——— Foew > Foriginal new < Foriginal ——— FBuew = Foriginal

Briefly justify your answer.

Wik Ahe (vreenal ©

eo® crcant, £ @) OeceaE o) e ov
of e c,\rwu\' o\ inueaSe, Sinee  cesistane S
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P2 Q3 Sample C p1 of 3

Question 3 ®

Begin your response to QUESTION 3 on this page.

1
AMA
Yy

-
e
AAA
v

S| — |
R Ry BT %]
= F‘('}"
Figure 1 rfe,te.)
By (hat P
- y =z
3. (12 points, suggested time 25 minutes) o Fﬁi

A circuit consists of an ideal battery of emf £ and four identical resistors R;, R;, R3, and Ry, each of
resistance R, as shown in Figure 1.

(a) For parts (a)(i) and (a)(ii), express your answers in terms of numerical values, £, and R only.
i. Derive an expression for the current J; in Resistor R;.

dV:m.
£« 1R

ii. Derive an expression for the current I; in Resistor Rj.
Lyulk

Unauthorized copying or reuse of this page Is illegal. Page 8 GO ON TO THE NEXT PAGE.

Use a pencil or a pen with black or dark blue ink. Do NOT write your name. Do NOT write outside the box.




L Question 3

Continue your response to QUESTION 3 on this page.

(b) The partially completed bar chart in Figure 2 shows a bar that represents the absolute value |AV| of the
potential difference across the ideal battery.

* In Figure 2, draw a bar to represent | AV| across each resistor, relative to the emf £ of the ideal
battery.

* The height of each bar should be proportional to the value of | AV/| represented by that bar.
If | AV is zero, write a “0” in that column.

A student claims that the rate at which energy is dissipated (power) by the circuit can be expressed
3€?

MPS'?;.

(c) State whether the expression for P is correct or incorrect. Justify your answer by referring to the derivations
from part (a) or the bar chart from part (b).

"*'bQ Lppv!\&i\?ﬂ {'V P s cprr(f,+

Unauthorized copying or reuse of this page is illegal. Page 9 GO ON TO THE NEXT PAGE.
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P2 Q3 Sample C p3 ofg

Question 3

Continue your response to QUESTION 3 on this page.

——————
vy

Figure 3

When the ideal battery is connected in the original circuit, the rate at which energy is dissipated by Resistor R,
is Firiginal- The ideal battery is now replaced with a nonideal battery of emf £ and internal resistance r to form
the new circuit shown in Figure 3. The rate at which energy is dissipated by Resistor R, in the new circuit

is Poy-

(d) Indicate whether P, is greater than, less than, or equal to Pyiginy-

o P> Puigd - Pew<Prignd  —— Prew = Prigina

Briefly justify your answer
bﬂ"l‘l(vy cleanged e el 4, woniclen | with Fptunea)
YeSIStaw L . more reystance glowey roft GO Meil
Mty dRnps
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AP® Physics 2: Algebra-Based 2024 Scoring Commentary

Question 3
Note: Student samples are quoted verbatim and may contain spelling and grammatical errors.

Overview

The responses were expected to demonstrate the ability to:

e Determine the equivalent resistance of a circuit containing resistors in both series and parallel.

e Derive mathematical expressions for the current in a resistor in series with the battery and the current in a
resistor on a parallel branch of a circuit using Ohm’s law and Kirchhoff’s laws.

e Demonstrate understanding of the relationships among potential differences across each resistor in a circuit
through the use of a bar chart.

e Analyze a given expression for power to determine if it is correct based on previous circuit analysis.

e Apply functional dependence to determine how the addition of a nonideal battery to a circuit affects the rate
at which energy is dissipated across a resistor in the circuit.

