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Section A 

Part A
• Ohm’s Law
• Kirchhoff’s Laws: 

KVL and KCL
• Nodal and Loop 

methods of analysis,
• Star to Delta and 

Delta to Star 
transformations

Part B 
Thevenin’s Theorem 
Norton’s Theorem 
Superposition Theorem
Maximum Power 
Transfer Theorem
Milman’s Theorem
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Circuit Elements
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Overview of this Part

In this part, we will cover the following 
topics:

• What a circuit element is
• Independent and dependent voltage 

sources and current sources
• Resistors and Ohm’s Law
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Circuit Elements

• In circuits, we think about basic circuit 
elements that are the “building blocks” 
of our circuits. This is similar to what 
we do in Chemistry with chemical 
elements like oxygen or nitrogen.

• A circuit element cannot be broken 
down or subdivided into other circuit 
elements.  

• A circuit element can be defined in 
terms of the behavior of the voltage 
and current at its terminals.
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The 5 Basic Circuit Elements

There are 5 basic circuit elements:
1. Voltage sources
2. Current sources
3. Resistors
4. Inductors
5. Capacitors
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• A voltage source is a two-terminal 
circuit element that maintains a 
voltage across its terminals.

• The value of the voltage is the defining 
characteristic of a voltage source. 

• Any value of the current can go 
through the voltage source, in any 
direction.  The current can also be 
zero.  The voltage source does not 
“care about” current.  It “cares” only 
about voltage.
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Voltage Sources –
Ideal and Practical

• A voltage source maintains a voltage across its 
terminals no matter what you connect to those 
terminals.

• We often think of a battery as being a voltage 
source.  For many situations, this is fine. Other times 
it is not a good model.   A real battery will have 
different voltages across its terminals in some cases, 
such as when it is supplying a large amount of 
current.  As we have said, a voltage source should 
not change its voltage as the current changes.

• We sometimes use the term ideal voltage source for 
our circuit elements, and the term practical voltage 
source for things like batteries.  We will find that a 
more accurate model for a battery is an ideal voltage 
source in series with a resistor.  More on that later.
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Voltage Sources – 2 kinds

There are 2 kinds of voltage sources:
1. Independent voltage sources
2. Dependent voltage sources, of which 

there are 2 forms:
i. Voltage-dependent voltage sources
ii. Current-dependent voltage sources
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Symbol for Independent Sources

The schematic 
symbol that we use 
for independent 
voltage sources is 
shown here.

Independent
voltage
source

+

-

vS=
#[V]

This is intended to indicate that the schematic 
symbol can be labeled either with a variable, 
like vS, or a value, with some number, and 
units.  An example might be 1.5[V].  It could 
also be labeled with both.
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Symbols for Dependent Voltage Sources

The schematic symbols that 
we use for dependent 
voltage sources are 
shown here, of which 
there are 2 forms:

i. Voltage-dependent 
voltage sources

ii. Current-dependent 
voltage sources

Voltage-
dependent

voltage
source

+vS=
vX -

Current-
dependent

voltage
source

+vS=
 iX -



DCE,Gurgaon

Voltage-
dependent

voltage
source

+vS=
vX -

Notes on Schematic 
Symbols for Dependent Voltage Sources

The schematic symbols that we use for 
dependent voltage sources are 
shown here, of which there are 2 
forms:

i. Voltage-dependent voltage 
sources

ii. Current-dependent voltage 
sources

The symbol m is the coefficient of the 
voltage vX.  It is dimensionless.  For 
example, it might be 4.3 vX.  The vX is a 
voltage somewhere in the circuit.

Current-
dependent

voltage
source

+vS=
 iX -The symbol r is the coefficient of the current iX.  

It has dimensions of [voltage/current].  For 
example, it might be 4.3[V/A] iX.  The iX is a 
current somewhere in the circuit.
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Current Sources

• A current source is a two-terminal circuit 
element that maintains a current through 
its terminals.

• The value of the current is the defining 
characteristic of the current source. 

• Any voltage can be across the current 
source, in either polarity.  It can also be 
zero.  The current source does not “care 
about” voltage.  It “cares” only about 
current.



DCE,Gurgaon

Current Sources - Ideal

• A current source maintains a current 
through its terminals no matter what 
you connect to those terminals.

• While there will be devices that 
reasonably model current sources, 
these devices are not as familiar as 
batteries.

• We sometimes use the term ideal 
current source for our circuit elements, 
and the term practical current source
for actual devices.  We will find that a 
good model for these devices is an 
ideal current source in parallel with a 
resistor.  More on that later.
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Current Sources – 2 kinds

There are 2 kinds of current sources:
1. Independent current sources
2. Dependent current sources, of which 

there are 2 forms:
i. Voltage-dependent current sources
ii. Current-dependent current sources
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Independent
current
source

iS=
#[A]

Current Sources – Schematic 
Symbol for Independent Sources

The schematic symbols 
that we use for 
current sources are 
shown here.

This is intended to indicate that the schematic symbol can 
be labeled either with a variable, like iS, or a value, with 
some number, and units.  An example might be 0.2[A].  It 
could also be labeled with both.
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Current Sources – Schematic 
Symbols for Dependent Current Sources

The schematic symbols that 
we use for dependent 
current sources are 
shown here, of which 
there are 2 forms:

i. Voltage-dependent 
current sources

ii. Current-dependent 
current sources

Voltage-
dependent

current
source

iS=
gvX

Current-
dependent

current
source

iS=
iX
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Current-
dependent

current
source

iS=
iX

Voltage-
dependent

current
source

iS=
gvX

Notes on Schematic 
Symbols for Dependent Current Sources

The schematic symbols that we use for 
dependent current sources are 
shown here, of which there are 2 
forms:

i. Voltage-dependent current 
sources

ii. Current-dependent current 
sources

The symbol g is the coefficient of 
the voltage vX. It has dimensions 
of [current/voltage]. For example, 
it might be 16[A/V] vX.  The vX is a 
voltage somewhere in the circuit.

The symbol b is the coefficient of the 
current iX. It is dimensionless. For 
example, it might be 53.7 iX.  The iX is a 
current somewhere in the circuit.
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• Previously, we have 
emphasized the importance of 
reference polarities of currents 
and voltages.  

