


R1
R2 R3 R4

V
V = IR I R ( Ω )



V I R

R1 V1 = IR1 R2 V2 = IR2 R3 V3 = IR3

V = V1 + V2 + V3.

PE = qV q V qV

qV1 + qV2 + qV3.

qV = qV1 + qV2 + qV3 q V = V1 + V2 + V3

V = IR1 + IR2 + IR3 = I(R1 + R2 + R3).

Rs

V = IRs.

Rs Rs = R1 + R2 + R3

Rs

Rs = R1 + R2 + R3 + ...,

12.0 V R1 = 1.00 Ω
R2 = 6.00 Ω R3 = 13.0 Ω

Rs = R1 + R2 + R3
= 1.00 Ω + 6.00 Ω + 13.0 Ω
= 20.0 Ω.

V = IR

I = V
Rs

= 12.0 V
20.0 Ω = 0.600 A.

IR



V1 = IR1 = (0.600 A)(1.0 Ω ) = 0.600 V.

V2 = IR2 = (0.600 A)(6.0 Ω ) = 3.60 V

V3 = IR3 = (0.600 A)(13.0 Ω ) = 7.80 V.

IR 12.0 V
V1 + V2 + V3 = (0.600 + 3.60 + 7.80) V = 12.0 V.

P = IV
P

V = IR

P1 = I 2R1 = (0.600 A)2(1.00 Ω ) = 0.360 W.

P2 = I 2R2 = (0.600 A)2(6.00 Ω ) = 2.16 W

P3 = I 2R3 = (0.600 A)2(13.0 Ω ) = 4.68 W.

P = IV P = V 2
R V

P = IV V

P = (0.600 A)(12.0 V) = 7.20 W.

P1 + P2 + P3 = (0.360 + 2.16 + 4.68) W = 7.20 W.

Rs = R1 + R2 + R3 + ....



Rp

I1 = V
R1

I2 = V
R2

I3 = V
R3

I

I = I1 + I2 + I3.

I = V
R1

+ V
R2

+ V
R3

= V⎛⎝ 1
R1

+ 1
R2

+ 1
R3

⎞
⎠.

I = V
Rp

= V⎛⎝ 1
Rp

⎞
⎠.

Rp

1
Rp

= 1
R1

+ 1
R2

+ 1
R .3

+ ....

Rp



V = 12.0 V R1 = 1.00 Ω R2 = 6.00 Ω R3 = 13.0 Ω

1
Rp

= 1
R1

+ 1
R2

+ 1
R3

= 1
1.00 Ω + 1

6.00 Ω + 1
13.0 Ω .

1
Rp

= 1.00
Ω + 0.1667

Ω + 0.07692
Ω = 1.2436

Ω .

Rp

Rp = 1
1.2436 Ω = 0.8041 Ω .

Rp = 0.804 Ω .

Rp

Rp

I = V
Rp

= 12.0 V
0.8041 Ω = 14.92 A.

I

I1 = V
R1

= 12.0 V
1.00 Ω = 12.0 A.

I2 = V
R2

= 12.0 V
6.00 Ω = 2.00 A

I3 = V
R3

= 12.0 V
13.0 Ω = 0.92 A.

I1 + I2 + I3 = 14.92 A.

P = V 2
R



P1 = V 2
R1

= (12.0 V)2

1.00 Ω = 144 W.

P2 = V 2
R2

= (12.0 V)2

6.00 Ω = 24.0 W

P3 = V 2
R3

= (12.0 V)2

13.0 Ω = 11.1 W.

P = IV

P = IV = (14.92 A)(12.0 V) = 179 W.

P1 + P2 + P3 = 144 W + 24.0 W + 11.1 W = 179 W.

1
Rp

= 1
R1

+ 1
R2

+ 1
R3

+ ...



R1
R2 R3

IR

R1 R2 R3
IR R1 I2 R2 R2

R2 R3
R1

R2 R3 Rp R1

Rtot = R1 + Rp.

Rp

1
Rp

= 1
R2

+ 1
R3

= 1
6.00 Ω + 1

13.0 Ω = 0.2436
Ω .



Rp = 1
0.2436 Ω = 4.11 Ω .

Rtot = R1 + Rp = 1.00 Ω + 4.11 Ω = 5.11 Ω .

20.0 Ω
0.804 Ω

IR R1 I R1 IR

V1 = IR1.

I V1 I

I = V
Rtot

= 12.0 V
5.11 Ω = 2.35 A.

V1 = IR1 = (2.35 A)(1.00 Ω ) = 2.35 V.

R2 R3 V1
R2 R3

R2 Vp
R2 R3 V1

Vp = V − V1 = 12.0 V − 2.35 V = 9.65 V.

I2 R2

I2 = Vp
R2

= 9.65 V
6.00 Ω = 1.61 A.

R2

R2

P2 = (I2 )2R2 = (1.61 A)2(6.00 Ω ) = 15.5 W.

