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Understanding the behavior of electrical circuits involving inductors and resistors is fundamental in both
theoretical and practical electronics. When an inductor and a resistor are connected in series to an
ideal battery with a switch included in the circuit, the system exhibits fascinating transient and steady-
state behaviors. This article delves into the physics, calculations, and analysis of such a circuit,

providing comprehensive insights suitable for students, engineers, and enthusiasts alike.

Introduction to Series RL Circuits

A series RL circuit consists of a resistor (R) and an inductor (L) connected end-to-end in a single path
to a power source. These circuits are essential in various applications, including filters, timers, and
choppers. When the circuit includes a switch, it enables the study of transient phenomena—how

current and magnetic fields evolve over time after the circuit is energized or de-energized.

Components of the Circuit

In our specific setup, we have:

- An inductor with inductance \( L = 8.0\,\text{mH} = 8.0 \times 10"{-3\\text{H} \)



- A resistor with resistance \( R = 2.0\,\Omega \)
- An ideal battery with emf \( \mathcal{E} \) (for illustration, assume a voltage \( V \))

- A switch that controls the connection of the circuit to the battery

This configuration allows us to analyze the circuit's behavior during both the charging (closing the

switch) and discharging (opening the switch) phases.

Understanding the Circuit Behavior

1. When the Switch is Closed (Circuit is Energized)

At the moment the switch is closed:

- The current begins to increase from zero.

- The inductor opposes changes in current due to its stored magnetic energy.

- The current as a function of time follows an exponential growth pattern.

The key equations governing this phase are derived from Kirchhoff’'s Voltage Law (KVL):
\[

\mathcal{E} = L \frac{dI}{dt} + IR

\]

Where:

-\( I(t) \) is the current at time \( t\)

- \( \mathcal{E} \) is the emf of the battery

Assuming the battery voltage \( V \), the differential equation simplifies to:



\[
V = L \frac{dI}{dt} + IR
\]

The solution to this differential equation is:

\[

I(t) = 1_{max} \left( 1 - eM-\frac{R}L} t} \right)
\]

Where:

\[
|_{max} = \frac{VK{R}
\]

And the time constant \( \tau \) is:
\[

\tau = \frac{LK{R}
\]

2. When the Switch is Opened (Circuit is Discharged)

If the circuit is suddenly opened:

- The inductor opposes the sudden change, causing a current to continue flowing.
- The magnetic field collapses, inducing a voltage across the inductor.

- The current decays exponentially.



The current in this phase is described by:
\[

I(t) = 1_0 eM-\frac{R}{L} t}

\]

Where:

-\(1_0\) is the current at the moment the switch is opened.

Calculations and Analysis

To analyze the circuit thoroughly, let's assume the battery provides a voltage \( V = 12\\text{V} \). This

value can vary depending on actual applications.

1. Determining the Time Constant

Using the provided component values:

\[

\tau = \frac{LK{R} = \frac{8.0 \times 107{-3\\text{H}}{2.0\,\Omega} = 4.0 \times 10M-3})\ \text{s} =
4\ \text{ms}

\]

This means:

- After approximately 4 milliseconds, the current reaches about 63.2% of its maximum value.

- The current approaches steady state after about 5 time constants (~20 ms).



2. Maximum Steady-State Current

When the switch has been closed long enough, the circuit reaches steady state:
\[
I_{max} = \frac{VKR} = \frac{12\ \text{V}}{2.0\,\Omega} = 6\\text{A}

\

This is the maximum current flowing through the circuit during steady-state operation.

3. Transient Current Growth

The current as a function of time during the charging phase:
\[

I(t) = 6 \left( 1 - eM-\frac{t}{0.004}} \right) \text{A}

\

For example:

- At\(t=0\), \( [(0) = O\\text{A} \)

- At \( t = 4\ text{ms} \), \( [(4\,\text{ms}) \approx 6 \left( 1 - e*{-1} \right) \approx 6 \times (1 - 0.368)
\approx 3.8\ \text{A} \)

Energy Considerations in the Circuit

Inductors store magnetic energy when current flows through them:



\[
U =\frac{1}{2} L I"2
\]

At steady state:
\[
U = \frac{1}{2} \times 8.0 \times 107{-3}\,\text{H} \times (6\,\text{A})*2 = 0.144\\text{J}

\

When the circuit is opened, this energy is released as a voltage spike, which can be hazardous if not

properly managed.

Practical Applications and Implications

Understanding the transient behavior of RL circuits is crucial in:

- Designing filters that allow or block certain frequencies
- Creating timed delay circuits
- Managing inductive kickback in relay coils and motor controllers

- Analyzing switching power supplies

Common Applications of Series RL Circuits

- Pulse shaping circuits: controlling how current rises and falls
- Inductive loads: motors, transformers, solenoids

- Energy storage: magnetic fields in inductors



Additional Factors and Real-World Considerations

While the analysis above assumes ideal components, real circuits involve non-idealities such as:

- Parasitic resistance in the inductor
- Non-ideal switch characteristics
- Voltage drops due to contact resistance

- Inductive parasitic effects at high frequencies

Including these factors in advanced models leads to more accurate predictions and safer circuit

designs.