• Notice that the schematic 
symbols for the voltage sources 
and current sources indicate 
these polarities.  

• The voltage sources have a “+” 
and a “–” to show the voltage 
reference polarity.  The current 
sources have an arrow to show 
the current reference polarity.



DCE,Gurgaon Dependent Voltage and 
Current Sources – Coefficients

• Some textbooks use symbols other than the ones we 
have used here (m, b, r, and g).  There are no firm 
standards.  We hope this is not confusing!!! 
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UPPERCASE vs lowercase – Part 1

In this course, we use UPPERCASE 
variables for quantities that do not 
change with time.  For example, 
resistance, capacitance, and inductance 
are assumed to be constant in this 
course, and so are represented as 
UPPERCASE variables.

•For example, we will have things such as 
RX = 120[W ]  and C23 = 4.76[F].



DCE,Gurgaon
UPPERCASE vs lowercase – Part 2

In this course, we use lowercase variables 
for quantities that do change with time.  
For example, voltage, current, energy, 
and power are assumed to be able to 
change with time, and so are 
represented as lowercase variables, with 
UPPERCASE subscripts.

•For example, we will have things such as 
vX = 120[V]  and pABS,TRUCK = 4.76[W].
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Why do we have 

these dependent sources?

• Students who are new to circuits often question why 
dependent sources are included.  Some students find 
these to be confusing, and they do add to the 
complexity of our solution techniques.  

• However, there is no way around them.  We need 
dependent sources to be able to model amplifiers, 
and amplifier-like devices.  Amplifiers are crucial in 
electronics.  Therefore, we simply need to 
understand and be able to work with dependent 
sources.
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Resistors

• A resistor is a two terminal 
circuit element that has a 
constant ratio of the voltage 
across its terminals to the 
current through its terminals.

• The value of the ratio of 
voltage to current is the 
defining characteristic of the 
resistor. 

In many cases a 
light bulb can be 
modeled with a 
resistor.
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Resistors – Definition and Units

• A resistor obeys the expression

where R is the resistance.
• If something obeys this 

expression, we can think of it, and 
model it, as a resistor.

• This expression is called Ohm’s 
Law.  The unit ([Ohm] or [W ]) is 
named for Ohm, and is equal to a 
[Volt/Ampere].

• IMPORTANT: use Ohm’s Law only
on resistors.  It does not hold for 
sources.

To a first-order approximation, 
the body can modeled as a 
resistor.  Our goal will be to 
avoid applying large voltages 
across our bodies, because it 
results in large currents 
through our body.  This is not 
good. 

R

R

vR
i


+

R

v
iR -
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RX=
#[]

vX

iX

-+

Schematic Symbol for Resistors

The schematic symbols that we use for 
resistors are shown here.

This is intended to indicate that the schematic symbol 
can be labeled either with a variable, like RX, or a 
value, with some number, and units.  An example 
might be 390[W ].  It could also be labeled with both.

X
X

X

vR
i
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• Previously, we have 
emphasized the important of 
reference polarities of current 
sources and voltages sources.  
There is no corresponding 
polarity to a resistor.  You can 
flip it end-for-end, and it will 
behave the same way.  

• However, even in a resistor, 
direction matters in one sense;  
we need to have defined the 
voltage and current in the 
passive sign convention to use 
the Ohm’s Law equation the 
way we have it listed here.  
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If the reference current is in the 
direction of the reference voltage 
drop (Passive Sign Convention), 
then…

RX=
#[]

vX

iX

-+

Getting the Sign Right with Ohm’s Law

X
X

X

vR
i



If the reference current is in the 
direction of the reference voltage 
rise (Active Sign Convention), 
then…

RX=
#[]

vX

iX

-+

X
X

X

vR
i
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about the sign in Everything?

• This is one of the central themes in circuit analysis.  The polarity, 
and the sign that goes with that polarity, matters.  The key is to 
find a way to get the sign correct every time.    

• This is why we need to define reference polarities for every
voltage and current.

• This is why we need to take care about what relationship we have 
used to assign reference polarities (passive sign convention and 
active sign convention).  

An analogy:  Suppose I was going to give you $10,000.  This 
would probably be fine with you.  However, it will matter a 
great deal which direction the money flows.  You will care a 
great deal about the sign of the $10,000 in this transaction.  
If I give you -$10,000, it means that you are giving $10,000 
to me.  This would probably not be fine with you!  
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Series and Parallel Circuits

• In series circuits, current can only take 
one path.

• The amount of current is the same at all 
points in a series circuit.
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Adding resistances in series

• Each resistance in a 
series circuit adds to 
the total resistance of 
the circuit.

Rtotal = R1 + R2 + R3...
Total 

resistance
(ohms)

Individual resistances 
(W)
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Total resistance in a series circuit

• Light bulbs, resistors, motors, and heaters usually have 
much greater resistance than wires and batteries.
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Series Resistors Equivalent Circuits
Two series 

resistors, R1 and 
R2, can be replaced 
with an equivalent 
circuit with a single 
resistor REQ, as 
long as

1 2.EQR R R 

REQ

R1

R2

Rest
of the
Circuit

Rest
of the
Circuit
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More than 2 Series Resistors
This rule can 

be extended to 
more than two 
series resistors.  
In this case, for 
N series 
resistors, we 
have

1 2 ... .EQ NR R R R   

REQ

R1

R2

Rest
of the
Circuit

Rest
of the
Circuit
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Series Resistors Equivalent 
Circuits: A Reminder

Two series 
resistors, R1 and R2, 
can be replaced with an 
equivalent circuit with a 
single resistor REQ, as 
long as

1 2.EQR R R  REQ

R1

R2

Rest
of the
Circuit

Rest
of the
Circuit

Remember that these two 
equivalent circuits are 
equivalent only with respect 
to the circuit connected to 
them. (In yellow here.)
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Series Resistors Equivalent 
Circuits: Another Reminder

Resistors R1 and R2
can be replaced with a 
single resistor REQ, as 
long as

1 2.EQR R R 
Remember that these two 
equivalent circuits are 
equivalent only with respect to 
the circuit connected to them. 
(In yellow here.) The voltage 
vR2 does not exist in the 
right hand equivalent.