IR



R3
IR

R1 R2

IR

R



r

r

r V
V = emf − Ir

r r



V = PE
q

V

V = emf − Ir,
r I

I



Rload
Rload + r

I = emf
Rload + r .

Rload r

r
Rload r r

0.100 Ω
10.0- Ω 0.500- Ω

0.500- Ω 0.500 Ω
0.500- Ω

V = emf − Ir

I = emf
Rload + r = 12.0 V

10.1 Ω = 1.188 A.

V = emf − Ir

V = emf − Ir = 12.0 V − (1.188 A)(0.100 Ω)
= 11.9 V.

10.0 Ω

Rload = 0.500 Ω

I = emf
Rload + r = 12.0 V

0.600 Ω = 20.0 A.

V = emf − Ir = 12.0 V − (20.0 A)(0.100 Ω)
= 10.0 V.



0.500 Ω

0.500 - Ω P = I 2R

Pload = I 2Rload = (20.0 A)2(0.500 Ω) = 2.00×102 W.

V 2
R IV V

I = emf
Rload + r = 12.0 V

1.00 Ω = 12.0 A.

V = emf − Ir = 12.0 V − (12.0 A)(0.500 Ω)
= 6.00 V,

Pload = I 2Rload = (12.0 A)2(0.500 Ω ) = 72.0 W.

V = emf − Ir I



emf1 + emf2 r1 + r2

I =
⎛
⎝emf1 – emf2

⎞
⎠

r1 + r2
Rload

I =
⎛
⎝emf1 + emf2

⎞
⎠

r1 + r2 + Rload



I =
⎛
⎝emf1 − emf2

⎞
⎠

r1 + r2

I =
⎛
⎝emf1 + emf2

⎞
⎠

r1 + r2 + Rload

I = emf
⎛
⎝rtot + Rload

⎞
⎠

rtot



I = emf
⎛
⎝rtot + Rload

⎞
⎠

mVm
mVm



100 mA/cm2

I1 = I2 + I3



I1 = I2 + I3 I1
I2 I3

V PEelec = qV

emf − Ir − IR1 − IR2 = 0 emf = Ir + IR1 + IR2
IR



I1 I2 I3 I

–1.

−IR
+IR

–

– −



I1 I2 I3

I1 = I2 + I3,

I1 I2 I3

R2 I2
−I2R2 –

+emf1 r1 −I2r1
−I1R1

−I2R2 + emf1 − I2r1 − I1R1 = −I2(R2 + r1) + emf1 − I1R1 = 0.

−3I 2 + 18 − 6I 1 = 0.

+ I1R1 + I3R3 + I3r2 − emf2= +I1 R1 + I3
⎛
⎝R3 + r2

⎞
⎠ − emf2 = 0.

+ 6I 1 + 2I 3 − 45 = 0.

I2

I2 = 6 − 2I 1.

I3



I3 = 22.5 − 3I 1.

I1

I1 = I2 + I3 = (6 − 2I 1) + (22.5 − 3I 1) = 28.5 − 5I 1.

6I 1 = 28.5, and
I1 = 4.75 A.

I1

I2 = 6 − 2I 1 = 6 − 9.50
I2 = −3.50 A.

I2

I1

I3 = 22.5−3I 1 = 22.5 − 14.25
I3 = 8.25 A.

I1 = I2 + I3



r



r

IG

50 μA 50 μA
25 μA

25- Ω V = IR = ⎛
⎝50 μA⎞

⎠(25 Ω) = 1.25 mV

R
R

25-Ω 50-μA
50 μA

Rtot = R + r = V
I = 10 V

50 μA = 200 kΩ, or

R = Rtot − r = 200 kΩ − 25 Ω ≈ 200 k Ω .

R r
25-μA

R
R R r

R

25- Ω
50-μA R r



IR IR = IGr IR = IG
I = R

r R IG 50 μA I

R = rIG
I = (25 Ω ) 50 μA

0.999950 A = 1.25×10−3 Ω .

R
R R I

R r

RVoltmeter >>R

RVoltmeter ≅ R



106

V
V = emf − Ir I r

r I
V = emf



R, IR

emfx Ex
emfx

emfx = IRx Rx

emfx

emfs emfx
emfs = IRs I

emfx
emfs

I

emfx
emfs

= IRx
IRs

= Rx
Rs

.

emfx

emfx = emfs
Rx
Rs

.

I
Ex R

Rx Ex = IRx I



R Rx / Rs

emfx
Rx / Rs emfs

Rx Rs
I

R = V
I V V

I I

R1 R2 R3
R3 Rx R3

IR
IR IR

I1 R1 = I2R3.

IR IR

I1 R2 = I2Rx.

I1 R1
I1 R2

= I2 R3
I2 Rx

.

Rx = R3
R2
R1

.



R3
Rx IR

R1 R2 R3
Rx

RC R C

RC

Vc = Q / C Q
C

I0 = emf
R

IR

I0 = emf
R IR

R



RC

Q = C ⋅ emf t = 0
q τ RC

t t = 0

C R

V = emf(1 − e−t / RC) (charging),

V
RC

τ = RC,
τ RC R

C τ = RC

t = τ = RC

V = emf⎛⎝1 − e−1⎞⎠ = emf(1 − 0.368) = 0.632 ⋅ emf.

