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More Information
• Course web page, whereat can be found the syllabus: 

http://www.physics.purdue.edu/~mjones/phys53600_Spring2020

• Information about the lab will be posted before next 
Tuesday.  Check the web page before you attend the 
lab.

http://www.physics.purdue.edu/~mjones/phys53600_Spring2020


Circuits

• In general, electrical circuits require
– A source of energy (electric potential)

– A path through which current will flow

• What do we want to learn?
– Current given voltage?  Voltage given current?

– Power dissipated by resistor?
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Modeling Physical Systems

• Another common problem is to describe a 
physical system in terms of ideal circuit 
elements.

– We construct a model of the electrical properties 
of the physical system

– If the model is reasonably accurate, then we can 
use it to predict what the system will do under 
various conditions



Example

• Construct a model for a system that consists of 
two resistors in series:

• The current through each system will be the same
• The potential difference across each system 

should be the same.

𝑅2𝑅1

?

𝐼



Example

• Potential difference across each resistor:
∆𝑉𝑅1= 𝐼𝑅1
∆𝑉𝑅2 = 𝐼𝑅2

• Total potential difference:
∆𝑉 = 𝐼(𝑅1 + 𝑅2)

𝑅2𝑅1
𝐼



Example

• The equivalent system can be described using 
one resistor:

• Both systems behave the same in a circuit.

𝑅2𝑅1

𝑅 = 𝑅1 + 𝑅2

𝐼



Another Example

• Equivalent resistance:

𝑅 =
1

𝑅1
+

1

𝑅2

−1

=
𝑅1𝑅2

𝑅1 + 𝑅2

• Both systems behave the same in a circuit.

𝑅1 𝑅2 𝑅
𝐼𝐼



Real Resistors



Real Resistors



Real Resistors

• Temperature coefficient:

𝑇𝐶 =
1

𝑅

Δ𝑅

Δ𝑇

Temperature (deg C)

TC
 (

p
p

m
/d

eg
C

)

𝑅 = 𝑅0 1 + 𝛼 𝑇 − 𝑇0 + 𝛽 𝑇 − 𝑇0
2



Real Resistors
• Real resistors are (small) 

sources of random noise
• Random thermal motion 

of charge carriers 
produces (small) 
voltage/current 
fluctuations

• Approximately white 
noise – power spectral 
density is approximately 
constant over a wide 
frequency range

Example: 𝑅 = 50 Ω, Δ𝑓 = 1 Hz, 𝑇 = 300 K ⇒ 𝑣rms = 1 nV



Real Capacitors

• There are many different types of capacitors 
constructed using various technologies

• Primary considerations:
– Voltage rating

– Capacitance range

– Polarity (!)

– Frequency response

– Operating temperature range

– Temperature coefficient

– Size

– Cost



Real Capacitors
Example: Aluminum electrolytic capacitor

+-

Short lead/black mark indicates the 
cathode (more negative terminal).
But be careful: Sometimes the 
mark indicates the anode!

Tantalum capacitor with mark 
labeling the anode.



Real Capacitors



Real Capacitors

• Ceramic capacitors are not polarized

Tolerance

Maximum 
operating 
voltage

Dielectric 
material



Real Capacitors

Cost:

Z5U: $0.31 each
X7R: $0.51 each

𝐶 = 𝐶0 ∙ (1 + 𝑎 𝑉 + 𝑏 𝑉2) ∙ 1 + 𝛼 𝑇 − 𝑇0 + 𝛽 𝑇 − 𝑇0
2

Model for a real capacitor:



Real Voltage Sources

• An ideal voltage source produces a constant 
potential difference, independent of the current 
through it

• A chemical battery is not an ideal voltage source



Real Voltage Sources

• The operating voltage is not constant:



Real Voltage Sources

Slope is

𝑏 =
∆𝑉

∆𝐼
=

0.2 𝑉

800 𝑚𝐴
= 0.25 Ω

https://apps.automeris.io/wpd/



Model for a Real Voltage Source

𝑣-
+

𝑟

𝑣 = 2.4 𝑉
𝑟 = 0.25 Ω

The model is only valid for a specific range of discharge 
currents, in this case maybe between 300 and 700 mA, and 
only when the temperature is 20 °C. 



Common DC Voltage Sources

• Frequently, only a limited number of DC 
voltage sources are present in a circuit:

Voltage (V) Application

1.2 V Integrated circuit core voltage

1.8 V Low voltage digital circuits

2.5 V Digital I/O logic

3.3 V Digital logic

5 V Analog/digital logic

12 V Power distribution, industrial applications

24 V Avionics and defense applications

48 V Power distribution

> 50 V Safety precautions required!



Voltage Divider Circuit

• A common technique for generating other voltages is 
with a voltage divider:

𝑉-

+ 𝑅1

𝑅2 Δ𝑉?



Voltage Divider Circuit

• A common technique for generating other voltages is 
with a voltage divider:

𝑉-

+ 𝑅1

𝑅2
Δ𝑉?

With no load applied, the current 
through 𝑅1 and 𝑅2 will be

𝐼 =
𝑉

𝑅1 + 𝑅2
Then,

Δ𝑉 = 𝐼𝑅2 =
𝑉𝑅2

𝑅1 + 𝑅2

But this is not enough 
information to solve for 
𝑅1 and 𝑅2 uniquely.



Voltage Divider Circuit

• Equivalent circuit:

𝑉-

+ 𝑅1

𝑅2 𝑉𝑜𝑢𝑡

Δ𝑉

-

+

𝑍

𝑉𝑜𝑢𝑡

Δ𝑉 =
𝑉𝑅2

𝑅1 + 𝑅2
𝑍 =

𝑅1𝑅2
𝑅1 + 𝑅2

This is a very good assignment question!