REQ

R1

R2

Rest
of the
Circuit

Rest
of the
Circuit

vR2

+

-
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The Resistors Must be in Series
Resistors R1 and R2 can 

be replaced with a single 
resistor REQ, as long as

1 2.EQR R R 
Remember also that these 
two equivalent circuits are 
equivalent only when R1 and 
R2 are in series.  If there is 
something connected to the 
node between them, and it 
carries current, (iX  0) then 
this does not work.

REQ

R1

R2

Rest
of the
Circuit

Rest
of the
Circuit

vR2

+

-

iX

R1 and R2 are not in 
series here.
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Equivalent Circuits

Two parallel 
resistors, R1 and R2, 
can be replaced with an 
equivalent circuit with a 
single resistor REQ, as 
long as

1 2

1 1 1 .
EQR R R

 

REQR1R2

Rest
of the
Circuit

Rest
of the
Circuit
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More than 2 Parallel Resistors

This rule can be 
extended to more than 
two parallel resistors.  
In this case, for N 
parallel resistors, we 
have

1 2

1 1 1 1... .
EQ NR R R R

   

REQR1R2

Rest
of the
Circuit

Rest
of the
Circuit
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Parallel Resistors 

Notation
We have a special 

notation for this 
operation.  When two 
things, Thing1 and 
Thing2, are in parallel, 
we write 
Thing1||Thing2
to indicate this.  So, we 
can say that 

1 2

1 2

1 1 1if ,

then || .
EQ

EQ

R R R
R R R

 



REQR1R2

Rest
of the
Circuit

Rest
of the
Circuit
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Parallel Resistor Rule for 2 Resistors
When there are 

only two resistors, then 
you can perform the 
algebra, and find that

1 2
1 2

1 2

|| .EQ
R RR R R

R R
 


REQR1R2

Rest
of the
Circuit

Rest
of the
Circuit

This is called the product-
over-sum rule for parallel 
resistors.  Remember that 
the product-over-sum rule 
only works for two 
resistors, not for three or 
more.
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Equivalent Circuits: A 

Reminder
Two parallel 

resistors, R1 and R2, 
can be replaced with a 
single resistor REQ, as 
long as

1 2

1 1 1 .
EQR R R

  REQR1R2

Rest
of the
Circuit

Rest
of the
Circuit

Remember that these two 
equivalent circuits are 
equivalent only with 
respect to the circuit 
connected to them. (In 
yellow here.)
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REQR1R2

Rest
of the
Circuit

Rest
of the
Circuit

iR2

Parallel Resistors 
Equivalent Circuits: Another Reminder

Two parallel 
resistors, R1 and R2, 
can be replaced with 
REQ, as long as

1 2

1 1 1 .
EQR R R

 

Remember that these two 
equivalent circuits are 
equivalent only with respect 
to the circuit connected to 
them. (In yellow here.) The 
current iR2 does not exist 
in the right hand 
equivalent.
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Must be in Parallel

Two parallel 
resistors, R1 and R2, 
can be replaced with 
REQ, as long as

1 2

1 1 1 .
EQR R R

 

Remember also that these 
two equivalent circuits are 
equivalent only when R1
and R2 are in parallel.  If 
the two terminals of the 
resistors are not connected 
together, then this does not 
work.

REQR1R2

Rest
of the
Circuit

Rest
of the
Circuit

iR2

R1 and R2 are not in 
parallel here.

Go back to 
Overview 

slide.
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Why are we doing this?  

Isn’t all this obvious?
• This is a good question.  
• Indeed, most students come to the study of 

engineering circuit analysis with a little 
background in circuits.  Among the things that 
they believe that they do know is the concept 
of series and parallel.

• However, once complicated circuits are 
encountered, the simple rules that some 
students have used to identify 
series and parallel combinations 
can fail.  We need rules that will 
always work.
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Why It Isn’t Obvious
• The problems for students in many cases that they 

identify series and parallel by the orientation and 
position of the resistors, and not by the way they are 
connected.

• In the case of parallel resistors, the resistors do not 
have to be drawn “parallel”, that is, along lines with the 
same slope.  The angle does not matter.  Only the 
nature of the connection matters.

• In the case of series resistors, they do not have to be 
drawn along a single line.  The alignment does not 
matter. Only the nature of the connection matters.
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Examples (Parallel)

• Some examples are given here.

R1 R2
Rest of
Circuit

R1 and R2 are in parallel

Rest of
Circuit

R1 and R2 are not in parallel

RX

R1
R2
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Examples (Series)

• Some more examples are given here.

R1

R2

Rest of
Circuit

R1 and R2 are in series R1 and R2 are not in series

R1

R2

Rest of
Circuit
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How do we use equivalent circuits?
• This is yet another good question. 

• We will use these equivalents to simplify circuits, making them 
easier to solve. Sometimes, equivalent circuits are used in other 
ways.  In some cases, one equivalent circuit is not simpler than 
another; rather one of them fits the needs of the particular circuit 
better.  

• The key point is this:  Equivalent circuits are used throughout 
circuits and electronics.  We need to use them 
correctly.  Equivalent circuits are equivalent 
only with respect to the circuit outside them.
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Calculate Current

• How much current flows in a circuit with a 1.5-volt 
battery and three 1 ohm resistances (bulbs) in series?
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Voltage in a series circuit

• Each separate resistance creates 
a voltage drop as the current 
passes through. 

• As current flows along a series 
circuit, each type of resistor 
transforms some of the electrical 
energy into another form of 
energy

• Ohm’s law is used to calculate the 
voltage drop across each resistor.
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Series and Parallel Circuits

• In parallel circuits the current can take more than one 
path.

• Because there are multiple branches, the current is not 
the same at all points in a parallel circuit.
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Series and Parallel Circuits

• Sometimes these paths are called branches. 

• The current through a branch is also called the branch 
current.

• When analyzing a parallel circuit, remember that the 
current always has to go somewhere. 

