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In the realm of electrical engineering and physics, the behavior of circuits is governed by fundamental laws that
dictate how energy is transferred from a source to a load. While introductory physics often assumes the existence

of "ideal" components, real-world application requires a profound understanding of the limitations inherent in every
electrical source and conductor. One of the most critical of these limitations is internal resistance.  This  guide
provides a high-level technical analysis of internal resistance within the context of series circuits, exploring the
mathematical models, physical origins, and engineering implications that define modern electrical systems.

The Foundational Principles of Electromotive Force (EMF) and Terminal
Voltage

To understand internal resistance, one must first distinguish between Electromotive Force (EMF) and Terminal
Potential Difference. The EMF, denoted by the Greek letter epsilon (&epsilon;), represents the total energy per
unit charge supplied by a source, such as a battery or generator, when no current is flowing. It is effectively the
maximum potential difference a source can provide under ideal, open-circuit conditions.

However, once a circuit is closed and current (1) begins to flow, the measured voltage across the terminals of the
source drops. This observed voltage is known as the Terminal Potential Difference (V). The discrepancy between
&epsilon; and V is caused by the work required to move charge through the internal components of the power
source itself. This inherent opposition to current flow within the source is defined as internal resistance (r).

The Physical Origins of Internal Resistance

Internal resistance is not a discrete resistor added to a circuit; rather, it is a parasitic property of the materials and
chemical processes within a power source. In chemical cells, such as lithium-ion or lead-acid batteries, internal
resistance arises from several factors:

« lonic Mobility: The speed at which ions can move through the electrolyte between the anode and cathode.

 Electrode Surface Area: The effective area available for chemical reactions to occur; smaller surface areas
generally lead to higher resistance.

¢ Material Conductivity: The inherent resistivity of the lead, copper, or carbon components within the cell.

* Temperature: Resistance in electrolytes often decreases as temperature increases (up to a point), which is
the opposite of how metallic conductors behave.

Analyzing Series Circuits: Current and Voltage Distribution

A series circuit is defined by a single pathway for electron flow. According to the Law of Conservation of Charge,
the current entering any point in a series circuit must be equal to the current leaving it. Therefore, the current is
uniform throughout all components, including the internal resistance of the source.

Kirchhoff's Voltage Law (KVL) in Practice

The Law of Conservation of Energyis expressed in electrical circuits through Kirchhoff's Voltage Law, which



states that the sum of the electrical potential differences around any closed loop is zero. When we apply KVL to a
simple circuit consisting of a source with EMF (&epsilon;), internal resistance (r), and an external load resistor (R),
the relationship is expressed as:

&epsilon; = I(R +r)

This equation highlights that the total energy provided by the source is distributed between the external load (the
useful work) and the internal resistance (the energy lost as heat). The voltage drop across the internal resistance,
often called the "lost volts," is calculated as v = Ir. Consequently, the terminal voltage is:

V = &epsilon; - Ir

Voltage Drop and Resistance Ratios

In a series circuit containing multiple resistors, the resistor with the greatest resistance will experience the greatest
voltage drop. This is a direct consequence of Ohm'’s Law (V = IR). When considering a battery in series with a load,
if the load resistance (R) is significantly larger than the internal resistance (r), the terminal voltage will be very close
to the EMF. However, if the load resistance is small (approaching a short circuit), the internal resistance consumes
the majority of the EMF, leading to a drastic drop in terminal voltage and potential overheating of the source.

Mathematical Models and Calculation Matrices

Engineering precision requires the ability to predict circuit behavior under varying loads. The following table
compares the characteristics of an ideal voltage source versus a real-world voltage source.



Feature Ideal Voltage Source Real Voltage Source (with Internal
Resistance)

Internal Resistance (r) 0 &0mega; r &gt; 0 &0Omega;

Terminal Voltage (V) Always equal to &epsilon; V = &epsilon; - Ir (Decreases as load
increases)

Power Dissipation All power goes to load Power is lost internally as heat
(I&sup2;r)

Short Circuit Current Infinite Limited to | = &epsilon; / r

Efficiency 100% &It; 100% (R / (R + 7))

The Maximum Power Transfer Theorem

A critical concept for SEO specialists and technical writers in the electronics niche is the Maximum Power

Transfer Theorem. This theorem states that to obtain the maximum external power from a source with a fixed
internal resistance, the resistance of the load must equal the internal resistance of the source (R =r). While this
configuration maximizes power output, it is important to note that efficiency is only 50% at this point, as half of the
energy is dissipated within the source itself.