What about more Complicated Circuits?

• We need a systematic way of analyzing arbitrarily 
complex circuits

• Calculate the currents that flow in an electric 
circuit composed of various circuit elements 
connected by wires.

• The currents will be solutions to a system of 
(differential) equations

• If the problem is too complicated to solve 
algebraically, get a computer to solve it 
numerically



• Recall that work done to move a charge 𝑞

from point 𝑎 to point 𝑏 is 𝑊 = −𝑞 𝑎׬
𝑏
𝐸 ∙ 𝑑ℓ

• If 𝑎 and 𝑏 are the same point then 𝑊 = 0

රE ∙ dℓ = 0

Kirchhoff Loop Rule

?

?

?

?

a

b
c

d ∆𝑉𝑎𝑏 + ∆𝑉𝑏𝑐 +
∆𝑉𝑐𝑑 + ∆𝑉𝑑𝑎 = 0

∆𝑽𝒂𝒃



Kirchhoff’s Node Rule

• The sum of the currents entering a node must 
equal the sum of the currents leaving.

𝐼1 𝐼2

𝐼3

𝐼1 + 𝐼2 = 𝐼3

𝐼1
𝐼2

𝐼3

𝐼4

𝐼1 + 𝐼2 + 𝐼3 + 𝐼4 = 0
(at least one of these must be negative)



Circuit Elements

• Voltage sources (like batteries):

• Make sure you get the sign right!

− +

𝑉
a b 𝑉𝑏 = 𝑉𝑎 + 𝑉

−+

𝑉
a b 𝑉𝑏 = 𝑉𝑎 − 𝑉



• Resistors:

• Make sure you get the sign right!

• Resistors:

• Make sure you get the sign right!

Circuit Elements

• Resistors:

• Make sure you get the sign right!

a b 𝑉𝑏 = 𝑉𝑎 − 𝐼𝑅

a b 𝑉𝑏 = 𝑉𝑎 + 𝐼𝑅

𝑰

𝑹

𝑰

𝑹

The charges lose energy as they 
are pushed through the resistor.



Circuit Analysis

• Find the current in the following circuit:

− +

𝑉1

𝑅1 − +

𝑉2

𝑅2



Circuit Analysis

• Step 1:  Draw a loop to represent the current.

− +

𝑉1

𝑅1 − +

𝑉2

𝑅2

𝐼

Which direction?  It doesn’t matter, but let’s ALWAYS pick clockwise to avoid confusion.



Circuit Analysis

• Step 2:  Apply Kirchhoff’s Loop Rule…

− +

𝑉1

𝑅1 − +

𝑉2

𝑅2

𝐼

𝑉1 − 𝐼𝑅1 + 𝑉2 − 𝐼𝑅2 = 0

Start here



Circuit Analysis

• Step 3:  Solve for 𝐼…

− +

𝑉1

𝑅1 − +

𝑉2

𝑅2

𝐼

𝐼 =
𝑉1 + 𝑉2
𝑅1 + 𝑅2

What if 𝐼 is negative?  Then it means the current flows in the opposite direction.



Two Loops

• Step 1: Assign currents to each loop
− +

𝑉1 𝑅1

𝐼1

𝑅2

− +

𝑉2 𝑅3

𝐼2



Two Loops

• Step 2: Apply Kirchhoff’s Loop rule
− +

𝑉1
𝑅1

𝐼1

𝑅2

− +

𝑉2 𝑅3

𝐼2

𝑉1 − 𝐼1𝑅1 − 𝐼1 − 𝐼2 𝑅2 = 0
𝑉2 − 𝐼2𝑅3 − 𝐼2 − 𝐼1 𝑅2 = 0



Two Loops

This is a system of linear equations… write them 
as a matrix equation:

𝑅1 + 𝑅2 −𝑅2
−𝑅2 𝑅2 + 𝑅3

𝐼1
𝐼2

=
𝑉1
𝑉2

𝑉1 − 𝐼1𝑅1 − 𝐼1 − 𝐼2 𝑅2 = 0
𝑉2 − 𝐼2𝑅3 − 𝐼2 − 𝐼1 𝑅2 = 0

This should always be a symmetric matrix.



Kramer’s Rule

• This is the “formula” that gives you the 
solution to a system of linear equations:

a1x  b1y  c1

a2x  b2y  c2

x 

c1 b1

c2 b2

a1 b1

a2 b2


c1b2  c2b1

a1b2  a2b1

                y 

a1 c1

a2 c2

a1 b1

a2 b2


a1c2  a2c1

a1b2  a2b1



Two Loops

𝑅1 + 𝑅2 −𝑅2
−𝑅2 𝑅2 + 𝑅3

𝐼1
𝐼2

=
𝑉1
𝑉2

𝐼1 =

𝑉1 −𝑅2
𝑉2 𝑅2 + 𝑅3

𝑅1 + 𝑅2 −𝑅2
−𝑅2 𝑅2 + 𝑅3

=
𝑉1 𝑅2 + 𝑅3 + 𝑉2𝑅2

𝑅1 + 𝑅2 𝑅2 + 𝑅3 − (𝑅2 )
2

𝐼2 =

𝑅1 + 𝑅2 𝑉1
−𝑅2 𝑉2

𝑅1 + 𝑅2 −𝑅2
−𝑅2 𝑅2 + 𝑅3

=
𝑉2 𝑅1 + 𝑅2 + 𝑉1𝑅2

𝑅1 + 𝑅2 𝑅2 + 𝑅3 − (𝑅2 )
2