τ = RC
τ

τ τ

I0 = V0
R V0

V V C
R

V = V e−t / RC(discharging).



C R
V = V0 t = 0

τ

τ = RC
R

τ = RC
V = V0 ⋅ e−1 = 0.368V0

τ τ

5.0×102 m/s
RC τ RC

10.0 Ω 8.0×10–2 m.



τ τ = RC

C τ
x v t

x = vt or t = x
v .

5.0×102 m/s x 8.0×10–2 m.

t = x
v = 8.0×10–2 m

5.0×102 m/s
= 1.6×10−4 s.

t τ

C = t
R = 1.6×10−4 s

10.0 Ω = 16 μF.

C F
C

160 μs

RC
RC

RC

RC

RC

RC τ



8.00-μF
1.00×103 Ω

5.00×102 V

5.00×102 V
5.00×102 V τ

τ τ = RC
s / Ω

τ = RC = (1.00×103 Ω )(8.00 μF) = 8.00 ms.

V = 0.368V0 = 3.680×103 V at t = 8.00 ms.

V′ = 0.368V
= (0.368)⎛⎝3.680×103 V⎞

⎠
= 1.354×103 V at t = 16.0 ms.

V′′ = 0.368V′ = (0.368)(1.354×103 V)
= 498 V at t = 24.0 ms.



50 μA 50 μA

Pe = IV

I1 = I2 + I3

IR
emf = Ir + IR1 + IR2

V = IR

R
R R



Rs = R1 + R2 + R3 + ....

1
Rp

= 1
R1

+ 1
R2

+ 1
R3

+ ....

r

r
V V = emf − Ir I



RC
τ RC τ = RC

V0 = 0 t = 0

V = emf(1 − e−t / RC)(charging).
τ

V0 t = 0

V = V0e−t / RC (discharging).
τ

R





R1 R2 R3
R2 R3



R1
R2 R3

emfs

τ = RC
Ω ⋅ F = s

RC
RC τ

RC RC
R C

t = 0
t = 0 Q0 τ

τ

R R

Rbl



275-Ω

1.00×102 -Ω 2.50-kΩ
4.00-k Ω

36.0-Ω 50.0-Ω 700-Ω

24.0-Ω 96.0-Ω

I3
I I2

R3

P3
P3

0.400 Ω

5.00×102 A

1.00×109 -Ω

5.00×102 A
1.00×109 Ω

R1 R2
R1 >>R2

R1
R2

145 Ω

150 Ω

900 kΩ

0.500 MΩ



2.00 Ω

0.100 Ω

0.600-Ω

0.050 Ω

2.30 Ω
0.100-Ω

I 2 Rbulb

V 2
Rbulb

3.20-Ω

0.0400 Ω
0.200 Ω

0.0500 Ω
0.0100-Ω

0.0900 Ω

0.0200 Ω
0.100-Ω

10.0 Ω

10.0 k Ω

2000 Ω

0.25 Ω
800 Ω

ºC/min

0.300 kcal/kg ⋅ ºC

0.200-Ω

15.0-Ω

I1 I2



I1 I3

I1 = 5.00 A I2 = 3.0 A I3 = –2.00 A

1.00-M Ω

25.0-k Ω

25.0-Ω 50.0-μA

25.0-Ω 50.0-μA

25.0-Ω 50.0-μA

25.0-Ω 50.0-μA

10.0-Ω 100-μA

10.0-Ω 100-μA

0.100 Ω
1.00-k Ω

5.00 Ω
1.00-k Ω

5.00×10−5 Ω
10.0-Ω



1.00-MΩ
75.0-k Ω

75.0-k Ω

75.0-k Ω

0.0200-Ω
10.00-Ω

10.00-Ω

10.00-Ω

40.0-Ω 25.0-μA

40.0-Ω
25.0-μA

10.0-μA

emfx

Rx = 5.000 Ω
Rs = 2.500 Ω

emfx
Rx = 1.200 Ω

Rs = 1.247 Ω

Rx

R3 2500 Ω Rx
R2
R1

= 0.625

R3
Rx

100 Ω R1 50.0 Ω R2 175 Ω

emfx
Rx 10.0 Ω Rs

15.0 Ω emfx

Rs 15.0 Ω
Rx

10.0 Ω 10.0 kΩ
R2
R1

= 2.000 R3

RC
0.500-μF

R

RC
0.100 μs

0.0400 Ω

800 kΩ
7.50-μF

100-kΩ
RC

C
R

500-Ω 1.50-μF

RC

RC

8.00-μF

6.00×102 V



RC
1.00×102 μs

1.00 kΩ

V0 100-Ω
0.865V0

250-μF
500-Ω

75.0-M Ω

RC

RC
600-μF

RC

160-μF
31.2-k Ω

1.67 kJ
kg ⋅ ºC

RC
1.00×103 s 0.100-Ω

RC