Summary and Key Takeaways

- The inductor-resistor series circuit exhibits exponential current growth and decay governed by the
time constant \( \tau = \frac{LK{R} \).

- The maximum steady-state current in the circuit is \( |_{max} = \frac{VK{R} \).

- Transient analysis is essential for understanding how circuits respond to switching events.

- Practical applications leverage these principles in power management, filtering, and timing circuits.

- Proper handling of inductive energy, especially during switching, is critical to prevent damage.

Conclusion

The study of an 8.0-mH inductor and a 2.0-ohm resistor wired in series with an ideal battery and a
switch provides foundational insights into transient circuit behavior. By analyzing the exponential rise
and fall of current, calculating key parameters such as time constants and maximum current, and

understanding energy storage in magnetic fields, engineers and students can design and troubleshoot



complex electronic systems effectively. Mastery of these concepts enables the development of

efficient, safe, and innovative electrical circuits for a wide range of applications.
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Frequently Asked Questions

What happens when the switch in the series circuit with an 8.0-mH
inductor and a 2.0-ohm resistor is closed?

When the switch is closed, the current begins to increase from zero, causing the inductor to oppose
the change due to its inductance, and the current gradually reaches a steady state determined by the

resistor and the battery voltage.

How does the inductor affect the current when the circuit is first
closed?

The inductor initially opposes any sudden change in current, so the current rises gradually rather than
instantly, resulting in a time-dependent increase described by an exponential function.

What is the time constant of the circuit, and how is it calculated?

The time constant D is given by I:l =L /R, where L is the inductance and R is the resistance. For this

circuit, [l =80mH/20 D = 4.0 milliseconds.



What is the steady-state current in the circuit after a long period of
time?

After a long time, the inductor acts like a short circuit for DC current, so the steady-state current is | =
V /' R, where V is the battery voltage. The actual value depends on the battery voltage, which is not

specified here.

How does the voltage across the inductor change over time after
closing the switch?

Initially, the inductor voltage is equal to the battery voltage (opposing the initial current), but as time
progresses, the voltage across the inductor decreases exponentially to zero as the current reaches

steady state.

What is the significance of the series connection of the inductor and
resistor for energy storage?

The inductor stores energy in its magnetic field during current flow, and this energy can be released

back into the circuit when the current changes, affecting the circuit's transient response.

If the switch is suddenly opened after the circuit has reached steady
state, what occurs?

Opening the switch causes the current to suddenly drop to zero, and the inductor opposes this sudden
change, potentially generating a large voltage spike across its terminals to keep the current flowing

momentarily.

Additional Resources

Exploring the Dynamics of an 8.0-mH Inductor and a 2.0-Ohm Resistor Wired in Series with an Ideal



Battery and a Switch

Introduction

In electrical engineering, understanding the behavior of circuit components under different conditions is
fundamental. One classic setup involves an inductor and a resistor connected in series with a battery,
often with a switch incorporated into the circuit. This configuration serves as a cornerstone for
exploring concepts such as transient response, inductive kickback, energy storage, and the
fundamental principles of RL circuits. This review delves deep into the intricacies of such a circuit,
analyzing its behavior from multiple perspectives, including theoretical foundations, mathematical

modeling, practical implications, and real-world applications.

Fundamental Components and Circuit Description

The Inductor (8.0-mH)

- Definition & Functionality: An inductor is a passive component that stores electrical energy in a
magnetic field when current flows through it. Its inductance (measured in henries, H) quantifies its
ability to oppose changes in current.

- Significance of 8.0-mH: This particular inductance value indicates a moderate ability to resist changes
in current, influencing the transient behavior of the circuit.

- Physical Characteristics: The inductor may be designed as a coil of wire with a core material,

affecting its inductance and energy storage capabilities.



The Resistor (2.0-Ohm)

- Role in the Circuit: Resistors limit current flow and dissipate electrical energy as heat, providing
damping to transient responses.
- Implication of Resistance Value: A 2.0-ohm resistor introduces a certain level of damping, affecting

how quickly the circuit reaches steady state and how it responds during switching events.

The Ideal Battery & Switch

- Ideal Battery: Assumed to have zero internal resistance, providing a constant emf (electromotive
force) without voltage drops internally.
- Switch: Facilitates the connection or disconnection of the circuit, allowing for the analysis of transient

phenomena during switching events.

Analyzing the Circuit Dynamics

Initial Conditions and Circuit State

- Before closing the switch, it is typical to assume that no current flows through the inductor—since an
inductor opposes instantaneous changes in current.
- When the switch is opened or closed, the circuit experiences transient phenomena that are governed

by the fundamental laws of circuit theory.