• The total current in the circuit is the sum of the currents in 
all the branches.

• At every branch point the current flowing out must equal 
the current flowing in. 

• This rule is known as Kirchhoff’s current law.
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Voltage and current in a parallel circuit

• In a parallel circuit the voltage is the 
same across each branch because 
each branch has a low resistance path 
back to the battery. 

• The amount of current in each branch in 
a parallel circuit is not necessarily the 
same. 

• The resistance in each branch 
determines the current in that branch.
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circuits

Parallel circuits have two big advantages 
over series circuits:
1. Each device in the circuit sees the full 
battery voltage.
2. Each device in the circuit may be 
turned off independently without 
stopping the current flowing to other 
devices in the circuit.
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Short circuit

• A short circuit is a parallel path in a circuit with zero or 
very low resistance. 

• Short circuits can be made accidentally by connecting a 
wire between two other wires at different voltages.

• Short circuits are dangerous because they can draw 
huge amounts of current.
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Resistance in parallel circuits

• Adding resistance in parallel provides 
another path for current, and more 
current flows. 

• When more current flows for the same 
voltage, the total resistance of the circuit 
decreases.

• This happens because every new path 
in a parallel circuit allows more current 
to flow for the same voltage. 
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Adding resistance in parallel 
circuits

• A circuit contains a 2 ohm resistor and a 4 ohm 
resistor in parallel. 

• Calculate the total resistance of the circuit.
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Analysis of Circuits

Key Question:
How do we analyze 

network circuits?
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Analysis of Circuits

• All circuits work by manipulating 
currents and voltages. 

• The process of circuit analysis means 
figuring out what the currents and 
voltages in a circuit are, and also how 
they are affected by each other.

• Three basic laws are the foundation of 
circuit analysis.



DCE,Gurgaon

Three circuit laws
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Delta-to-Wye Transformations

• The transformations, or equivalent circuits, 
that we cover next are called delta-to-wye, or 
wye-to-delta transformations.  They are also 
sometimes called pi-to-tee or tee-to-pi 
transformations.

• These are equivalent circuit pairs.  They apply 
for parts of circuits that have three terminals.  
Each version of the equivalent circuit has three 
resistors.
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Delta-to-Wye Transformations

Three resistors in a part of a circuit with three terminals can be 
replaced with another version, also with three resistors.  The two versions 
are shown here.  Note that none of these resistors is in series with any 
other resistor, nor in parallel with any other resistor.  The three terminals in 
this example are labeled A, B, and C. 

RC

RARB

A

C

B
R2

R3

R1

A B

C

Rest of CircuitRest of Circuit
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Delta-to-Wye Transformations 

(Notes on Names)
The version on the left hand side is called the delta connection, for the 

Greek letter D.  The version on the right hand side is called the wye 
connection, for the letter Y.  The delta connection is also called the pi (p) 
connection, and the wye interconnection is also called the tee (T) 
connection.  All these names come from the shapes of the drawings.  

RC

RARB

A

C

B
R2

R3

R1

A B

C

Rest of CircuitRest of Circuit
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Delta-to-Wye Transformations (More 

Notes)
When we go from the delta connection (on the left) to the wye 

connection (on the right), we call this the delta-to-wye transformation.  
Going in the other direction is called the wye-to-delta transformation.  One 
can go in either direction, as needed.  These are equivalent circuits.

RC

RARB

A

C

B
R2

R3

R1

A B

C

Rest of CircuitRest of Circuit
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Delta-to-Wye Transformation Equations
When we perform the delta-to-wye transformation 

(going from left to right) we use the equations given 
below.  

RC

RARB

A

C

B
R2

R3

R1

A B

C

Rest of CircuitRest of Circuit

1

2

3

B C

A B C

A C

A B C

A B

A B C

R RR
R R R

R RR
R R R

R RR
R R R
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Wye-to-Delta Transformation Equations
When we perform the wye-to-delta transformation 

(going from right to left) we use the equations given 
below.  

RC

RARB

A

C

B
R2

R3

R1

A B

C

Rest of CircuitRest of Circuit

1 2 2 3 1 3

1

1 2 2 3 1 3

2

1 2 2 3 1 3

3

A

B

C

R R R R R RR
R

R R R R R RR
R

R R R R R RR
R
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Deriving the Equations

While these equivalent circuits are useful, perhaps the most important 
insight is gained from asking where these useful equations come from.  
How were these equations derived?

The answer is that they were derived using the fundamental rule for 
equivalent circuits.  These two equivalent circuits have to behave the same 
way no matter what circuit is connected to them.  So, we can choose 
specific circuits to connect to the equivalents.  We make the derivation by 
solving for equivalent resistances, using our series and parallel rules, under 
different, specific conditions.    

RC

RARB

A

C

B
R2

R3

R1

A B

C

Rest of CircuitRest of Circuit

1 2 2 3 1 3

1

1 2 2 3 1 3

2

1 2 2 3 1 3

3

A

B

C

R R R R R RR
R

R R R R R RR
R

R R R R R RR
R

 


 


 


1

2

3

B C

A B C

A C

A B C

A B

A B C

R RR
R R R

R RR
R R R

R RR
R R R
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Equation 1

We can calculate the equivalent resistance between terminals A and B, 
when C is not connected anywhere.  The two cases are shown below.  This 
is the same as connecting an ohmmeter, which measures resistance, 
between terminals A and B, while terminal C is left disconnected.    

1 2 1 2

1 2

Ohmmeter #1 reads || ( ).  Ohmmeter #2 reads .
These must read the same value, so || ( ) .

EQ C A B EQ

C A B

R R R R R R R
R R R R R

   

  

RC

RARB

A

C

B
R2

R3

R1

A B

C

Ohmmeter #1 Ohmmeter #2
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Equations 2 and 3

So, the equation that results from the first situation is    

1 2|| ( ) .C A BR R R R R  

RC

RARB

A

C

B
R2

R3

R1

A B

C

Ohmmeter #1 Ohmmeter #2

We can make this measurement two other ways, and get two more equations.  
Specifically, we can measure the resistance between A and C, with B left open, 
and we can measure the resistance between B and C, with A left open.
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All Three Equations

The three equations we can obtain are    

1 2

1 3

2 3

|| ( ) ,
|| ( ) ,  and
|| ( ) .