Series vs. Parallel Configuration of Cells

When multiple cells are combined to form a battery, their arrangement significantly affects both total EMF and total
internal resistance. This is a vital consideration in high-drain applications such as electric vehicles or uninterruptible
power supplies (UPS).
Cells in Series
When 'n' identical cells are connected in series:

« Total EMF (&epsilon;total): n &times; &epsilon;

 Total Internal Resistance (rtotal): n &times; r
 Total Current (I): (n&epsilon;) / (R + nr)

Series configurations are used to increase the available voltage for a given load, but they also increase the total
internal resistance, which can lead to higher thermal losses.

Cells in Parallel

When 'n' identical cells are connected in parallel:

¢ Total EMF (&epsilon;total): &epsilon; (The same as a single cell)
 Total Internal Resistance (rtotal): r/n
 Total Current (I): &epsilon; / (R + r/n)

Parallel configurations do not increase voltage but drastically reduce the total internal resistance and increase the
current capacity (amp-hour rating) of the system.

Practical Implementation: Measuring Internal Resistance

For technicians and engineers, determining the internal resistance of a battery is essential for health monitoring



(State of Health - SOH). A common procedure involves the following steps:

1. Measure Open-Circuit Voltage (OCV): Use a high-impedance voltmeter to measure the voltage across the
terminals when no load is connected. This reading is approximately the EMF (&epsilon;).

2. Connect a Known Load (R): Attach a precision resistor to the circuit.

3. Measure Terminal Voltage (V): While the current is flowing, measure the voltage across the load.

4. Calculate Current (I): Use | =V /R.

5. Solve for r: Rearrange the formula V = &epsilon; - Ir to find r = (&epsilon; - V) / I.

Example Calculation
Suppose a cell has an EMF of 12.0V. When connected to a 10&0mega; resistor, the terminal voltage drops to
11.5V. First, find the current: | = 11.5V / 10&0mega; = 1.15A. Then, find the internal resistance: r = (12.0V - 11.5V) /
1.15A = 0.435&0meqga;.

Case Studies and Troubleshooting Failure Modes

Understanding internal resistance allows for the diagnosis of common electrical failures. Below are two scenarios
often encountered in field engineering.

Case Study 1: The "Voltage Sag" in Automotive Cranking

When starting an internal combustion engine, the starter motor draws a massive current (often 200-400 Amps). If
the car battery has high internal resistance due to age or sulfate buildup on the plates, the "lost volts" (Ir) becomes
very large. This causes the terminal voltage to drop below the threshold required for the electronic control unit
(ECU), resulting in a failure to start, even if the battery reads 12.6V on a voltmeter when idle.

Case Study 2: Thermal Runaway in Lithium-lon Packs

In high-performance battery packs, if one cell develops a higher internal resistance than others in a series string, it
will dissipate more heat (P = I&sup2;r). In a series circuit, the current is identical, so the high-resistance cell
becomes a localized hot spot. Without proper thermal management, this can lead to a thermal runaway event
where the heat causes further resistance increases and eventual catastrophic failure.

Summary of Engineering Implications

Internal resistance is a pivot point between theoretical physics and practical engineering. It serves as a limit on the
efficiency of energy delivery and a primary factor in the thermal design of electronic systems. By applying the laws
of conservation and mastering the mathematical relationship between EMF, terminal voltage, and load, engineers
can optimize circuit performance, extend battery life, and ensure the safety of high-power applications.

As we transition toward more complex renewable energy storage systems, the role of internal resistance
measurement and mitigation becomes even more prominent. Precision in calculating these values ensures that
components like potential dividers, Wheatstone bridges, and power converters operate within their intended
specifications. The ability to model these "hidden" resistances is what separates a basic circuit design from a
robust, industrial-grade electrical system.
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