Sample: 3A
Score: 12

Part (a) earned 4 points. The first point was earned for correctly determining the total resistance of the circuit in
terms of R . The second point was earned for showing a multi-step derivation that correctly substitutes the emf
and the determined total resistance into Ohm’s law. (Note: A correct response with no supporting work can earn
the first point of part (a)(i) but not the second point.) The third point was earned for correctly relating the current

I; in R5 to “F;” using Ohm’s law and then using Kirchhoftf’s loop rule to determine the potential difference
across the outer parallel branch of the circuit to determine /5. The fourth point was earned for correctly including
a multi-step derivation that is consistent with the final expression from part (a)(i) and is written only in terms of
the required variables. Part (b) earned 3 points. The first point was earned for correctly indicating that the
potential difference across R; is nonzero and is equal to the potential difference across R,. The second point

was earned for correctly indicating a potential difference across R, that is nonzero and is equal to the sum of the

potential differences across R; and R,. The third point was earned for correctly showing all potential

differences with the correct values. Part (c) earned 3 points. The first point was earned for correctly indicating that
the expression is correct, consistent with the derivations in part (a), and including a relevant justification. The
second point was earned for correctly relating P to both the battery emf and the current in the battery in the
equation P = IV, though only one of these substitutions is necessary to earn this point. The third point was
earned for correctly using the battery emf and the current in the battery, derived in part (a)(i), in an appropriate
expression for P that shows the expected expression for P matches the given expression for P . Part (d) earned

2 points. The first point was earned for correctly selecting Be,, < Fyigina With an attempt at a relevant

justification. The second point was earned for correctly indicating that the current in resistor R, is less in the new
circuit which leads to a lower P.

Sample: 3B
Score: 7

Part (a) earned 1 point. The first point was not earned because the response does not correctly determine the total
resistance of the circuit in terms of R . The second point was not earned because the response is not multi-step
and does not correctly substitute a value for total resistance into Ohm’s law. The third point was earned for

attempting to apply a result of Kirchhoff’s laws and Ohm’s law that relates the current in R to the potential
difference across R;. The fourth point was not earned because the response does not contain a correct expression

© 2024 College Board.
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AP® Physics 2: Algebra-Based 2024 Scoring Commentary

Question 3 (continued)

that is consistent with the final expression from part (a)(i). Part (b) earned 2 points. The first point was earned for
correctly indicating that the potential difference across R is nonzero and is equal to the potential difference

across R,. The second point was earned for correctly indicating a potential difference across R, that is nonzero

and is equal to the sum of the potential differences across R; and R, . The third point was not earned because the

response does not correctly show all potential differences with the correct values. Part (c) earned 3 points. The
first point was earned for correctly indicating that the expression is correct, consistent with the derivation of total
resistance from part (a)(ii) and including a relevant justification. The second point was earned for correctly

V2

relating P to both the battery emf and the total resistance in the equation “ P = .” The third point was earned

for using the potential difference across the battery and the total resistance of the circuit, derived in part (a)(ii), in
an appropriate expression for P that matches the given expression for P . Part (d) earned 1 point for correctly

selecting B, < Fyiginag With an attempt at a relevant justification. The second point was not earned because the

response does not directly indicate that either the current in, or potential difference across, R, is less in the new

circuit than in the original circuit. The response includes a correct justification that the inclusion of the nonideal
battery will lower the total power dissipation of the circuit but does not address what happens to R .

Sample: 3C
Score: 2

Part (a) did not earn any points. The first point was not earned because the response does not correctly determine
the total resistance of the circuit in terms of R . The second point was not earned because the response does not
correctly substitute the determined value for total resistance into Ohm’s law. The third point was not earned
because the response does not attempt to apply a result of Kirchhoff’s laws or Ohm’s law that relates the current

in R; to values in the rest of the circuit. The fourth point was not earned because the response does not contain a
correct expression that is consistent with the final expression in part (a)(i). Part (b) earned 1 point for correctly
indicating that the potential difference across R; is nonzero and is equal to the potential difference across R .
The second point was not earned because the response does not correctly indicate a potential difference across
R, that is nonzero and is equal to the sum of the potential differences across R; and R, . The third point was
not earned because the response does not correctly show all potential differences with the correct values. Part (c)
did not earn any points. The first point was not earned because the response does not include an attempt at a
relevant justification. The second point was not earned because the response does not include a justification. The
third point was not earned because the response does not include a justification. Part (d) earned 1 point for

correctly selecting £ .., < Fyigina With an attempt at a relevant justification. The second point was not earned
because the response does not correctly indicate that either the current in, or potential difference across, R, is less

in the new circuit than in the original circuit.
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