C A B

B A C

A B C

R R R R R
R R R R R
R R R R R

  
  
  

This is all that we need.  These three equations can be 
manipulated algebraically to obtain either the set of equations 
for the delta-to-wye transformation (by solving for R1, R2 , and 
R3), or the set of equations for the wye-to-delta transformation 
(by solving for RA, RB , and RC).
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Why Are Delta-to-Wye 

Transformations Needed?
• This is a good question.  In fact, it should be pointed 

out that these transformations are not necessary.  
Rather, they are like many other aspects of circuit 
analysis in that they allow us to solve circuits more 
quickly and more easily.  They are used in cases 
where the resistors are neither in series nor parallel, 
so to simplify the circuit requires something more.

• One key in applying these equivalents is to get the 
proper resistors in the proper place in the equivalents 
and equations.  We recommend that you
name the terminals each time, on the 
circuit diagrams, to help you get these 
things in the right places.  
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Voltage Divider and Current 
Divider Rules



DCE,Gurgaon Overview of this Part
Series, Parallel, and other 

Resistance Equivalent Circuits

In this part, we will cover the following 
topics:

• Voltage Divider Rule
• Current Divider Rule
• Signs in the Voltage Divider Rule
• Signs in the Current Divider Rule
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Voltage Divider Rule –
Our First Circuit Analysis Tool

The Voltage Divider Rule (VDR) 
is the first of long list of tools that we 
are going to develop to make circuit 
analysis quicker and easier.  The 
idea is this:  if the same situation 
occurs often, we can derive the 
solution once, and use it whenever it 
applies.  As with any tools, the keys 
are:
1. Recognizing when the tool works 
and when it doesn’t work.
2. Using the tool properly.
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Setting up the Derivation

The Voltage Divider Rule involves 
the voltages across series resistors.  
Let’s take the case where we have two 
resistors in series.  Assume for the 
moment that the voltage across these 
two resistors, vTOTAL, is known.  
Assume that we want the voltage 
across one of the resistors, shown here 
as vR1.  Let’s find it.

R2

R1

vTOTAL

+

-

vR1

+

-

Other Parts
of the Circuit

Other Parts of
the Circuit
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Derivation Step 1

The current through both of these 
resistors is the same, since the 
resistors are in series.  The current, iX, 
is R2

R1

vTOTAL

+

-

vR1

+

-

Other Parts
of the Circuit

Other Parts of
the Circuit

iX

1 2

.TOTAL
X

vi
R R
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Derivation Step 2

The current through resistor R1
is the same current.  The current, 
iX, is

R2

R1

vTOTAL

+

-

vR1

+

-

Other Parts
of the Circuit

Other Parts of
the Circuit

iX

1

1

.R
X

vi
R
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Derivation Step 3

These are two expressions for the 
same current, so they must be equal to 
each other.  Therefore, we can write

R2

R1

vTOTAL

+

-

vR1

+

-

Other Parts
of the Circuit

Other Parts of
the Circuit

iX

1
1

1 1 2

1
1

1 2

.  Solving for , we get

.

TOTALR
R

R TOTAL

vv v
R R R

Rv v
R R
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The Voltage Divider Rule

This is the expression we 
wanted.  We call this the Voltage 
Divider Rule (VDR). R2

R1

vTOTAL

+

-

vR1

+

-

Other Parts
of the Circuit

Other Parts of
the Circuit

iX

1
1

1 2

.R TOTAL
Rv v

R R






DCE,Gurgaon Voltage Divider Rule –
For Each Resistor

This is easy enough to remember that 
most people just memorize it.  
Remember that it only works for 
resistors that are in series.  Of course, 
there is a similar rule for the other 
resistor.  For the voltage across one 
resistor, we put 
that resistor value 
in the numerator.

1
1

1 2

.R TOTAL
Rv v

R R




R2

R1

vTOTAL

+

-

vR1

+

-

Other Parts
of the Circuit

Other Parts of
the Circuit

iX

vR2

+

-

2
2

1 2

.R TOTAL
Rv v

R R
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Current Divider Rule –
Our Second Circuit Analysis Tool
The Current Divider Rule (CDR) 

is the first of long list of tools that we 
are going to develop to make circuit 
analysis quicker and easier.  Again, 
if the same situation occurs often, 
we can derive the solution once, and 
use it whenever it applies.  As with 
any tools, the keys are:
1. Recognizing when the tool works 
and when it doesn’t work.
2. Using the tool properly.
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Current Divider Rule –
Setting up the Derivation

The Current Divider Rule involves 
the currents through parallel resistors.  
Let’s take the case where we have two 
resistors in parallel.  Assume for the 
moment that the current feeding these 
two resistors, iTOTAL, is known.  
Assume that we want the current 
through one of the resistors, shown 
here as iR1.  Let’s find it. R2R1

Other Parts
of the Circuit

Other Parts of
the Circuit

iR1

iTOTAL
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Current Divider Rule –
Derivation Step 1

The voltage across both of these 
resistors is the same, since the 
resistors are in parallel.  The voltage, 
vX, is the current multiplied by the 
equivalent parallel resistance,  

 1 2

1 2

1 2

|| ,  or

.

X TOTAL

X TOTAL

v i R R

R Rv i
R R



 
   

R2R1

Other Parts
of the Circuit

Other Parts of
the Circuit

iR1

iTOTAL

+

-

vX
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Current Divider Rule –
Derivation Step 2

The voltage across resistor 
R1 is the same voltage, vX.  
The voltage, vX, is

1 1.X Rv i R
R2R1

Other Parts
of the Circuit

Other Parts of
the Circuit

iR1

iTOTAL

+

-

vX



DCE,Gurgaon

Current Divider Rule –
Derivation Step 3

These are two expressions for 
the same voltage, so they must be 
equal to each other.  Therefore, 
we can write

1 2
1 1 1

1 2

2
1

1 2

.  Solve for ;

.