Mathematical Modeling of the Circuit

- Differential Equation Formation:
For the series RL circuit with the switch closed at \( t=0 \), the governing equation is derived from

Kirchhoff's Voltage Law (KVL):

\[
V_{battery} = L \frac{dI}{dt} + R |
\]

where:

- \( V_{battery} \) is the emf of the battery,
-\(L = 8.0 \times 107{-3} \, \text{H} \),
-\(R=2.0\,\Omega\),

-\( I(t) \) is the current at time \( t\).

- Solution to the Differential Equation:

The homogeneous differential equation:

\[

L \frac{dI}{dt} + R | = V_{battery}

\]

has the general solution:

\[

I(t) = 1_{ss} + [I(0) - |_{ss}] eM-\frac{RKL} t}

\

where:



- \( |_{ss} = \frac{V_{battery}}{R} \) is the steady-state current,

-\( 1(0) \) is the initial current (usually zero if the circuit was initially unenergized).
- Transient Response:

The exponential term describes how quickly the current approaches its steady-state value, with a time

constant:
\[
\tau = \frac{L}{R} = \frac{8.0 \times 10"{-3}}{2.0} = 4.0 \times 107{-3} \, \text{s}

\

meaning the current will reach approximately 63.2% of its final value in 4 ms.

Transient and Steady-State Behavior

Time Constant and Its Significance

- The time constant \( \tau \) (4 ms) indicates the speed at which the circuit responds to the applied
voltage.
- A smaller \( \tau \) (due to lower inductance or higher resistance) results in a faster response.

- For this circuit, the moderate inductance causes a noticeable but not overly slow transient response.

Current Evolution Over Time



- Initial Moment (t=0):
When the switch is just closed, \( I(0) = 0 \) (assuming the circuit was initially at rest).
- As t increases:

The current increases exponentially toward the steady-state current:

\[
|_{ss} = \frac{V_{battery}}{2.0 \, \Omega}
\]

- At Steady State:
The current stabilizes at \( |_{ss} \), and the inductor acts as a short circuit for DC, with the voltage

across it dropping to zero.

Voltage Across Components

- Across the Resistor:

\[
V_R(t) = I(t) \times R
\]

- Across the Inductor:

\[
V_L(t) = V_{battery} - V_R(t)
\

Initially, \( V_L(0) \) is maximum because the inductor opposes the sudden change in current, leading

to a large voltage spike.



Switching Dynamics and Transient Phenomena

Switching On the Circuit

- When the switch is closed, the current begins to build from zero.
- The inductor opposes this change, resulting in a gradual increase rather than an instantaneous jump.

- The voltage across the inductor initially equals the battery emf, then diminishes as current increases.

Switching Off the Circuit

- If the switch is opened after the circuit has reached steady state, the current suddenly drops to zero.
- The inductor opposes this sudden change, generating a large voltage spike, which can be high
enough to cause arcing or damage in real circuits.

- The energy stored in the magnetic field of the inductor is released, often leading to transient voltage

spikes.

Practical Considerations During Switching

- Inductive Kickback:

The high voltage generated during switch-off can be dangerous and needs suppression techniques like
flyback diodes.

- Energy Storage & Dissipation:

The energy stored in the magnetic field is proportional to \( \frac{1}{2} L 1"2\).



Energy Considerations and Power Analysis

Energy Stored in the Inductor

- The magnetic energy stored when the current reaches steady state:

\[
U = \frac{1}{2} L |_{ss}"2
\

- For example, if the battery voltage is known, this energy can be calculated precisely.

Power Dissipation in the Resistor

- Power dissipated as heat:

\[
P@) = I()"2 R
\]

- During transient, power varies with current; at steady state:

\[
P_{steady} = |_{ss}*2 R
\]



Implications for Circuit Design

- Understanding energy storage and dissipation is crucial for designing circuits that manage transient
voltages and currents.
- Components such as snubbers, diodes, and filters are used to mitigate high-voltage spikes and

protect sensitive devices.

Practical Applications and Real-World Relevance

RL Circuits in Electronics

- Used in filters, oscillators, and timing circuits.

- Serve as models for inductive elements in power supplies and motor controllers.

Switching Power Supplies and Pulsed Power

- The principles governing the RL circuit are foundational for understanding switching regulators and

pulsed power systems.

Inductive Loads in Industry

- Electric motors, transformers, and inductive heating rely on the principles demonstrated by such

circuits.



Advanced Topics and Further Considerations

Non-ldealities and Real-World Components

- Actual inductors have parasitic resistances and core losses.
- Batteries have internal resistance, affecting the overall circuit behavior.

- Switches are not ideal; contact resistance and arcing impact performance.

Transient Analysis with Different Parameters

- Varying inductance or resistance alters the time constant and transient response.

- Exploring different configurations allows for tailored circuit responses.

Simulation and Experimental Validation

- Circuit simulation tools (like SPICE) provide visual and quantitative insights into transient behaviors.

- Experimental setups help validate theoretical models and account for non-idealities.

Conclusion
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