R TOTAL R

R TOTAL

R Ri R i i
R R
Ri i

R R







R2R1

Other Parts
of the Circuit

Other Parts of
the Circuit

iR1

iTOTAL

+

-

vX



DCE,Gurgaon

The Current Divider Rule

This is the expression we 
wanted.  We call this the 
Current Divider Rule (CDR).

2
1

1 2

.R TOTAL
Ri i

R R


 R2R1

Other Parts
of the Circuit

Other Parts of
the Circuit

iR1

iTOTAL

+

-

vX
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Current Divider Rule –
For Each Resistor

Most people just memorize this.  
Remember that it only works for 
resistors that are in parallel.  Of course, 
there is a similar rule for the other 
resistor.  For the current through one 
resistor, we put the opposite resistor 
value in the numerator.

2
1

1 2

.R TOTAL
Ri i

R R




1
2

1 2

.R TOTAL
Ri i

R R




R2R1

Other Parts
of the Circuit

Other Parts of
the Circuit

iR1

iTOTAL

+

-

vX
iR2

Go back to 
Overview 

slide.



DCE,Gurgaon

Signs in the Voltage Divider Rule

As in most equations we write, we 
need to be careful about the sign in the 
Voltage Divider Rule (VDR).  Notice 
that when we wrote this expression, 
there is a positive sign.  This is 
because the voltage vTOTAL is in the 
same relative polarity as vR1.

R2

R1

vTOTAL

+

-

vR1

+

-

Other Parts
of the Circuit

Other Parts of
the Circuit

1
1

1 2

.R TOTAL
Rv v

R R
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Negative Signs in the Voltage Divider Rule

If, instead, we had solved for vQ, 
we would need to change the sign 
in the equation.  This is because 
the voltage vTOTAL is in the 
opposite relative polarity from vQ.

R2

R1

vTOTAL

+

-
vQ

+

-

Other Parts
of the Circuit

Other Parts of
the Circuit

1

1 2

.Q TOTAL
Rv v

R R
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Check for Signs in the Voltage Divider Rule

The rule for proper use of this 
tool, then, is to check the relative 
polarity of the voltage across the 
series resistors, and the voltage 
across one of the resistors.

R2

R1

vTOTAL

+

-
vQ

+

-

Other Parts
of the Circuit

Other Parts of
the Circuit

1

1 2

.Q TOTAL
Rv v

R R
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Signs in the Current Divider Rule
As in every equations we write, 

we need to be careful about the 
sign in the Current Divider Rule 
(CDR).  Notice that when we 
wrote this expression, there is a 
positive sign.  This is because the 
current iTOTAL is in the same 
relative polarity as iR1.

2
1

1 2

.R TOTAL
Ri i

R R
 


R2R1

Other Parts
of the Circuit

Other Parts of
the Circuit

iR1

iTOTAL

+

-

vX
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Negative Signs in the Current Divider 
Rule

If, instead, we had solved 
for iQ, we would need to 
change the sign in the 
equation.  This is because the 
current iTOTAL is in the opposite 
relative polarity from iQ.

2

1 2

.Q TOTAL
Ri i

R R
 



R2R1

Other Parts
of the Circuit

Other Parts of
the Circuit

iQ

iTOTAL
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Check for Signs in the Current Divider 
Rule

The rule for proper use of 
this tool, then, is to check the 
relative polarity of the current 
through the parallel resistors, 
and the current through one of 
the resistors.

2

1 2

.Q TOTAL
Ri i

R R
 


R2R1

Other Parts
of the Circuit

Other Parts of
the Circuit

iQ

iTOTAL

Go back to 
Overview 

slide.
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Do We Always Need to 

Worry About Signs?

• Unfortunately, the answer to this 
question is: YES!  There is almost 
always a question of what the sign 
should be in a given circuits equation.  
The key is to learn how to get the sign 
right every time.  As mentioned earlier, 
this is the key purpose in introducing 
reference polarities.
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Solving circuit problems

1. Identify what the problem is asking you to 
find. Assign variables to the unknown 
quantities.

2. Make a large clear diagram of the circuit. 
Label all of the known resistances, 
currents, and voltages. Use the variables 
you defined to label the unknowns.

3. You may need to combine resistances to 
find the total circuit resistance. Use 
multiple steps to combine series and 
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Solving circuit problems

4. If you know the total resistance and 
current, use Ohm’s law as V = IR to 
calculate voltages or voltage drops. If you 
know the resistance and voltage, use 
Ohm’s law as I = V ÷ R to calculate the 
current.

5. An unknown resistance can be found 
using Ohm’s law as R = V ÷ I, if you know 
the current and the voltage drop through 
the resistor.
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Network circuits

• In many circuits, resistors are connected 
both in series and in parallel. 

• Such a circuit is called a network circuit.
• There is no single formula for adding 

resistors in a network circuit.
• For very complex circuits, electrical 

engineers use computer programs that can 
rapidly solve equations for the circuit using 
Kirchhoff’s laws.
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Kirchhoff’s Laws in Detail
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Overview of this Part

In this part of the module, we will cover 
the following topics:

• Some Basic Assumptions
• Kirchhoff’s Current Law (KCL)
• Kirchhoff’s Voltage Law (KVL)
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Assumptions – Wires 

• Although you may not have stated it, or 
thought about it, when you have drawn 
circuit schematics, you have connected 
components or devices with wires, and 
shown this with lines.

• Wires can be modeled pretty well as 
resistors.  However, their resistance is 
usually negligibly small.  

• We will think of wires as connections 
with zero resistance.  Note that this is 
equivalent to having a zero-valued 
voltage source.  

This picture shows wires 
used to connect electrical 
components.  This particular 
way of connecting 
components is called 
wirewrapping, since the ends 
of the wires are wrapped 
around posts.
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Assumptions – Nodes 

• A node is defined as a place 
where two or more 
components are connected.  

• The key thing to remember is 
that we connect components 
with wires.  It doesn’t matter 
how many wires are being 
used; it only matters how 
many components are 
connected together.

+

-
vA

RC

RD

iB
RF

RE
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How Many Nodes?

• To test our 
understanding of 
nodes, let’s look at 
the example circuit 
schematic given 
here. 

• How many nodes are 
there in this circuit?

+

-
vA

RC

RD

iB
RF

RE
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• In this schematic, there 
are three nodes. These 
nodes are shown in 
dark blue here.

• Some students count 
more than three nodes 
in a circuit like this.  
When they do, it is 
usually because they 
have considered two 
points connected by a 
wire to be two nodes.   

+

-

vA

RC

RD

iB
RF

RE
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• In the example circuit 
schematic given here, the 
two red nodes are really 
the same node.  There 
are not four nodes.

• Remember, two nodes 
connected by a wire were 
really only one node in 
the first place.   

+

-

vA

RC

RD

iB
RF

RE

Wire connecting two 
nodes means that 
these are really a 
single node.
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Some Fundamental 

Assumptions – Closed Loops 
• A closed loop can be 

defined in this way:  Start at 
any node and go in any 
direction and end up where 
you start.  This is a closed 
loop. 

• Note that this loop does not 
have to follow components.  
It can jump across open 
space. Most of the time we 
will follow components, but 
we will also have situations 
where we need to jump 
between nodes that have no 
connections. 

+

-

vA

RC

RD

iB
RF

RE

vX

+

-
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How Many Closed Loops 
• To test our 

understanding of 
closed loops, let’s 
look at the 
example circuit 
schematic given 
here. 

• How many closed 
loops are there in 
this circuit? 

+

-

vA

RC

RD

iB
RF

RE

vX

+

-
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How Many Closed Loops –
An Answer

• There are several closed 
loops that are possible here.  
We will show a few of them, 
and allow you to find the 
others.  

• The total number of simple 
closed loops in this circuit is 
13.

• Finding the number will not 
turn out to be important.  
What is important is to 
recognize closed loops 
when you see them.

+

-

vA

RC

RD

iB
RF

RE

vX

+

-
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-

vA
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RD

iB
RF

RE
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+

-

Closed Loops – Loop #1
• Here is a loop we will 

call Loop #1.  The 
path is shown in red.
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+

-

vA

RC

RD

iB
RF

RE

vX

+

-

• Here is Loop #2.  
The path is shown in 
red.

Closed Loops – Loop #2
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+

-

vA

RC

RD

iB
RF

RE

vX

+

-

Closed Loops – Loop #3
• Here is Loop #3.  

The path is shown in 
red.

• Note that this path is 
a closed loop that 
jumps across the 
voltage labeled vX.  
This is still a closed 
loop.



DCE,Gurgaon

+

-

vA

RC

RD

iB
RF

RE

vX

+

-

Closed Loops – Loop #4
• Here is Loop #4.  The 

path is shown in red.
• Note that this path is a 

closed loop that jumps 
across the voltage 
labeled vX.  This is still 
a closed loop.  The 
loop also crossed the 
current source.  
Remember that a 
current source can 
have a voltage across 
it.
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-

vA

RC

RD

iB
RF

RE

vX

+

-

A Not-Closed Loop
• The path is shown in 

red here is not 
closed.

• Note that this path 
does not end where 
it started.
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Kirchhoff’s Current Law (KCL)

• With these definitions, we are 
prepared to state Kirchhoff’s 
Current Law:
The algebraic (or 
signed) summation of 
currents through a 
closed surface must 
equal zero. 
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(KCL) – Some notes.

The algebraic (or signed) 
summation of currents 
through any closed surface 
must equal zero. 

This definition is often stated as applying to nodes.  It applies to any closed 
surface.  For any closed surface, the charge that enters must leave 
somewhere else.  A node is just a small closed surface.  A node is the 
closed surface that we use most often.  But, we can use any closed 
surface, and sometimes it is really necessary to use closed surfaces that 
are not nodes.

This definition essentially means that charge does not build up at a 
connection point, and that charge is conserved.  
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Again, the issue of the 
sign, or polarity, or direction, 
of the current arises.  When 
we write a Kirchhoff Current 
Law equation, we attach a 
sign to each reference 
current polarity, depending 
on whether the reference 
current is entering or leaving 
the closed surface.  This can 
be done in different ways.  
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– a Systematic Approach

The algebraic (or signed) summation of 
currents through any closed surface must 
equal zero. 

For this set of material, we will always assign a positive sign to a 
term that refers to a reference current that leaves a closed surface, 
and a negative sign to a term that refers to a reference current that 
enters a closed surface.

For most students, it is a good idea to choose one way to write KCL 
equations, and just do it that way every time.  The idea is this:  If you 
always do it the same way, you are less likely to get confused about 
which way you were doing it in a certain equation. 
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Kirchhoff’s Current Law (KCL)
– an Example

• For this set of material, we will 
always assign a positive sign 
to a term that refers to a 
current that leaves a closed 
surface, and a negative sign 
to a term that refers to a 
current that enters a closed 
surface.

• In this example, we have 
already assigned reference 
polarities for all of the currents 
for the nodes indicated in 
darker blue.

• For this circuit, and using my 
rule, we have the following 
equation:

+

-

vA

RC

RD

iB
RF

RE

iA

iB

iC

iE

iD

0A C D E Bi i i i i     
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– Example Done Another Way

• Some prefer to write this 
same equation in a different 
way; they say that the current 
entering the closed surface 
must equal the current leaving 
the closed surface.  Thus, 
they write :

+

-

vA

RC

RD

iB
RF

RE

iA

iB

iC

iE

iD

0A C D E Bi i i i i     

A D B C Ei i i i i   
• Compare this to the 
equation that we wrote in the 
last slide:

• These are the same 
equation.  Use either method.
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Kirchhoff’s Voltage Law (KVL)

• Now, we are prepared to state 
Kirchhoff’s Voltage Law:

The algebraic (or 
signed) summation 
of voltages around 
a closed loop must 
equal zero. 
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(KVL) – Some notes.

The algebraic (or signed) 
summation of voltages 
around a closed loop must 
equal zero. 

This applies to all closed loops.  While we usually write equations for 
closed loops that follow components, we do not need to.  The only 
thing that we need to do is end up where we started.

This definition essentially means that energy is conserved.  If we 
move around, wherever we move, if we end up in the place we 
started, we cannot have changed the potential at that point.
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Again, the issue of the 
sign, or polarity, or direction, 
of the voltage arises.  When 
we write a Kirchhoff Voltage 
Law equation, we attach a 
sign to each reference 
voltage polarity, depending 
on whether the reference 
voltage is a rise or a drop.  
This can be done in different 
ways.  
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(KVL) – a Systematic Approach

The algebraic (or signed) summation of 
voltages around a closed loop must equal 
zero. 

For this set of material, we will always go around loops clockwise. We will 
assign a positive sign to a term that refers to a reference voltage drop, 
and a negative sign to a term that refers to a reference voltage rise.

For most students, it is a good idea to choose one way to write KVL 
equations, and just do it that way every time.  The idea is this:  If you 
always do it the same way, you are less likely to get confused about 
which way you were doing it in a certain equation. 

(At least we will do this for planar circuits.  For nonplanar circuits, 
clockwise does not mean anything.  If this is confusing, ignore it for now.)
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Kirchhoff’s Voltage Law 
(KVL) – an Example

• For this set of material, we will 
always go around loops 
clockwise. We will assign a 
positive sign to a term that 
refers to a voltage drop, and a 
negative sign to a term that 
refers to a voltage rise.

• In this example, we have 
already assigned reference 
polarities for all of the voltages 
for the loop indicated in red.

• For this circuit, and using our 
rule, starting at the bottom, we 
have the following equation:

0A X E Fv v v v    
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Kirchhoff’s Voltage 
Law (KVL) – Notes

• For this set of material, we will 
always go around loops 
clockwise. We will assign a 
positive sign to a term that 
refers to a voltage drop, and a 
negative sign to a term that 
refers to a voltage rise.

• Some students like to use the 
following handy mnemonic 
device:  Use the sign of the 
voltage that is on the side of 
the voltage that you enter.  
This amounts to the same 
thing.

0A X E Fv v v v    

As we go up through the 
voltage source, we enter the 
negative sign first.  Thus, vA
has a negative sign in the 
equation.
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Kirchhoff’s Voltage Law 
(KVL) – Example Done Another Way

• Some textbooks, and some 
students, prefer to write this 
same equation in a different 
way; they say that the voltage 
drops must equal the voltage 
rises.  Thus, they write the 
following equation:

0A X E Fv v v v    

X F A Ev v v v  
Compare this to the equation that 
we wrote in the last slide:

These are the same equation.  
Use either method.
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• This is a very important question.  In general, it boils down to 
the old rule that you need the same number of equations as 
you have unknowns.  

• Speaking more carefully, we would say that to have a single 
solution, we need to have the same number of independent 
equations as we have variables.  

• At this point, we are not going to introduce you to the way to 
know how many equations you will need, 
or which ones to write.  It is assumed that 
you will be able to judge whether you have 
what you need because the circuits will be 
fairly simple.  Later we will develop 
methods to answer this question specifically and efficiently.

How many of these equations 
do I need to write?
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How many more laws 

are we going to learn?

• This is another very important question.  Until, we get 
to inductors and capacitors, the answer is, none. 

• Speaking more carefully, we would say that most of 
the rules that follow until we introduce the other basic 
elements, can be derived from these laws.  

• At this point, you have the tools to solve many, many 
circuits problems.  Specifically, you have Ohm’s Law, 
and Kirchhoff’s Laws.  However, we need to be able to 
use these laws efficiently and accurately.  
We will spend some time in ECE 2300 
learning techniques, concepts and 
approaches that help us to 
do just that.
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How many f’s and h’s 

are there in Kirchhoff?

• This is another not-important question.  But, we might 
as well learn how to spell Kirchhoff.  Our approach 
might be to double almost everything, but we might 
end up with something like Kirrcchhooff.

• We suspect that this is one reason why people 
typically abbreviate these laws as KCL and KVL.  This 
is pretty safe, and seems like a pretty good idea to us.
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Example 

• Let’s do an 
example to test 
out our new found 
skills.

• In the circuit 
shown here, find 
the voltage vX and 
the current iX.  

R4=
20[]

R3=
100[]

vS1=
3[V]

+

-
vX

+

-

iX
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Example  – Step 1

• The first step in 
solving is to define 
variables we 
need.

• In the circuit 
shown here, we 
will define v4 and 
i3.    

R4=
20[]

R3=
100[]

vS1=
3[V]

+

-
vX

+

-

iX

v4+ -

i3



DCE,Gurgaon

Example  – Step 2

• The second step in 
solving is to write 
some equations.  
Let’s start with KVL.

1 4

4

0,  or
3[V] 0.

S X

X

v v v
v v

   
   

R4=
20[]

R3=
100[]

vS1=
3[V]

+

-
vX

+

-

iX

v4+ -

i3
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Example – Step 3

• Now let’s write 
Ohm’s Law for the 
resistors.

4 4

3 3

,  and
.

X

X

v i R
v i R
 


Notice that there is a sign in 
Ohm’s Law.

R4=
20[]

R3=
100[]

vS1=
3[V]

+

-
vX

+

-

iX

v4+ -

i3
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Example  – Step 4

• Next, let’s write KCL 
for the node marked 
in violet.

3

3

0,  or
.

X

X

i i
i i
 
 

Notice that we can write KCL 
for a node, or any other closed 
surface.

R4=
20[]

R3=
100[]

vS1=
3[V]

+

-
vX

+

-

iX

v4+ -

i3
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Example – Step 5

• We are ready to 
solve.

We have substituted into our 
KVL equation from other 
equations.

3[V] 20[ ] 100[ ] 0,  or
3[V] 25[mA].

120[ ]

X X

X

i i

i

     
  



R4=
20[]

R3=
100[]

vS1=
3[V]

+

-
vX

+

-

iX

v4+ -

i3
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Example – Step 6

• Next, for the other 
requested solution.

We have substituted into 
Ohm’s Law, using our solution  
for iX.

 
3 3 3,  or

25[mA] 100[ ] 2.5[V].
X X

X

v i R i R
v

  

    

R4=
20[]

R3=
100[]

vS1=
3[V]

+

-
vX

+

-

iX

v4+ -

i3


